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ABSTRACT

This Ph.D. thesis focuses on the exploration and design of new electrocatalysts; the theoretical screening and
establishment of new high-efficiency catalysts for electrochemical reactions on 2D materials is based on
extensive research, which provides a new route for designing heterogeneous catalysis and paves the way for the
development of better electrochemical energy storage and conversion. Theoretical screening focuses on designing
more selective, stable, and catalytically active electrocatalysts at a lower cost and finally replace commonplace
catalysts. Achieving this requires sufficient theoretical knowledge of how a catalyst functions and works,
including the active sites, reaction mechanisms, and expected products. The ultimate goal is to have a sufficient
understanding of the significant influencing factors that determine the performance of a catalyst, which can be
evaluated using the binding energy of the intermediates or D band center as descriptors. However, it is
challenging to provide detailed information on reaction mechanisms using only experimental techniques.
Extensive theoretical screening based on density functional theory (DFT) approaches has been employed to
obtain basic guidelines for catalyst design. In this thesis, the electrocatalytic mechanisms of some representative
electrochemical reactions are taken as examples to comprehensively analyze the present situation in terms of
electrocatalyst technology that is to be used for application in energy storage and conversion devices, such as the
oxygen reduction reaction (ORR) in fuel cells, carbon dioxide reduction (CO2RR) in capturing CO2, nitrogen
reduction (NRR) in nitrogen fixation, and the nitric oxide (NO) reduction of ammonia (NORR) on two-
dimensional (2D) materials. Theoretical screening is utilized to summarize the detailed design of the
electrocatalyst. The understanding of 2D materials as catalysts for electrochemical catalysis can be broadened
from various perspectives. The theoretical screening method guides the further development and discovery of
highly efficient and inexpensive electrochemical catalysts, which can help confirm the preferable mechanism
path to develop the control step of a reaction system. Achieving efficient catalytic activity for electrochemical
reactions in promising future catalysts requires people to focus on highly flexible active sites, sufficient activity,
selectivity, and a large species. Here, several great and novel 2D materials are considered as catalysts for
electrochemical reduction, including the graphene family, 2D metal-organic framework M3(2,3,6,7,10,11-
hexaiminotriphenylene)2 [M3(HITP)2], 2D transition metal carbides and carbonitrides (MXenes), and the novel
2D material MBenes that are based on boron analogs of MXenes. Our results suggest that these 2D materials can
achieve high activity and selectivity in electrochemical reactions under extensive theoretical screening. The
family of a single transition metal atom nitrogen co-coordination (MN4)-embedded graphene catalyst is known
for its excellent activity, selectivity, and high atomic efficiency in the oxygen reduction reaction (ORR), and
systematic theoretical research has proved that ORR works along a complete four-electron transfer pathway in
acidic conditions, indicating that direct hydrogenation pathways are preferred over the O2 dissociative mechanism
in ORR. Furthermore, 2D metal-organic frameworks M3(HITP)2 and 2D transition metal carbides (MXenes) have
been proven to possess high activity and low overpotentials when used for carbon dioxide electrochemical
reduction reactions (CO2RR). We performed density functional theory (DFT) calculations combined with the
theoretical screening method and found that both 2D MOF and MXene materials are promising electrocatalysts
for reducing CO2 to produce C1 hydrocarbons. Finally, 2D Metal Boride (MBenes) catalysts have the significant
catalytic potential for the electroreduction of CO2 to CH4; MBenes are also great prospects for application in
efficient electrocatalysts with high activity and high selectivity for the nitrogen reduction reaction (NRR) and
nitric oxide reduction (NORR). 2D MBene catalysts have a low limiting potential, and their high selectivity is
particularly desirable. Still, challenges surrounding the inadequate understanding of the catalytic mechanism need
to be met if these materials are used commercially. To reduce nitric oxide to ammonia by electrochemical
conversion as an efficient approach to solving air pollution, MBene materials are an attractive electroreduction
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catalyst with which ammonia can be synthesized from nitric oxide (NO) in a process driven by renewable energy,
such as wind and solar power. One promising strategy is the use of the Haber–Bosch process to synthesize
ammonia under ambient conditions. Ammonia synthesis depends on the fixation of industrial nitrogen. It is
important that the synthesis of chemicals and fertilizers while removing NO to solve air pollution is attractive and
challenging in electrocatalysis. Current research generally focuses on these issues separately. However, the direct
electrochemical reduction of N2 to NH3 is seldom mentioned. We propose a new electrocatalyst, metal boride
(MBene), as a promising candidate catalyst for achieving the direct electroreduction of N2 to NH3. Therefore, our
study evaluates a novel 2D material for use as a high-efficiency metal boride (MBene) electrocatalyst that can fix
chemical nitrogen and remove NO, purifying exhaust gas. MBenes are also an effective alternative to the Haber–
Bosch process currently used to synthesize ammonia.
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Zusammenfassung

Diese Dissertation konzentriert sich auf die Erforschung und Gestaltung neuer Elektrokatalysatoren; das
theoretische Screening und die Etablierung neuer hocheffizienter Katalysatoren für elektrochemische Reaktionen
auf 2D-Materialien basiert auf umfangreicher Forschungen, die einen neuen Weg für die Gestaltung der
heterogenen Katalyse eröffnen und den Weg für die Entwicklung besserer elektrochemischer Energiespeicherung
und -umwandlung ebnen. Das theoretische Screening konzentriert sich auf die Entwicklung selektiverer,
stabilerer und katalytisch aktiverer Elektrokatalysatoren zu geringeren Kosten, um herkömmliche Katalysatoren
zu ersetzen. Um dieses Ziel zu erreichen, ist ein ausreichendes theoretisches Wissen darüber erforderlich, wie ein
Katalysator funktioniert und arbeitet, einschließlich der aktiven Stellen, Reaktionsmechanismen und der
erwarteten Produkte. Das ultimative Ziel ist ein ausreichendes Verständnis der signifikanten Einflussfaktoren, die
die Leistung eines Katalysators bestimmen, die anhand der Bindungsenergie der Zwischenprodukte oder des D-
Band-Zentrums als Deskriptoren bewertet werden können. Es ist jedoch äußerst schwierig, allein mit
experimentellen Techniken detaillierte Informationen über Reaktionsmechanismen zu erhalten. Ein
umfangreiches theoretisches Screening, das auf Ansätzen der Dichtefunktionaltheorie (DFT) basiert, wurde
eingesetzt, um grundlegende Richtlinien für das Katalysatordesign zu erhalten. In dieser Arbeit werden die
elektrokatalytischen Mechanismen einiger repräsentativer elektrochemischer Reaktionen als Beispiele
herangezogen, um die gegenwärtige Situation in Bezug auf die Elektrokatalysatortechnologie umfassend zu
analysieren, die für die Anwendung in Energiespeicher- und -umwandlungsgeräten verwendet werden soll, wie z.
B. die Sauerstoffreduktionsreaktion (ORR) in Brennstoffzellen, die Kohlendioxidreduktion (CO2RR) bei der
Abscheidung von CO2, die Stickstoffreduktion (NRR) bei der Stickstofffixierung und die Stickoxid (NO)-
Reduktion von Ammoniak (NORR) auf zweidimensionalen (2D) Materialien. Theoretisches Screening wird
genutzt, um das detaillierte Design des Elektrokatalysators zusammenzufassen. Das Verständnis von 2D-
Materialien als Katalysatoren für die elektrochemische Katalyse kann aus verschiedenen Perspektiven erweitert
werden, und die theoretische Screening-Methode bietet eine Anleitung für die weitere Entwicklung und
Entdeckung hocheffizienter und kostengünstiger elektrochemischer Katalysatoren, die dabei helfen kann, den
bevorzugten Mechanismuspfad zu bestätigen und den Kontrollschritt eines Reaktionssystems zu entwickeln. Um
eine effiziente katalytische Aktivität für elektrochemische Reaktionen in vielversprechenden zukünftigen
Katalysatoren zu erreichen, werden hochflexible aktive Stellen, ausreichende Aktivität, Selektivität und eine
breite spezifische Oberfläche benötigt. Hier werden mehrere herausragende und neuartige 2D-Materialien als
Katalysatoren für die elektrochemische Reduktion betrachtet, darunter die Graphen-Familie, das metallorganische
2D-Gerüst M3(2,3,6,7,10,11-Hexaiminotriphenylen)2 [M3(HITP)2], 2D-Übergangsmetallcarbide und -carbonitride
(MXene) und das neuartige 2D-Material MBenes, das auf Bor-Analoga von MXenen basiert. Unsere Ergebnisse
deuten darauf hin, dass diese 2D-Materialien nach umfangreichen theoretischen Untersuchungen eine hohe
Aktivität und Selektivität in elektrochemischen Reaktionen erreichen können. Die Familie der Graphen-
Katalysatoren mit einem einzigen Übergangsmetall-Atom und Stickstoff-Koordination (MN4) ist für ihre
ausgezeichnete Aktivität, Selektivität und hohe atomare Effizienz in der Sauerstoff-Reduktionsreaktion (ORR)
bekannt. Systematische theoretische Untersuchungen haben bewiesen, dass die ORR unter sauren Bedingungen
entlang eines vollständigen Vier-Elektronen-Transfer-Weges funktioniert, was darauf hindeutet, dass direkte
Hydrierungswege gegenüber dem dissoziativen O2-Mechanismus in der ORR bevorzugt werden. Darüber hinaus
wurde nachgewiesen, dass 2D metallorganische Gerüste M3(HITP)2 und 2D Übergangsmetallcarbide (MXene)
eine hohe Aktivität und niedrige Überspannungen besitzen, wenn sie für die elektrochemische Kohlendioxid-
Reduktionsreaktion (CO2RR) verwendet werden. Wir haben Dichtefunktionaltheorie (DFT)-Berechnungen in
Kombination mit der theoretischen Screening-Methode durchgeführt und festgestellt, dass sowohl 2D-MOF- als
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auch MXene-Materialien vielversprechende Elektrokatalysatoren für die Reduktion von CO2 zur Herstellung von
C1-Kohlenwasserstoffen sind. Schließlich haben 2D-Metallborid (MBene)-Katalysatoren ein signifikantes
katalytisches Potenzial für die Elektroreduktion von CO2 zu CH4; MBene sind auch vielversprechend für die
Anwendung in effizienten Elektrokatalysatoren mit hoher Aktivität und hoher Selektivität für die
Stickstoffreduktionsreaktion (NRR) und die Stickoxidreduktion (NORR). 2D-MBen-Katalysatoren haben ein
niedriges Begrenzungspotenzial und ihre hohe Selektivität ist besonders wünschenswert, aber die
Herausforderungen, die mit dem unzureichenden Verständnis des katalytischen Mechanismus verbunden sind,
müssen bewältigt werden, wenn diese Materialien auf kommerzieller Basis eingesetzt werden sollen. MBen-
Materialien sind ein attraktiver Elektroreduktionskatalysator, mit dem Ammoniak aus Stickstoffoxid (NO) in
einem Prozess synthetisiert werden kann, der mit erneuerbaren Ressourcen wie Wind- und Sonnenenergie
betrieben wird, um Stickstoffoxid zu Ammoniak zu reduzieren - ein effektiver Ansatz zur Lösung der
Nitratverschmutzung. Eine vielversprechende Strategie ist die Nutzung des Haber-Bosch-Prozesses zur Synthese
von Ammoniak unter Umgebungsbedingungen. Die Ammoniaksynthese hängt von der Fixierung des
industriellen Stickstoffs ab und ist wichtig für die Synthese von Chemikalien und Düngemitteln, während die
Entfernung von NO zur Lösung des Problems der Luftverschmutzung attraktiv und eine Herausforderung auf
dem Gebiet der Elektrokatalyse ist. Die derzeitige Forschung konzentriert sich in der Regel auf diese Themen
getrennt. Die direkte elektrochemische Reduktion von N2 zu NH3 wird jedoch nur selten erwähnt, und wir
schlagen eine neue Art von Elektrokatalysator, Metallborid (MBene), als vielversprechenden
Katalysatorkandidaten für die Erreichung der direkten Elektroreduktion von N2 zu NH3 vor. Ziel dieser
Forschungsarbeit ist es daher, ein neuartiges 2D-Material für den Einsatz als hocheffizienten Metallborid
(MBene)-Elektrokatalysator zu evaluieren, der in der Lage ist, chemischen Stickstoff zu fixieren und NO zu
entfernen und somit das Abgas zu reinigen. MBene sind auch eine praktikable Alternative zum Haber-Bosch-
Verfahren, das üblicherweise zur Herstellung von Ammoniak verwendet wird.
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Introduction

1.1 Motivation (Energy Issues)

The total energy sources of the Earth are constant. While the world in its current state will not change, [1]
methods to meet the requirements of human society and economic development for energy and related services
and returning to clean, sustainable energy can help solve these energy issues and slow climate change [2] for the
sustainable development of the energy demands of future generations. The focus areas for renewable energy
sources may include energy security, energy production, energy and economics, and climate change. [3] In these
cases, some challenges impede sustainable energy sources, such as climate change and market variations.
Sustainable and clean energy sources include solar energy, bioenergy, hydropower, wind, geothermal, and ocean
energy. They would become ideal sustainable energy sources. These renewable energy sources can help reduce
carbon dioxide gases and could play a significant role in replacing fossil fuels that are important to human social
and economic development. Renewable energy must be unlimited and include environmentally friendly goods
and services. For example, sustainable energy should ideally be clean green fuel, carbon neutral, energy rich, and
energy secure. Renewable energy technologies are defined as the storage and conversion of clean sources. They
would optimally utilize these resources and decrease or limit environmental pollution, producing minimum
secondary waste and accommodating future economic and social development requirements. Renewable energy
technologies offer a rare opportunity to reduce greenhouse gas emissions and mitigate climate change to stop
global warming by replacing fossil fuel energy sources. (Figure 1-1a)

Figure 1-1. (a) Renewable energy commercialization. (Reprinted with authorization from RSC, adopted from [4] (b) Schematic of a
sustainable energy landscape based on electrocatalysis. (Reprinted with permission from the American Association for the Advancement
of Science, adopted from [5])

Currently, due to population growth and the industrialization of developing countries, the continuous
growth in the global energy demand has led to an increase in the consumption of fossil fuels, which may be the
most significant problem that humanity is facing in the 21st century. [5] How can we provide adequate clean and
safe energy for billions of people in the future? [6] Various renewable energy sources have been considered to
solve this problem, including wind, [7] biomass conversion, [8] and geothermal sources, [9] with solar [10] and
hydrogen energy [11] considered feasible in terms of producing sustainable energy on a large scale. (Figure 1-1b)
Therefore, the concept of using renewable energy has been encouraged due to increasing concerns about climate
change, environmental pollution, [12] and the depletion of fossil fuels [13] and nuclear fuels. [14] Many
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technological developments have recently been developed to improve the cost-effectiveness of renewable energy,
rendering the economic prospects more attractive; these developments have included different means by which
energy can be generated, distributed, and utilized. [15] The conversion and storage of energy in electrochemical
reactions depend heavily on the development of high-efficiency catalysts, [16] supercapacitors, [17] and fuel cells
[18].

1.2 Energy Materials

Energy materials include energy conversion, energy generation, energy utilization and energy storage, as
listed in Table 1. Energy generation materials [19] include (1) photovoltaic:nano-optimized cells (such as
polymers, dyes, quantum dots, thin-films, and anti-reflective coatings), (2) wind power using multifunctional
composite materials for lighter and stronger rotor blades, wear and nanocoating, and (3) fossil fuels that require
gas drilling equipment that must avoid wear and corrosion. Energy conversion materials [20] include (1)
thermoelectrics: nanostructured compounds (interface design, nanorods) for high-efficiency thermoelectrical
power generation and (2) fuel cells: nano-optimized membranes and electrodes for efficient fuel cells. Energy
distributions include high-voltage transmission, nanofillers for electrical isolation systems, and soft magnetic
nanomaterials for efficient current transformers. Superconductors (SC) [21] include the nanoscale interface
design of a high-temperature SC for loss-less power. Energy storage devices [22] involve (1) metal ion batteries
(MIBs) based on nanostructured electrodes and ceramic separators, (2) supercapacitors: nanomaterials for
electrodes (CNTs, metal oxides) and electrolytes for higher energy density, and (3) hydrogen with nanoporous
materials application in hydrogen–oxygen fuel cells. Furthermore, nanoporous foams, thermal insulation, gels for
thermal insulation, and bright windows, such as nanostructured materials, are used for electrochromic devices.
[23] To date, electrocatalysis provides a sustainable process for future energy conversion and storage
technologies for different electrochemical reactions and plays a critical role in resolving environmental pollution.

The U.S. Department of Energy has proposed several technical advancements to develop sustainable energy
and reduce carbon dioxide emissions. [24] In this section, we briefly describe the energy materials. We then
discuss the literature survey of energy storage and conversion applications, which focuses on predicting materials'
performances based on modeling design. An electrochemical catalyst is defined as an electrode material that
increases the rate of a particular desired chemical reaction without being consumed itself. The electrocatalytic
reaction can occur on the gas/solid or liquid/solid surface or interfaces of materials. Recently, a comprehensive
review of advanced energy materials in the energy conversion and storage field has been performed, describing
the latest literature on the applications of advanced energy materials, such as metal alloys, oxides, intermetallic
borides, and carbide nitrides. and The family of graphene has been reported and had a wide application in the
energy field. [25] They have been applied in various energy storage and conversion systems depending on the
functional energy materials' development (Figure 1-2a), for example, electrochemical energy storage (battery and
supercapacitor) and various catalytic reactions (electrochemical reaction). Substantial synergistic effects and
surface sensitivity have been used to gain insight into the reaction mechanism and predict the physics and
chemistry of catalysts; these excellent properties benefit catalytic activity during electrochemical energy
conversion processes. They promote the investigation of noble metal and noble metal-free electrocatalysts in the
oxygen reduction reaction (Fuel cell) as well in the carbon dioxide reduction reaction (CO2RR), which is helpful
for reducing carbon dioxide emissions and the nitrogen reduction reaction (NRR) for nitrogen fixation. Advanced
energy materials also demonstrate attractive and promising hydrogen evolution and storage applications, such as
for supercapacitors and rechargeable batteries. Advanced energy materials generally possess high activity,
selectivity, and stability, [26] which has motivated great efforts toward developing and designing related energy
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storage devices. In recent decades, with the extensive application of nanomaterials in batteries and
electrochemical reaction systems, they have been included in manytypes of battery and electrochemical energy
conversion materials due to their excellent ionic conductivity and large specific surface/interface area due to the
nanosize effect. [27] Such properties can help determine the differences between electrocatalytic materials and
battery materials. The involved materials include various metal oxides, transition metal dichalcogenides (TMDs),
single atoms supported on g-CN or graphene, MXene and MBene, and metal-organic framework compounds.

Table. 1. The application of advanced materials in energy technologies [28]
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Figure 1-2 (a) Schematics of energy materials for modern energy devices. (Reprinted with permission from the Royal Society of
Chemistry, adopted from [29]) (b) Design strategy of the electrocatalyst. (Reprinted with the authorization from the Royal Society of
Chemistry, adopted from [30]) (c) Renewable technologies addressing energy issues. (Reprinted with permission from the Royal Society of
Chemistry, adopted from [31])

In recent years, many studies have reported on the advantages of metal oxides in many electrochemical
applications. For example, the inherent crystalline orderliness in the structural and rich active site and doping
defects have been verified to be highly alkali ion diffusion in the lattice with great potential applications in metal
ion batteries. The intercalation-type metal oxide (MO) structure can be applied in lithium-ion batteries (LIBs).
[32] This type of material could provide a variety of channels for Li-ion intercalation and diffusion, reduce the
Li-ion diffusion length, and accommodate the structural evolution during the intercalation and diffusion process.
The ab initio molecular dynamics simulations (AIMD) approach has been certified to provide insight into the
volume expansion during Li-ion diffusion in the ordered NiFe2O4 structure. In terms of conversion-type electrode
materials, MOs exhibit low activation energy and enhance the reversibility of reactions. As reported for iron
oxide (Fe2O3), it was applied in lithium-ion storage, as an example of a prototype to elucidate the advantages of
MOs. They possess small volume expansion, extra active sites based on defects and chemical modification, and
promising ion mobility. These advantages are highly favorable for electrochemical energy storage processes.
Furthermore, the synthetic and preparation conditions of MOs are usually under ambient conditions, which is also
helpful in tuning the electronic properties to achieve the desired electrochemical behavior. The roles of different
prototype MO materials in energy storage applications, which serve as electrode materials in supercapacitors and
batteries, and catalysts enhance the efficiency of electrochemical reactions, such as water splitting [33] and those
in metal-air batteries [34] and in fuel cells. Due to the high anisotropy and unique crystal structures of transition
metal dichalcogenides (TMDs), this type of material can be used in a variety of energy conversion and
conversion devices, including those involving photocatalytic water splitting, supercapacitors, rechargeable
batteries, and fuel cells, as well as various optoelectronic and electronic applications [35]. Nanotechnology and
nanoengineering can tune the morphology, many layers, size, and phase stability. These advantages have made
TMDs a hot research topic and provided them as a forward field of study in recent years, aiming to modulate the
material properties. Recent reports of their applications in the electrochemical energy field include lithium-ion
batteries (LIBs), sodium-ion batteries (SIBs), and pseudocapacitors, [36] as well as in electrocatalytic reactions.
TMD materials also possess various physical properties: they can exhibit insulating (e.g., HfS2), [37]
semiconducting (e.g., WS2 and MoS2), [38] and metallic (e.g., TiS2, VS2, and NbSe2) properties. [39]
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Furthermore, the band gaps of TMDs can be tuned by adjusting the number of layers. This type of catalyst
usually possesses high activity and selectivity toward the given products and thus has been widely applied in
electrocatalytic reactions, such as the hydrogen evolution reaction (HER), oxygen reduction reaction (ORR), CO2

electroreduction (CO2RR), and nitrogen reduction reaction (NRR).
Metal-organic frameworks (MOFs), as a new family of energy materials, are quickly growing and arousing

great interest among researchers in a wide range of fields. Due to their diversity of organic ligands and metal-
containing nodes, more than 20,000 different prototype MOFs were reported by 2013. [40] Their different pore
structures and compositions can be achieved by tuning the precursor and synthetic conditions. In addition, MOFs
can be synthesized as nanocomposites and nanoparticles with additional experimental conditions and active
components. The diversity of the nanostructure and composition can be derived from a variety of tunable
functionalities of MOFs. A brief literature survey follows. Férey et al. [41] reported that lithium ions could be
inserted into an iron-based MOF, MIL-53(Fe), in 2007, with a specific capacity of 75 mAhg-1 based on the
Fe3+/Fe2+ redox couple. Furthermore, a highly reversible degree can be obtained from metal-organic frameworks
(MOFs), as first defined by Yaghi et al. [42] in 1995. A brief introduction of the MOF hybrid
micro/nanostructures relates to applications in energy storage and conversion involving lithium-sulfur (Li-S)
batteries, lithium-ion batteries (LIBs), metal-oxygen (M-O2) batteries, supercapacitors, and fuel cells. Large
tunable pore volumes and porosities can be applied in many fields based on porous materials, including
traditional areas, such as magnetism, catalysis, sensors, and proton conduction. Many new energy materials have
been successfully synthesized by chemical vapor deposition (CVD). [43] For example, experimental results from
Zhang et al. [44] showed that intercalating phosphorus atoms could tune the electrical transport properties of
MoS2. With a chemical characterization approach, [45] the materials structure could be well observed, such as
with X-ray diffraction (XRD), high-resolution transmission electron microscopy (HRTEM), and scanning
electron microscopy (SEM). The crystal structure information can be obtained from the position of diffraction
peaks in the XRD pattern, while HRTEM images can observe the interplanar crystal spacing. (Figure 1-2c)

1.3 2D Materials

2D materials possess unique features compared to other materials, including quantum dots (zero-
dimensional, 0D), [46] nanorods or nanowires (one-dimensional, 1D), [47] and networks or bulk (three-
dimensional, 3D). Charge carriers [48] are limited by the thickness of 2D materials but can move along the
surface, rendering these materials popular and promising candidates for use in condensed matter and electronic
devices. Controlling the thickness of 2D nanomaterials allows the precise tuning of their electronic properties,
which is impossible to achieve with 0D, 1D, and 3D materials. Furthermore, the thickness of 2D materials can
impose both mechanical flexibility and stability, [49] rendering these materials suitable for use in flexible
electronic devices. Because a large specific surface area is beneficial for improving surface activity, such
materials are helpful for various surface-active applications. 2D materials are particularly sensitive to external
stimuli, such as chemical modification, chemical doping, and molecular adsorption. [50] These advantages
demonstrate the excellent properties of 2D materials for application in catalysis, [51] electrochemical reactions,
[52] energy storage and conversion, [53] optoelectronics, [54] biomedicine, [55] and sensors. [56] 2D
nanomaterials have a wide range of possible energy conversion and storage applications based on these unique
properties.
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Figure 1-3 (a) Overview of structural engineering strategies for 2D nanomaterials. (Reprinted with permission from Wiley-Blackwell,
adopted from [57]) (b) Electrocatalytic applications of 2D materials in energy production. (Reprinted with permission from Royal Society
of Chemistry, adopted from [58]) (c) Imaging techniques used to determine more physical information about energy materials. (Reprinted
with permission from Elsevier Inc., adopted from [59])

Novel 2D materials have many advantages for electrochemical energy conversion. The large specific surface
area on 2D materials can provide various surface-active applications, such as chemical modification, chemical
doping, and molecular adsorption. Furthermore, 2D MBene materials can impose both mechanical and flexible
stability. They also possess high electrical conductivity due to the high thermal conductivity and promising
electron mobility. Thus, the chemical properties of the active sites can be tuned and change the binding
mechanism between the active sites and adsorbates. According to previous studies, the metal atoms on the surface
can improve their electrocatalytic activity and selectivity properties. Transitional atoms have been widely applied
to tune both the electronic structure and chemical properties of MBenes in many electrochemical reactions. In
general, three mechanisms have been commonly used in tuning the chemical properties of catalysts. The first is
the strain effect, which adjusts the distance through the neighboring metal atoms for the metal ligand effect and
changes the electronic structure. The second approach is the chemical modification effect, in which the binding of
reaction intermediates results in improved catalytic activity. The last mechanism depends on chemical doping
effects that will improve the chemical properties of the active sites. The optimization algorithms applied use high
throughput screening and machine learning (ML) [60]. These methods have been widely applied in designing
materials and predicting material properties. With the development of a material genomics database, ML has
been widely used to further develop electrochemical energy conversion technologies. Meanwhile, the multiscale
modeling of electrocatalysis has also played an important role in exploring the electrochemical reaction
mechanism and electronic properties to gain insight into the catalytic activity of catalysts.

2D MOF, MXene, and MBene materials, accompanied by their high stability and selectivity, demonstrate
interesting behaviors compared to traditional metal catalysts and have recently been introduced as CO2

electroreduction catalysts. Moreover, the electroreduction of nitrogen (N2) to ammonia (NH3) is critical for both
agriculture and industry, as NH3 is an essential source of nitrogen in the fertilizer and chemical industries.
However, this process is difficult to realize under ambient conditions owing to the strong, chemically inert N♡N
bond. [61] The Haber–Bosch [62] method generally used to produce ammonia is a high temperature and pressure
process that is expensive and involves CO2 gas. The key to solving the challenge of delivering economical and
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environmentally sound NRR is the exploration and design of highly efficient catalysts. MBenes are a new type of
2D material that provides new concepts for designing high-efficiency catalysts for the NRR. Finally, NO is a
significant pollutant that is produced during the combustion of fossil fuels and leads to many harmful effects via
the severe air pollution that is associated with photochemical smog and can lead to severe diseases, such as lung
cancer, or environmental problems, such as acid rain, [63] affecting humans, animals, plants, and materials.
Therefore, several measures and methods have been developed to reduce NO emissions during combustion.
Electrochemical reduction is considered a promising means of reducing NO to yield value-added products, such
as NH3, which is harmless. Thus, a competitive route for the synthesis of ammonia is provided by NORR, and
two-dimensional (2D) MBene materials exhibit high selectivity and activity toward the desired products, such as
NH3 and N2. However, current studies are still mainly focused on conventional metal-based catalysts. In this
thesis, our goal is to solve these challenges, including energy storage and conversion in fuel cells, the reduction
of CO2 to hydrocarbon fuels, and the synthesis of ammonia via electrochemical nitrogen fixation, by designing
catalysts with surface features (active sites) that can tune the activity and selectivity to these electrochemical
reactions.

1.4 Research Objectives (Highlights of 2D Materials for Catalytic Activity Systems)

Furthermore, the burning of fossil fuels leads to environmental pollution due to the emission of exhaust
gases, such as CO2 and nitrogen oxides (NO, NO2) [64]. The replacement of fossil fuels with other clean and
renewable energy sources is becoming increasingly urgent. Based on this, fuel cells have been proposed as
promising devices for the stable and efficient storage of energy, and in the exploration and development of more
suitable catalysts to replace precious Pt-based electrocatalysts for the ORR, [65] 2D materials have been
proposed as promising options for energy storage and conversion technologies because of their unique electronic
properties at the atomic scale and their high surface areas, (Figure 1-3b) Furthermore, the greenhouse gas CO2,
which is detrimental to the environment and is emitted in the burning of fossil fuels, can be used to store excess
energy in chemical bonds via the electrochemical reduction of CO2 (CO2RR), which has been proven effective in
reducing excess CO2 and producing value-added chemical fuels, such as methane and methanol. [66] Catalysts
play an essential role in achieving this goal, as they involve many intermediate electrochemical reactions and can
convert electrical energy into chemical energy. A catalyst with high catalytic activity and selectivity toward the
target products is required to obtain an efficient and stable electrochemical reaction. In this thesis, we focus on
electrochemical catalysis relevant to renewable fuel production and the environmental pollution of 2D materials.
For example, the conversion of CO2 into valuable chemical products and the synthesis of ammonia from N2 focus
on insight into material properties and reaction mechanisms during these conversions. Current catalysts exhibit
high overpotentials for CO2 and N2 electroreduction, which means they have to theoretically require more energy
to facilitate the reaction. Thus, it is necessary to explore how electrocatalysts develop stable, more selective, and
cheaper novel electrocatalysts. Electrochemical conversions are significant advantages because they only need
electricity to run the process under ambient conditions, possibly resulting in a more energy efficient and safer
conversion process.
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Figure 1-4 (a) A semiconducting metal-organic framework analog metal-organic kagome lattice and (b) crystal model of 2D MOFs
M3(HITP)2 (M=Ni and Cu). [67] (c) A supercell model of Ni3(HITP)2. (Reprinted with permission from American Chemical Society,
adopted from [68]. (d) Metal-organic framework M3(HITP)2 compound as a highly efficient catalyst for the CO2RR. (Reprinted with
permission from Elsevier, adopted from [69]).

These 2D MOFs could be promising candidates as future excellent heterogeneous electrocatalysts for
electrochemical reactions. Due to their high electrical conductivity and high specific surface area making them
particularly attractive for use as electrocatalysts, the stacking arrangements of Ni3(HITP)2 crystals have been
analyzed by powder X-ray diffraction (PXRD), and extended X-ray absorption fine structure (EXAFS)
experimental techniques have been reported. [68] In this chapter, we describe how MOFs were directly used as
carbon dioxide reduction catalysts, and found that CO2 can be adsorbed onto the active site of the MOF surface;
however, these catalysts are generally utilized via physisorption or van der Waals interactions rather than
chemisorption, which is caused by the thermodynamically unfavorable nature of CO2 molecules under ambient
conditions. Once CO2 reacts with the active site on an MOF, CO2 is hydrogenated by a set of H+/e- pairs under an
applied potential; this process is known as electrocatalytic reduction. The low heat capacity of MOFs makes them
outstanding candidates for carbon reduction; MOF-177 [70] was designed for CO2 capture and has a low heat
capacity of 0.5 J/g K at room temperature. Recently, the experimental synthesis of a new type of 2D metal-
organic framework analog, semiconducting M3(hexaiminotriphenylene)2, has been achieved (Figure 4-4a).
According to previous research, Xiao et al. [71] reported that M3(HITP)2 (where M= Co, Ni, Cu) MOF alloys
have continuous electrical conductivity variation attributed to the CO2RR. Chen et al. [72] found the new types of
metal-organic Kagome lattices of Ni3(HITP)2 and Cu3(HITP)2 that can be transformed into metals by metal
substitution, as shown in Figure 4-4c. This substitution makes excellent changes to the electronic properties of
Ni3(HITP)2. In Ni3(HITP)2, the Ni atom is a dsp2 hybridized with organic ligands, leading to perfect 2D
conjugation and a distorted 2D Cu3(HITP)2 sheet. Cu3(HITP)2 exhibits a metallic character; Cu uses sp3

hybridization, which is assembled via strong π–π interactions, as shown in Figure 4-4b. Furthermore, these 2D
metal-organic frameworks have high thermal stability and catalytic activity. Mao and Xin et al. [73] used a
theoretical screening approach to study CO2 reduction on MN4 (M=Ti-Cu), where the metal-organic frameworks
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depend on a descriptor for the d-band center. It was found that this type of MOF catalyst can be widely used to
reduce carbon dioxide, depending on the binding energies of *CO and *OH, which were suggested as descriptors
to evaluate the catalytic activity of these materials. Our theoretical study provides a new approach for insights
into the electrochemical activity and electronic properties of this type of 2D MOF. In this thesis, we selected the
recently synthesized Ni3(HITP)2 as a model system to explore the physical and chemical characteristics of the
M3(HITP)2 MOF by replacing the coordination metal ions in the MOF 2D sheets. A schematic of the
electrochemical reaction mechanism of the CO2RR on metal-organic framework heterogeneous electrocatalysts is
shown in Figure 4-5d.

MXenes are a new type of 2D layered structure that was first synthesized in 2011 [74]. The large specific
surface area, stability, excellent hydrophilicity, and conductivity of MXenes have led to these materials receiving
significant attention. Many studies have shown that this type of material has broad prospects in electrochemical
energy storage. Currently, much attention is focused on the field of catalysis because electrochemical catalysis is
promising for the storage and conversion of energy for use in future clean energy technologies, including the
hydrogen evolution reaction (HER), carbon dioxide reduction reaction (CO2RR), nitrogen reduction reaction
(NRR) and nitric oxide reduction reaction (NORR). According to the properties mentioned above, MXenes can
be employed as catalysts, and it is necessary to summarize and review their application at the atomic scale in
electrocatalysis. We underlined the theoretical screening combined with experimental research to explore the
most promising candidate catalyst of MXenes to clarify future developments and improvements in this field.
MXenes are a family of 2D inorganic materials and are nonmetallic materials consisting of layers of transition
metal carbide or nitride structures. Monolayer MXenes can be obtained from a bulk crystal called the MAX phase
by HF exfoliation, [75] where M is the transition metal, A is Al or Ga, and X is C or N. 2D MXene layered
materials can be derived from the MAX phase via HF etching. Since the first Ti3C2 MXene material was
synthesized in 2011, [74] this new type of 2D material has attracted widespread attention, and MXenes with
different compositions have been rapidly synthesized (Figure 1-5a). The strong interaction between the transition
metal and the carbides of 2D MXenes significantly favors the formation of different functional groups during the
HF etching process. MXenes can be deduced from three different types of structures obtained from the MAX
phases, which have the general formula Mn+1Xn (n=1, 2, 3), as shown in Figure 1-5b. MXenes have been given
much attention due to their tunable structures and excellent electrochemical properties for various applications. In
particular, as some functional groups can terminate the surfaces of MXenes, the terminated MXene chemical
formula was defined as Mn+1XnTx, where T represents the functional group, such as O, F, and OH. MXenes have
good conductivity and specific surface area with two sides, and based on these conclusions, MXenes have already
found applications ranging from energy storage to conversion in electrochemical reactions.
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Figure 1-5. Schematic of a periodic table of the elements for the MAX phase compositions (Reprinted with permission from Elsevier,
adopted from [76])

Figure 1-6: 2D transition metal carbide/nitride (MXenes) has been discovered both theoretically and experimentally. (Reprinted with
permission from Nature Publishing Group, adopted from [77])

Recently, Handoko et al. [78] established a new linear scaling relationship depending on binding to CO2RR
intermediates, such as *CO and *CHO, and constructed a stability-independent catalytic activity scale on MXene
surfaces, indicating that they are suitable as promising electrocatalysts for the electroreduction of CO2 to CH4.
MXenes, as a new family of 2D metal materials, have also been verified to be highly efficient in catalyzing the
CO2RR via thermodynamics. MXenes are expected to significantly influence the future development and
improvement of energy conversion and storage technologies. However, there are still some crucial factors that
influence the properties of MXenes, such as problems surrounding the presence of functional groups during the
chemical etching process, electron conductivity and interface effects, which require further discussion, and the
outstanding electrical conductivity and stability of MXenes, which guarantees the use of these electrocatalysts for
the CO2 reduction reaction (CO2RR). Overall, the large family of MXenes has various features that serve as an
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ideal geometrical configuration used to explore high-efficiency electrocatalysts with broad applicability to CO2

electrochemical reduction; thus, exploring and screening novel MXene materials and their surface functional
group derivative compounds is an urgent challenge for researchers.

Recently, a novel two-dimensional material of transition metal borides (MBene), whose configurations are
similar to those of MXene, has been reported both experimentally and theoretically, and MBene monolayers can
be achieved by etching A atomic layers (where A is Al or In) from the MAB bulk phases [79]. Mo2B2, Ti2B2, and
Cr2B2 MBenes have been synthesized experimentally, and they exhibit metallic behavior. MBenes have diverse
structures, such as orthogonal, hexagonal and tetragonal phases with different ratios of metal and boron atoms,
producing materials, such as M2B2, M2B, and M3B4, as shown in Figure 1-7. Yang et al. [80] reported that the
MBenes FeB2, Ru2B4, Os2B4, V3B4, Nb3B4, Ta3B4, Cr2B2, Mn2B2, ZrB, and HfB have outstanding catalytic
activity, and their stability was confirmed based on phonon calculations and molecular dynamics simulations.
Compared to MXenes, there is no evidence to suggest that functional groups exist on the surfaces of MBenes
during the etching process. Because MBenes have novel physical and chemical properties, many potential
applications have also been proposed for these materials. For example, Jia and Jun et al. [81] found that
monolayer MBenes are suitable as anode materials for lithium-ion and sodium-ion batteries. Guo Z et al. [82]
reported that new 2D MBenes could be applied in Li-ion batteries and pointed out that Fe2B2 MBene exhibits
outstanding activity as a promising electrocatalyst for the HER. Furthermore, Jiang Zhou et al. [83] reported that
MnB has a high Curie temperature and is a metallic ferromagnet. MBenes are suitable as efficient catalysts for
energy conversion and storage devices because of their outstanding surface and interface roles, such as for the
HER, nitrogen fixation (NRR), and the CO2 reduction reaction (CO2RR). Thus, Yuan et al. [84] proposed that
M2B2 MBenes are highly desirable for catalyzing CO2 electroreduction. In 2017, Sun et al. [85] reported that
single-layer and few-layer samples of Mo2B2 and Cr2B2 MBenes were successfully synthesized, and extensive
experimental studies were conducted in 2018, indicating that they are suitable for Li-ion battery electrodes and
HER catalysts. In particular, the metal atoms can potentially provide occupied d orbitals to enhance the activation
ability of some small molecules, such as N2 and NO, which is considered essential for the NRR and NORR
processes. Even though many MBene structures have been evaluated, the vast MBene composition has yet to be
explored.

Figure. 1-7 The different MBene structural prototypes that have been reported are listed. (Reprinted with permission from Royal Society of
Chemistry, adopted from [98])

To achieve a credible and high-efficiency approach to designing and exploring the optimal reaction
mechanism for the electrochemical process, it is essential to identify the surface character of active sites and to
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set up suitable and reliable descriptors to evaluate their catalytic properties. Because it is a novel 2D material, the
electrochemical properties and possible applications of MBenes require further exploration. Recently, owing to
their high catalytic activity and highly competitive hydrogen evolution reaction (HER) side reactions, MBenes,
such as Fe2B4 and Ru2B4, have been widely applied in the CO2 reduction reaction (CO2RR) and N2 fixation
(NRR). As boron is a low-abundance nonmetallic element in the Earth's crust, [86], it is primarily used in
chemical compounds because of its low valence and high unoccupied p orbitals, leading to significantly improved
catalytic efficiency for electrochemical reactions (CO2RR and NRR). In this regard, to utilize transition metal
borides for large-scale applications in electrocatalysis, the large specific surface areas of 2D MBene can provide
a variety of active sites and therefore are more preferable than dispersed or doped B-atom catalysts. The electron-
deficient feature of boron makes transition metal boride compounds exhibit unsaturated bonding states and
provides them with diverse geometrical and electronic properties of MBene materials. Therefore, it is essential to
achieve a comprehensive understanding of how to precisely manipulate the catalytic behavior of 2D transition
metal borides on exposed surfaces; diverse chemical compositions generated using the formula MxBy and x:y
ratios set to 1:1, 2:1, 1:2, 3:4, and 5:2 produce well-defined surface structures with both exposed boron and metal
sites. These results can provide ideal models for electrochemical reaction mechanism studies for their promising
conductivities and large surface areas.

1.5 Screening Principle (Descriptors)

The theoretical screening method based on the density functional theory (DFT) approach was adopted to
calculate the desired properties. Theoretical screening involves the development of effective descriptors.
Sufficient descriptors can directly describe the stability, activity, and selectivity of materials. Adsorbate binding
energy has been applied in the design of catalysts. Binding energy as the primary descriptor was used to gain
insight into the intrinsic correlation between the binding energy and activity. A volcano plot was established by
using Sabatier’s principle. [87] This principle suggests that catalysts interact between adsorbates, and catalysts
should neither be too strong nor too weak. As too strong an interaction leads to catalyst poisoning and too weak
an interaction may fail to activate the adsorbates, they all will limit the overall reaction rate. Thus, the binding
energy is a valid descriptor for catalyst design and discovery. Taking the CO2RR as an example, the CO2

reduction reaction is one of the hottest electrocatalytic reactions in this topic. In this reaction, first, the most
surface-active site has been identified with the hydrogen adsorption test, and many previous studies suggest that
there may be strong intrinsic correlations within the oxygen-bound and carbon-bound species. In this regard, we
can successfully correlate the binding energies of the oxygen-bound species EB[OH] and carbon-bound species to
EB[CO], so the CO and OH binding energies have been used to describe and predict the electrocatalytic activity.
[88] Based on this, Xin and coworkers proposed the principle of screening to correlate surface properties with the
binding energy. Furthermore, to gain insight into the intrinsic correlation between the adsorption property and
structural properties, the electronic properties are used together with machine learning to predict CO and OH
binding energies on the catalyst surface, showing that electronegativity, crystal orbital Hamiltonian population
(COHP) [89] and d-band center [90] features are critical to describing the CO and OH binding energy. Without
DFT calculations, Niu H and coworkers [91] introduced electronegativity (ETM) and the number of TM-d orbital
electrons (Nd) as well as adequate coordination numbers for the ORR and OER in TM/g-CN systems, which were
not obtained from DFT calculations. These descriptors only relate to material properties. While electronegativity
and integrated crystal orbital Hamiltonian population (ICOHP) descriptors have shown good performance in
predicting the activity of catalysts, the catalytic activity difference of transition metals is determined by the d-
band feature. (Figure 1-8) However, to develop d-band information without DFT calculations, Noh et al. [92]



24

reported the d-bandwidth of the d-orbital theory and combined it with electronegativity to screen the CO or OH
binding energy. This method has suggested several promising catalyst candidates for the CO2RR.

Figure 1-8 (a) Schematic diagrams of the inner procedure of machine learning for catalytic activity prediction. (Reprinted with permission
from the American Chemical Society, adopted from [93]) (b) The descriptors of catalytic properties are summarized. (Reprinted with
permission from American Chemical Society, adopted from [94])

In the oxygen reduction reaction (ORR), a volcano plot-shaped relationship between the ORR overpotential
and ΔG*O, ΔG*O values can serve as a critical descriptor to describe the catalytic activity of the catalyst. Many
studies have reported that ΔG*O possesses a linear scaling relationship between ΔG*OH and ΔG*OOH. In addition,
because catalytic activity is closely related to the d orbitals of transition metals, by using the d-band center of d
states as an activity descriptor for the ORR and the states near the Fermi level (EF), the states near the Fermi level
are mainly contributed by the d electrons of metal atoms. Meanwhile, other electronic structure descriptors
induced from the abundance of electronic states near the EF should be considered. Recently, Huang et al. [95]
proposed a weight function to quantify each state's contribution to the bonding properties. Figure 1-8 illustrates
that these descriptors are usually selected to describe the intrinsic correlation between materials' electronic and
thermochemical properties. These descriptors include the atomic number (Z) and atomic radius (rd), outer d-
electron number (Nd), electronegativity (ETM), ionization energy (IE), and electron affinity energy (EA) of TM
atoms, which are generated from TM atomic features. In this case, considering these descriptors is beneficial to
the underlying correlation between the surface reactivity and the atomic features that can be identified. However,
it is challenging to deal with different catalysts generally within only one descriptor, so multiple descriptors have
been applied to describe electrocatalytic reactions. More recently, Liu J et al. [96] examined 14 descriptors of the
metal-oxygen bond strength depending on the intrinsic ORR activities of 51 perovskites by linear regression
models and factor analysis. They confirmed that the number of d electrons and charge-transfer energy play an
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essential role in the ORR reactivity of catalysts. Zhang et al. [97] considered the electronegativity of TM and
their interaction between N and C atoms coordinated with the active center of single-atom catalysts for the ORR.
They proposed a new descriptor to evaluate the activity on TM/g-CN for the ORR, which involved both the
electronegativity (ETM) and the number of TM-d orbital electrons (Nd).

Figure 1-9. (a) Illustration of the machine learning workflow. (b) Relative feature importance for the HER and NRR. (Reprinted with
permission from the Royal Society of Chemistry, adopted from [98])

To generate new descriptors to design and screen promising catalysts for the HER, we found reliable
descriptors that can be used to predict the catalytic activity for the HER. The ΔG*H and d-band centers are widely
used descriptors to evaluate the interaction between adsorbates and catalyst surfaces and have been applied
extensively for qualitative evaluation of catalytic activity. In this case, the center of the d-states could provide an
excellent way to determine the relationship between material properties and binding energy. Thus, the linear
correlation between the d-band center was considered with the coefficient of determination (R2). The high R2 suggests
that structural property factors beyond the d-band center play a key role in determining ΔG*H. Because the reaction
mechanism of the HER is relatively simple, ΔG*H is a very general thermochemical descriptor and works well for
many catalysts, including 2D MOF, MXene and MBene materials, and single-atom catalysis, it would be more
desirable to examine the mechanism of the HER in future studies. However, it has also been indicated that the charge
transfer between the catalyst and adsorbates could also play a crucial role in the catalytic performance of the catalyst.
To achieve a good design principle helpful in guiding catalyst exploration, it is essential to identify the feature
properties of the active center. The hydrogen binding strength of the intermediate (*H) has been extensively
applied to evaluate the catalytic activity of the HER, but there is no universal design principle to describe the
intrinsic correlation between the binding energy and structural properties. Therefore, some new types of features
have been proposed; the descriptors can be classified as electronic structure features, such as electronegativity
(Ef), the first ionization energy of the transition metal (Ie), valence electron number of TM-X (VTM), work
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function and the covalent radius of the transition-metal atom (RTM), to establish the intrinsic correlation models.
The workflow of machine learning (ML) prediction is based on some input features, including some intrinsic
features of electronic properties, such as electrostatic potential, the work function, electronic affinity,
electronegativity and ionization energy of the TM atom. These features can be induced directly from databases.
To gain insight into how important each feature is used for predicting catalytic activity, Figure 1-9 shows the
importance of feature importance in evaluating the catalytic performance of the HER and NRR. The relative
importance proportion of features is displayed in Figure 1-9b (Left) for HER and in Figure 1-9b (Right) for NRR.
Explicitly, the relative importance of features is different between the HER and NRR. The HER is greatly
influenced by the Fermi energy, while the electronic electronegativity and isolated electrons in the d-band
features of the TM are more critical than the HER for the NRR. The high feature importance in isolated electrons
(Nie-d) in d-bands for NRR is opposite, while the new descriptor of Nie-d indicates a low importance feature for
HER. Meanwhile, the different feature importance is beneficial to accommodate the catalytic activity of NRR and
HER depending on various features. This result suggests designing an electrochemical catalyst with high activity
for NRR but low activity for HER, which could play a crucial role in the selectivity during the NRR process. The
high relative feature importance of Nie-d indicates high catalytic activity and further reveals its relation to the
electronic structure, a valid descriptor usually covering a wide range of structural and thermochemical properties.

Recently, a high-throughput screening approach based on DFT theory techniques has provided a reliable
tool to gain insight into the fundamental understanding of electrochemical reactions. [99] DFT calculations have
been used to elucidate reaction mechanisms by identifying the binding strength of the intermediates. A high-
throughput screening method that depends on first-principles calculations can be used to design and screen
promising materials and gain insight into electrochemical reaction mechanisms due to its low computational cost
and high accuracy, which has been widely used to understand electrochemical reactions from the electronic
structure from the solution of the Schrodinger equation at the atomic scale within GGA-PBE functional hybrid
functionals. This work aims to explore the efficiency of catalysts for electrochemical reactions based on DFT
calculations. This plays an important role in the electrocatalytic reaction conversion of water (H2O), nitrogen (N2)
and carbon dioxide (CO2) into value-added products, such as NH3, hydrocarbon fuels, and hydrogen, by utilizing
energy from renewable sources, including solar, wind, and biomass energy. The experimental and theoretical
investigation combined allows us to explore electrochemical reaction mechanisms and guidelines for developing
high-performance electrocatalysts. This thesis aims to address energy shortages and climate change challenges by
screening and designing high-performance catalysts with catalytic activity and product selectivity for the four
aforementioned electrocatalytic reactions on 2D materials.

1.6 Outline of the Thesis (Comprehensive and Summarizing)

This thesis provides an overview of research electrocatalytic activity systems and will provide insight into
the reaction mechanism and address the electrochemical energy conversion of H2O, CO2, N2, and NO into value-
added products, such as NH3, and hydrocarbon fuels, by utilizing sustainable energy from renewable sources,
such as solar, wind and biomass energy. With the continuous development of human society, we are facing a
series of problems, such as increased energy demands and climate change. Thus, developing sustainable energy
could provide an effective way of reducing carbon dioxide emissions. Based on this, electrocatalytic energy
conversion plays an integral role in these technologies. It can increase the overall reaction rate, high efficiency,
and provide promising selectivity of the given products. However, electrocatalytic reduction reactions (CO2RR,
NRR, and NORR) under acidic aqueous solution conditions are an effective alternative to the Haber−Bosch
process. However, electrochemical energy conversion faces many challenges due to both poor reaction kinetics
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and increased consumption due to the activation of CO2 and N2 molecules. Furthermore, the competitive HER
also suppresses the selectivity of electrocatalysts. This is another bottleneck for these electrocatalytic reactions.
Thus, developing and designing electrocatalysts with high activity and selectivity for the CO2RR and NRR are
still highly desirable.

To address these significance issues, this doctoral thesis presents six publications in Chapter 5, which have
all been published in journals; corresponding supplementary information is provided in the online Appendix. The
outline of the PhD thesis is organized as follows:
The implementation of the screening on three different structure types of novel two-dimensional (2D) materials
has been observed based on DFT calculations, which depended on the investigation of their intrinsic correlation
between electrocatalytic activity and material properties, as mentioned in my publications in Chapter 5. The
results were combined into a cumulative dissertation, including 6 published papers that were presented in the
results and discussions. All the publications are associated with some common keywords, such as 2D materials,
electrochemical reactions, DFT calculations, theoretical screening and descriptor. Although they correspond to
different catalysts and chemical reactions, they have a common workflow among each publication, and there is a
short brief introduction before each publication in Chapter 4. It is necessary to note that electrocatalytic activity
systems were classified based on different electrochemical reactions on 2D materials that have been adopted in
this cumulative dissertation. There are chapters in the main text dedicated to introducing the fundamentals of
electrochemical reactions and theoretical background methods, and the specific data generation, data processing
and screening techniques are also discussed in each published article.
In Chapter 1, we provide a brief introduction to the background of electrocatalytic energy conversion, our
motivation, energy materials, 2D materials for candidate catalysts, research objectives, screening principle
(descriptors), and the electrochemical reactions relevant to this thesis.
In Chapter 2, a summary of the theoretical background of density functional theory (DFT) and implementation
codes, including VASP and VASPKIT for DFT calculations and Gibbs free energy correction is provided.
Chapter 3 provides a brief introduction on the fundamentals of electrochemical reaction theory and the research
methods. It includes the computational hydrogen electrode (CHE) mode, reaction mechanism path, binding
energies of the adsorbate, and the d-band model for structural properties. Furthermore, Sabatier’s principle was
used to predict the catalytic performance of the catalysts.
Chapter 4 describes the electrocatalytic activity systems on different electrocatalytic reactions on some 2D
catalytic materials, such as M2S2 for the ORR, M3(HITP)2 MOF and MXenes for the CO2RR, and MBenes for the
CO2RR, NRR and NORR.
Chapter 5 provides a brief introduction to my publications. It consists of my publications' synopsis and a
declaration signed by the doctoral candidate and all coauthors of my publications.
In Section 5-3-1, we describe how transition metal sulfide (M2S2) monolayers have been investigated as catalysts
for the ORR by using the DFT approach, wherein M2S2 is considered a promising electrode material for ORR
applications in fuel cells. This section topic has been published in Energy & Fuels.
In Section 5-3-2, we describe the observation that the M3(HITP)2 prototype of 2D MOF compounds has a high
activity for producing C1 hydrocarbon fuels from CO2 by electroreduction. These results indicate that Cr3(HITP)2
and Mn3(HITP)2were identified to have a high selectivity toward CH3OH. This section topic has been published
in Electrochimica Acta. As described in Section 5-3-3, M3C2 MXenes can serve as efficient catalysts for CO2

electroreduction to CH4 hydrocarbon fuels. This section topic has been published in Nanoscale.
The topic of Section 5-3-4 was initially published in the Journal of Physical Chemistry Letters, describing a
quantum mechanical study for the production of C1 hydrocarbon fuels from CO2 on 2D MBenes. The study
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results provide an effective approach to explore and design high-efficiency electrocatalysts on MBenes for CO2

reduction to C1 hydrocarbon fuel devices.
In Section 5-3-5, a theoretical screening workflow of an efficient catalyst for N2 reduction to NH3 on 2D MBenes
is presented. This work provides compelling evidence for acting as an NRR electrocatalyst and guidance for the
further development and design of high-performance catalysts for some common electrochemical reaction
processes. This work has been published in Chemistry of Materials.
Section 5-3-6 describes transition-metal borides (MBenes) that can serve as new high-performance
electrocatalysts for nitric oxide (NO) reduction to ammonia by DFT calculations. This work is conducive to the
development and design of high-performance catalysts for reducing NO emitted from combustion processes and
reducing NO to a value-added product (NH3), facilitating the development of more efficient methods to reduce air
pollution. This work has been published in Small.
Finally, in Sections 5-4 and 5-5, I conclude the thesis's summaries and give an outlook and prospects for my
further research based on the already published achievements. The final chapter of the thesis is the list of my
publications, acknowledgment, and curriculum vitae. Chapter 6 provides the bibliography.

2 Fundamentals of Electrochemical Reactions

2.1 Grand Canonical Approach in Heterogeneous Electrocatalysis

The interaction features of solid–liquid interfaces [100] are critical for electrochemical reactions in double-
layer systems. Nevertheless, it is a severe challenge that only depends on modeling approaches to reveal such
interface interactions at the atomic level, so other tools beyond standard methods should be considered. An
atomistic modeling scheme based on quantum mechanical calculations to describe adsorption and chemical
reactions assumes that the modeling system is in thermal equilibrium and is under ideal conditions. However, the
relevant macroscopic variables in a real experiment involve the temperature, [101] electrode potential, [102]
solvent effect and ionization effect [103]. This contribution of variables should also be explicitly included in the
double-layer system of the computational model. In this regard, a density functional theory (DFT) framework
with fixed ion chemical potentials and electrons under the Grand Canonical ensemble (GC) [104] was developed
to simulate electrocatalytic and electrochemical interfaces; it relies on the completely quantum mechanical
description of nuclei and electrons in the framework of GC-DFT, including the contribution of DFTs and GC
ensembles under the actual experimental conditions, to establish various implicit solvent models based on
Poisson-Boltzmann (PB) theory. [105] For a small number of atom systems under the grand-canonical (GC)
ensemble, the function Ω(µ, T, V) is a general method to deal with a modeling system under fixed electron and
ion chemical potentials. [106] Combining the real experimental environment variables with the DFT method and
proposing the grand canonical DFT (GC-DFT) approach, it is beneficial to simulate the fixed chemical potentials
of ions as performed in an experimental environment. The GC-DFT approach provides a way to study
microscopic electrochemical systems via multiscale modeling.

Clearly, the grand canonical DFT (GC-DFT) approach has already provided powerful theoretical merit for
modeling practical electrochemical systems [107] and for a specific electrochemical system involving the charge
transfer number (Ne). The grand canonical energy Ω includes the EDFT, which can be directly obtained from the
DFT calculation, and the electronic potential from fixed electron and ion chemical potentials was evaluated by
the following equation:

eeDFT μNEΩ  (1-1)
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where μe is the electronic chemical potential when an applied potential (U) is applied to the standard hydrogen

electrode (SHE), and the electronic chemical potential is obtained by the equation below:

eSHE μΦUe  (1-2)

where ΦSHE is defined as the work function of the SHE, which is set to 4.66 eV depending on previous reports. In
this case, the Gibbs free energy change (ΔG) of each elementary reaction involves an electron-proton pair transfer,
and the chemical potential of an electron-proton pair is expressed as:

Ue2/)G(H)eG(H 2   (1-3)

Here, ΔG is set to pH=0, electrode potential U=0 V vs. SHE, and at room temperature, T=300 K was generated
from the difference in grand canonical energy ΔΩ. Furthermore, the zero-point energy ΔZPE and entropy TΔS
are also considered via the following:

STZPEG  (1-4)
The modeling method was employed to evaluate catalyst performance based on the change in Gibbs free energy
(ΔG). Taking the hydrogen evolution reaction (HER) as an example, according to the Sabatier principle for
heterogeneous catalysis, optimal activity suggests that depending on the moderate binding energy of a hydrogen
atom, ΔG*H≈0 eV, a very positive value indicates too weak binding and limits the activation of the hydrogen
atom. At the same time, a very negative value indicates binding too strongly so that the hydrogen atom is difficult
to desorb from the catalyst surface, the desorption of the intermediate is hindered, and the catalyst is poisoned. To
apply the grand-canonical DFT approach to study the competition reaction during electrocatalytic reactions, by
comparing the computational hydrogen electrode (CHE) model, we can combine it with the CHE model and
grand canonical approach, which is widely used to describe solid–liquid interfaces. Interestingly, the grand-
canonical DFT approach can consider the temperature, electrode potential, solvent effect and ion polarization
effect. In this approach, the electrode potential and surface charge transfer, which can tune the electrochemical
potential, describe the interaction in the double layer via the DFT method, while the solvent, electrolyte, and ion
effects are represented by the solution of the linearized Poisson−Boltzmann (PB) equation. In this regard, the
grand canonical potential is defined as G(n; U):

U)ne(UF(n)U)G(n; SHE (1-5)

where G(n;U) represents the grand canonical free energy, which is related to the applied electrode potential U vs.
SHE, n is the number of electron transfers, F(n) is the function of total energy depending on the number of
electron transfers, and USHE = μe,SHE/e represents the electronic energy vs. the SHE condition, for example, U=
0.1 V corresponds to 0.1 eV/e vs. SHE. Furthermore, the applied potential can tune the Fermi level by changing
the occupation or inoccupation of the electronic bands and accommodating the number of electrons by the
equation below:

0
dn

U)dG(n;orU)e(U
dn

dF(n)μ SHEe  (1-6)

Furthermore, we propose a new descriptor
αads,

eN , defined as the absolute surface charge, due to the electrons

that were provided from the external potential in a double layer, where
ads
eeN is measured depending on the

number of electrons in the charge neutral system,

Nq represents the total charge for ions, and

αads,
eeN is the net

electronic surface induced from electrolyte counter charges in the double-layer system. This equation can also be
applied to the solvated ionic species (ɑ).
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),,,( ads
eisDFT NNNG  represents the DFT total energy for surface terminations α, coverages Ni, and

αads,
eN

under 0 K conditions. In this regard, the remaining electrons have already been considered to be µsNs (surface)
and µiNi (interfaces), respectively. This rule can be applied in other electron counting. It allows provides insight
into the computational hydrogen electrode (CHE) approach. The chemical potentials of the ions Niµi in the solid–
liquid interfaces should also be evaluated from an experimental or theoretical thermochemical database for an
equilibrium electrochemical reaction. For protons, the electrochemical potential is measured under SHE
conditions as follows:

),(electrodee(aq)H(g)H
2
1

2
  (1-8)

The proton electrochemical potential is expressed by

eV,4.44Φe)(eμ ads
SHE

ads
SHE  (1-9)
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2
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ads
SHE  (1-10)
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ads
SHE

ads
SHE   (1-11)

where the energy of gas-phase H2 can determine µ[H2(g)] at 0 K depending on the partition function for an ideal
H2 gas. This is generated from an ideal solution model from Eq. (1-11), where the chemical potential only
depends on the contribution of the entropic. Furthermore, the electrochemical solid–liquid interfaces are
described by the linearized Poisson-Boltzmann equation implemented in the VASPsol model. [108] In the
VASPsol model, the interface is described as a function of the electron density (ρ). The default value of ρ
depends on the solvation energies of molecules in a solution, but we did not model it for this thesis due to
limitations of computing power.

2.2 Computational hydrogen electrode (CHE) model

The computational hydrogen electrode (CHE) model [109] was proposed by Nørskov et al., which takes the
electrochemical oxygen reduction reaction (ORR) on Pt(111) as a reference, leading to significant increase in
computational electrocatalytic reactions. Both experiments and theories have proven the feasibility of this method.
However, to avoid the complex solvation effect from protons in acidic media, protons and electron pairs couple
to gaseous H2 in equilibrium states at 0 V. From a thermochemical point of view, the CHE model represents a
very simple and widely applied electrocatalytic model, and energetic calculations have been performed using the
CHE model, which can also be used in thermal corrections and solvent effects. The modeling study of
electrochemical processes made significant progress due to applying the CHE approach, which was proposed by
Nørskov et al. [110] in 2004. Due to its computational efficiency and conceptual simplicity, the CHE model
enabled insights into the reaction mechanism and resulted in a large-scale computational screening investigation.
It focused on identifying ideal catalyst materials in electrochemical catalysis. In this case, the CHE model can be
applied equally to other electrochemical processes, taking the water-splitting reaction as an example because it is
one of the most well-studied chemical reactions in electrocatalysis. In essence, two proton and electron pairs need
to be removed from an H2O molecule and then generate a hydrogen molecule. It includes two half-reactions,
namely, water oxidation,

 e2H2O2/1OH 22 (2-1)

and hydrogen evolution

2He2H2   (2-2)
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They will react on the anode and cathode of the electrochemical cell. This approach is also feasible for complex
electrocatalytic reactions on different catalysts, depending on the assumption of determining reaction pathways
based on the energy diagram of each reaction intermediate species. Taking the process of water splitting as an
example, such intermediate *OH, *O, and *OOH species formed on the catalyst, and then, this assumed a
reaction pathway proceeding through several intermediates, which is determined by the free energy change
between different intermediate steps to estimate whether a reaction can continue to its given final state, get stuck
along the way or convert to another intermediate products. The contribution of pH to the reaction free energy is
defined as the variation in the concentration of protons in the solid–liquid interface. This contribution term is
generally calculated from kBT×pH×ln10 and simply added to the free energy for each intermediate species.
Koper [111] suggested that uncoupling the H+/e- pair could lead to a more complex free energy dependence on
pH. In this case, the pathway commonly employed in the water oxidation half-reaction is as follows:

  eHOHOH2 (2-3)
  eHOOH (2-4)

  eHOOHOHO 2 (2-5)
  eHOOOH 2 (2-6)

Therefore, an ideal catalyst should spread the cost across all four steps so that each step requires only 1.23
eV to proceed. The ideal equilibrium potential is set to 1.23 V for each step. However, the electrocatalytic
reaction under real conditions is different from the ideal behavior of models, resulting in some steps requiring
much more than 1.23 eV, while others require much less. The difference between the required potential and
potential is defined as the overpotential, which essentially measures the amount of energy lost due to a
suboptimal catalyst. Finally, the CHE model can also be used for the theoretical screening of novel catalyst
materials. The CHE model can provide deep insight into the essence of electrochemical reactions. The modeling
study assumes that the binding energies on a catalyst surface are related to the structure and different adsorbates,
and the Gibbs free energy needed to form an intermediate (ΔGrxn) can be obtained as follows:

  iislabrxn NGGG int (2-7)

Gint is the Gibbs free energy of the intermediate state, and Gslab is the Gibbs free energy of a catalyst slab. Ni

and μi are the numbers and chemical potentials of molecular species (i.e., O2, CO2, or N2 molecules), with the
standard hydrogen electrode (SHE) at pH= 7 with the applied potential versus the SHE and the pH of the system:

pHeUSHEHeH
  059.0

2
1

2
 (2-8)

In this thesis, we used the CHE model suggested by Nørskov et al. to calculate the binding energies of the
intermediates during the electrochemical reaction process. Here, we briefly discuss the standard hydrogen
electrode (SHE), similar to the CHE model and used it as a reference electrode for electrochemical reduction. The
CHE model is based on the following electrode reaction and is set to zero.

2H2/1eH   (2-9)

The standard reduction potential (E0) is denoted as 0.00 V at T=298.15 K and standard pressure. It is expressed in
terms of the chemical potential as follows:

)(2
2/1 gHeH    (2-10)

When an electrode potential is applied, the chemical potential of an electron-proton pair is added with the term
eU as follows:

eUgHeH   )(2
2/1  (2-11)
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The CHE model assumes that at zero potential and standard conditions (pH = 0, P(H2) = 1 atm, T=298 K), the
electron and proton pairs are in thermodynamic equilibrium with 1/2H2(g), the chemical potential of an electron
and proton pair, which is difficult to calculate using the Vienna ab initio simulation package (VASP) [112] under
the gas states available. Many common electrochemical reactions, such as the ORR, CO2RR, NRR, NORR, and
competing HER, involve electron-proton pair transfers. Thus, the chemical potential of electrons and proton pairs
can be replaced with half the energy of hydrogen in the gas phase, meaning that the binding energies of different
adsorbates that involve electron-proton transfer can be calculated directly. Taking the last protonation of the ORR
as an example, the reduction of hydroxyl to water occurs at the cathode as the proton migrates through the
exchange membrane (PEM) [113] in the fuel cell, as follows:

  )()( 2 gOHeHOH (2-12)

where * represents the free adsorption sites of the catalyst. Based on the CHE model, the free energy of the
reaction can be calculated as follows:
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(2-13)

where μ represents the chemical potential of the H2 gas molecules, ∆EDFT is the difference in the electronic
energies calculated directly using the DFT calculations, ∆ZPE is the difference in the zero-point energies
calculated from vibrational analyses in the VASPKIT code, [114] and ∆S is the change in entropy under T
temperature conditions. Under nonzero electrode potentials, the free energy of the changes involves electron-
proton transfer by eU. Furthermore, at nonzero pH values, the difference in the chemical potential of the protons
that results from changes in the concentration is

pHTkInpHTkHInTkG BBBpH   303.210][ (2-14)

where ΔGpH is the contribution of the free energy from the concentration variation of [H+] and kB is the
Boltzmann constant, considering the external electrode potential and pH effects. Taking into account the external
electrode potential and pH effects, the Gibbs free energy change of reactions (1-11) was calculated using the
following equation:

pHUDFT GGSTZPEEG  (2-15)

For gas-phase molecules, the entropy correction term can be defined as the sum of the rotational, translational,
and vibrational contributions. In contrast, the translational and rotational entropy was not used for the considered
adsorbates due to their negligible contributions. Moreover, during these frequency computations, all atoms of the
substrate were rigidly constrained so that there were no contributions from additional degrees of freedom. Taking
the nitrogen reduction reaction (NRR) as an example, the entropies of gas-phase N2, H2, and NH3 species can be
directly obtained from the NIST database. [115] The ΔG between two reaction intermediates involved in the N2

reduction process can be expressed as follows:

nmgnm HNHHN   2)(212 2/1 (2-16)

)(2/1 2)()( 122
HGGGG

nmnm HNHN 
  (2-17)

where n (n > 1) is the number of H+/e- pairs transferred, while m is the number of NH3 molecules formed, which
equals 0 or 1. For example, the Gibbs free energy change leading to N2 hydrogenation can be computed when n =
1 and m = 0:
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NNHHN g  )(22 2/1 (2-18)

)(22
2/1)( gHgNNNH GGGGG   (2-19)

Here, * denotes the catalyst that is introduced into the reacting system.
Finally, CHE model studies of electrochemical reactions only depend on limiting potentials obtained from

thermodynamic free energy differences. They neglect kinetic barriers between them (activation energy). This
might lead to influencing the most favorable reaction pathway that was estimated and may achieve a completely
different energy landscape for the reaction. The main reason for the rare consideration of these problems is the
computational cost associated with the kinetic calculations required to determine the free energy distribution and
the barrier energy of first principles. Recently, several reports of kinetic barrier studies on electrochemical
reactions have been put forward, focusing on improvements of the methodologies to effectively analyze standard
CHE calculation approaches, such as solvation effects, kinetic barriers and reactive sites. These methodologies
are not discussed in this thesis but will be discussed in my future work. However, it is difficult to consider
solvation effects due to only calculating the potential of free isolated systems within the CHE model, which
overlooks the apparent solvent effects in the energetics of chemical reactions.

2.3 Gibbs Description of Chemical Reactions

The criterion for prediction of reaction spontaneity is based on Gibbs free energy change (ΔG) at constant
temperature and pressure. All thermodynamic quantities are constant under standard conditions, whether a
process is spontaneous or nonspontaneous. However, ΔG is defined as the energy change during the same process
occurring in a reversible reaction if ΔG is equal to zero, and the system is certified at equilibrium conditions,
indicating that there will be no net energy change of the overall reaction. What happens when ΔG is not equal to
zero? To gain insight into how the sign of ΔG determines the direction of the reaction and predicts spontaneity,
the relationship between the entropy and enthalpy change by the system provides the key criterion between the
thermodynamic properties of the reaction system. Based on this principle, high exothermic processes (ΔH≪0)
can increase the disorder of the system and therefore occur spontaneously. Some conclusions for a reaction
system are summarized by four laws: when the reaction energy change is less than zero (ΔG<0), the process
proceeds spontaneously. When the reaction energy change is equal to zero (ΔG=0), the reaction systems are
usually in equilibrium. If ΔG>0, the process is spontaneous in the reverse direction. Calculated values of ΔGo are
helpful in estimating whether a chemical reaction will occur spontaneously or not under standard conditions.
However, it cannot confirm whether a specific reaction will occur spontaneously under nonstandard conditions
based only on the values of ΔGo. For example, if the sign of ΔH and TΔS terms for a given reaction is the same,
then it may be feasible to reverse by changing the character of ΔG depending on the temperature, converting into
a spontaneous reaction. Because the signs of ΔH and TΔS usually do not vary significantly without a phase
change, we can directly calculate the values of ΔG° from ΔH° and ΔS° at various temperatures, and no phase
transition occurs over the temperature range under consideration for the vaporization of water, as shown in Figure
2-1(a).
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Figure 2-1. (a) Schematic of TΔS and ΔH for the vaporization of water under over-temperature conditions. (Reprinted with permission
from [116]) (b) Schematic of the reaction process. (Reprinted with authorization from [117])

The standard ΔG° is defined as the energy change in its standard states. Here, taking N2(g)+3H2(g)
⇌ 2NH3(g) as an example, the standard entropy change ΔS° is calculated for the reaction between the reactants
and the products by using the following rule:
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00 HSNSNHSSrxn  (3-1)

Meanwhile, the standard enthalpy change ΔH° was obtained for the given reaction by using the equation below.
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In this reaction, it has a significant influence on the thermodynamic direction of a designated reaction by
changing the temperature. The reaction of nitrogen and hydrogen to produce ammonia is spontaneous under
standard conditions in theory. However, in practice, it is too slow to be useful industrially due to the sluggishness
of the thermodynamics and kinetics of N2. The formation energies of the standard Gibbs free energy of a reaction
can be calculated by using the following rule:

)(reactantsΔGn(products)ΔGmΔG 0
f

0
f

0
rxn   (3-3)

where m and n represent the stoichiometric coefficients of each product and reactant in the equilibrium chemical
reaction. Depending on the second law of thermodynamics, [118] electrochemical reaction systems under
ambient conditions have a universal natural tendency to achieve a minimum energy state during the
electrochemical process. The change in Gibbs free energy (ΔG) for a chemical reaction in a reversible process
can be used to quantitatively measure the favorability of a given reaction under constant pressures and
temperatures. In detail, if ΔG presents a positive value in a chemical reaction, it means that sufficient energy has
been input to make the reaction possible under constant temperature and pressure. A reaction can only occur
when the system's entropy change (ΔS) is either zero or positive. A negative value of ΔG means that the reaction
is exothermic. However, if the two chemical reactions are coupled or competing, an endothermic reaction (ΔG >
0) may occur. The energy input of an inherently energy-consuming reaction can be thought of as the coupling of
an adverse reaction with a favorable reaction. The entropy variation trend in the entire reaction system is more
significant than zero. In this regard, the Gibbs free energy difference associated with the coupled reactions is
negative. The description of a given reaction will be more accurate if the limitation in the amount of energy
available for nonpressure–volume work is considered.
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When the charge in a chemical reaction is passive, a thermodynamic term is produced in the expression
equation that is related to the change in the Gibbs free energy, as follows:

STVPUG  (3-4)
where G and P are the Gibbs energy and pressure, respectively. U and V denote the internal energy and system
volume, respectively. S and T describe the entropy and temperature, respectively. The latter term is closely
related to the entropy change in chemical reactions and is expressed by the Maxwell relation as follows:
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Based on the second law of thermodynamics, the trend in the total Gibbs free energy change is assessed in terms
of a closed reaction system as follows:

0G (3-6)
Depending on this criterion, for a closed system that is not in a state of thermodynamic equilibrium, the Gibbs
energy will permanently be reduced to achieve equilibrium, which is achieved when the energy of the reaction no
longer changes and ∆G tends toward zero. If n moles of electrons are transferred in the reaction, the
corresponding charge in the external circuit can be calculated as follows:

nFQ  (3-7)

where n and F are the number of electrons and Faraday constant, respectively. The thermodynamic properties of a
given chemical reaction are related to the electron transfer that occurs under ambient conditions (25 °C and 100
kPa), and the standard Gibbs free energy change of formation is expressed as follows:

fff QRTGG ln0  (3-8)

where Qf is the reaction equilibrium coefficient.

In thermodynamic equilibrium, ∆fG = 0, and if Qf = K, the equation can be reduced to:

eqf KRTG ln (3-9)

where Keq is the equilibrium constant.
The change in Gibbs free energy (∆G) is a standard that is often used to measure the scale of a reaction and
provides helpful information about the thermodynamic activity to estimate whether a reaction can occur
spontaneously under ambient conditions. A simple definition of the standard Gibbs free energy is:

lInitiaFinal GGG  (3-10)

https://en.wikipedia.org/wiki/Entropy
https://en.wikipedia.org/wiki/Faraday_constant


36

Figure 2-2. (a) Endergonic vs. exergonic reactions and processes. (b) The basic workflow of the CI-NEB technique.

The rate of a chemical reaction depends on the change in energy between the initial and final states. Figure
2-2 shows both exothermic and endothermic reactions, indicating that the thermodynamic trend is only dependent
on the initial and final states of a reaction. Furthermore, the activation energy needs to be further considered,
which can be achieved by searching for transition states with which the reactive activation of the reaction can be
evaluated, followed by the determination of the rate at which the chemical process occurs via the image nudged
elastic band (CI-NEB) approach in Figure 2-2b. First, we need to confirm the lattice parameter in the initial and
final images and then optimize the first and final images. Second, the intermediate images are set based on the
linear interpolation relationship between the initial and final images. Third, the force convergence on the lattice
and the energy convergence on the atoms in the intermediate images are calculated until the calculation criteria
are met during structural relaxation. Fourth, we calculated the change in the lattice parameters and displacement
of atoms based on the CI-NEB forces by using structure optimization. Finally, steps (3)-(4) are repeated until the
convergence criteria of relaxation are satisfied.

Figure 2-3 (a) Comparison of NEB and CI-NEB. (Reprinted with permission from [119]) (b) The most promising energy path for the
diffusion of H2 on Ag(111) by using CI-NEB. (Reprinted with permission from the Royal Society of Chemistry, adopted from [120])
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Another approach can also be used to determine the reaction rate; the transition state (TS) search that is
carried out using the climbing CI-NEB is a method that makes the energy at the saddle point the highest energy
when determining the reaction path shown in Figure 2-3a. This method effectively confirms the minimum energy
path chosen by the saddle point between the reactants and products and depends on optimizing several
intermediate configurations along the reaction path to find the lowest energy configuration while maintaining
equal distance with neighboring configurations. This constraint optimization is achieved by adding a spring force
along with the bands between the intermediate configuration and projecting the force generated by the potential
energy in the perpendicular direction to the bands. To summarize, to lower the energy of the transition states and
promote the reaction rate, the graph describing this reaction shows an NEB calculation (blue) and a climbing
image CI-NEB calculation (red), as presented in Figure 2-3a, which indicates that the CI-NEB energies have been
shifted by 0.05 eV so that the two curves are different.

2.4 Rate-Determining Step and Overpotential

The RDS was identified in the previous analysis, and the calculation of the overpotential depends on the
limiting potential. However, the most straightforward approach to achieve enhanced reaction rates is to lower the
energy of the transition state or find more favorable product and reaction paths, as indicated by the red and black
lines in Figure 2-4b. When a thermodynamic reaction step is considered unfavorable, the RDS is called the
“thermodynamic bottleneck,” or the “kinetic bottleneck.” [121] In a simple system, both kinetic and
thermodynamic bottlenecks result from the reaction rate, but identifying the thermodynamic bottleneck is a more
direct and effective strategy for designing high-performance catalysts. The distinction between thermodynamic
and kinetic bottlenecks is also an effective means of understanding the confusion when discussing the RDS in
electrochemical processes.

Although predicting the catalytic performance of catalysts is mainly empirical at present, the theoretical
screening approach, which depends on density function theory, has gradually become a powerful tool with which
the performance of a catalyst can be predicted. For a given chemical reaction, the reaction kinetics are described
by the reaction rate constant, which is obtained from the Arrhenius formula as follows:

RT
Ea

Aek


 (4-1)
where k represents the rate constant (mol.cm-2s-1), R represents the universal gas constant (8.3 J mol-1 K-1), and Ea

represents the activation energy. Thus, the thermodynamic equilibrium potential of a given redox reaction is an
inherent property in all electrochemical reactions, as calculated by Nernst’s equation.

R

O
eq c

c
nF
RTEE ln0 

(4-2)
Here, E0 is the standard equilibrium potential, and CO and CR are the oxidation and reduction state concentrations,
respectively. However, to efficiently carry out the electrochemical process, a suitable overpotential (η) is required
to overcome the kinetic obstacle that provides the energy barrier:

eqEE  (4-3)
In this equation, Eeq represents the equilibrium potential, and E represents the applied electrode potential. The
overpotential can be estimated from the RDS and the current exchange density of the electrochemical reaction,
and the fundamental thermodynamic equation can be expressed using the Butler–Volmer equation. [122]
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Here, j0 is the current exchange density, αc is the transfer coefficient at the cathode, and αa is the transfer
coefficient at the anode. Furthermore, an essential descriptor of catalytic activity can be deduced from the
calculated Gibbs free energy (ΔG), where for the limiting potential of the RDS with the largest ΔG for the
ORR/OER, CO2RR, NRR, and NORR in consecutive elementary reaction steps, the reaction overpotential is
related to the chemical reactions that precede the transfer of the electron and proton pairs, which can be reduced
or eliminated with catalysts.

In chemical reactions, the overall rate at which a specific reaction takes is usually determined by the step
with the highest energy requirement, known as the rate-determining step (RDS). For a given reaction, it is often
possible to simplify the prediction of a corresponding rate equation by using the RDS. Thus, the assumption of a
single RDS can significantly streamline the reaction process's basic mathematics and logical analysis. The rate
equations associated with mechanisms with a single RDS are usually expressed in a simple mathematical form
strongly related to the most favorable reaction path, meaning that the RDS is also evident. The RDS can be
identified by predicting each possible reaction path and comparing the different rate results achieved with those
obtained via the experiment. The RDS plays a vital role in understanding chemical catalysis. The steps that
determine the RDS do not have to correspond to the highest Gibbs energy on the reaction coordinate diagram.
Therefore, the RDS has defined a significant energy difference step, which depends on the initial intermediates in
the Gibbs free energy diagram. If the reaction intermediate has lower energy than the initial reactants, the
activation energy of the transition state (TS) is required to determine and confirm the lower energy intermediate.

Figure. 2-4 The free energy profile diagram of the ORR. (Reprinted with permission from the Royal Society of Chemistry, adopted from
[123]) (a) Co(acac)2 and (b) Co(acac)2/N-doped on graphene. (Reprinted with permission from Frontiers Media S. A, adopted from [124])

Figure 2-4 shows that the energy profile at the zero-electrode potential is marked in black, and the pink line
characterizes the limiting potential (U=1.23 V). The figure indicates that the energy profile of all the elementary
steps in the ORR catalyzed with Co(acac)2/N-doped graphene under zero potential is downhill. The RDS cannot
be confirmed because each step is an exothermic reaction process, and no energy barrier can be observed in the
overall reaction. However, some of the ORR elementary reaction steps change to an uphill direction in the energy
profile for the equilibrium potential (U = 1.23 V). For example, in Figure 2-4a, the energy associated with
reducing *O2 to *OOH and OH* to H2O is uphill, at 0.67 and 0.45 eV, respectively. Thus, the RDS of the ORR
occurs in the second step (H+ + e-) of the pair transfer (*O2 *OOH) with an energy barrier of 0.67 eV. The
small energy change associated with the RDS means that the ORR process takes place rapidly. The minor energy
barrier of the RDS and the fast ORR process is similar to the reaction observed for Co(acac)2 that is supported by
N-doped graphene, which also exhibits excellent ORR catalytic performance. The limiting potential of 0.74 eV in
the free energy profile of the last hydrogenation step (*OH *H2O) results from the RDS. At the same time,
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calculation of the overpotential is based on the limiting potential (UL) (η = 1.23 - UL) of 0.49 V for the ORR and
(η = UL - 1.23) for the OER in four (H+ + e-) pair transfer steps. The ORR proceeds through the formation of
*OOH from adsorbed *O2, which is then further hydrogenated to O* and OH* by two successive hydrogenation
steps and is finally reduced to *H2O.

In contrast, the OER proceeds in the reverse direction. However, to maximize the energy conversion
efficiency, an ideal electrochemical catalyst must possess promising thermal kinetics properties. Any additional
applied potential beyond the equilibrium potential is described as overpotential. In this case, a lower
overpotential can effectively release energy than those at higher overpotentials.

2.5 Scaling Relations Laws

Scaling linear relations is a popular and reliable numerical analysis method used to describe the correlation
of material catalytic properties. There are linear relationships between the adsorption energies of related
electrochemical reaction intermediates. A linear relationship curve based on adsorption energies has been
established, and a linear relationship exists between adsorption energies of the same adsorbates on a similar
catalyst structure. [125] Figure 2-5 shows a study of ammonia (NH3) synthesis on transition metal boride (TMD)
materials, suggesting various scaling linear relationships of NHx species depending on the binding energy as a
function of ΔG*N. The catalytic performance was predicted from the binding energies. Furthermore, scaling
relationships allow us to predict the adsorption energies of several species on a specific surface based on the
adsorption energies of a single species on catalyst surfaces with similar structures. Combining reported
experimental data with our own DFT calculations reveals a linear correlation between the adsorption energies of
different intermediate species on catalyst surfaces, and a summary of the scaling relation types that have been
reported in Table 1. This is an important descriptor of catalytic performance and makes scaling relations a
powerful tool for studying electrochemical catalysis. There are some seminal papers on this theory that suggested
a formula for the linear relationship between the binding energies of a hydride with the same active central site.
The formula of scaling linear relations for the species AHx (A = C, N, O, or S) is expressed as:

  (A))(AHx adsads EE (5-1)

where γ is the slope, which depends on the valences of A and AHx. Here, ξ and γ are coefficients of the linear fit
to the binding energy data, and γ was calculated by the formula

max

max )(
x

xx 
 (5-2)

where xmax is A-H (here, 4 for C, 3 for N, 2 for O and S). The nitrogen reduction process is shown in Figure 2-
5, and γ is the number of bonds in NHx divided by the total number of bonds that the N atom can form.
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Figure 2-5 (a) The scaling linear relation between different limiting potentials defined as each step as a function of *N (ΔE*N) at 0 V vs.
SHE and (b) color-filled contour plots of the limiting potential between *NNH (ΔG*NNH) and *NH2 (ΔG*NH2). (Reprinted with permission
from American Chemical Society, adopted from [126])

Figure 2-6 The scaling linear relation between different adsorption energies of CHx, NHx, OHx, and SHx intermediates. (Reprinted with
permission from American Physical Society, adopted from [127])

We systematically studied the scaling linear relations of four different groups of molecules (e.g., CH4, NHx, OHx,
and SHx) and found that their slope of the linear relation depends only on the valence of the adsorbate. Insight into
the essential origin of this principle may explain the phenomena based on the simple valency or bond-counting
arguments. By comparing *CH, *CH2, and *CH3 on surfaces, we found that *CH with a valency of 3 prefers the
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threefold adsorption configuration, while *CH2with a valency of 2 prefers the twofold adsorption configuration, and
last, CH3 has a valency of 1, which tends to choose the one-fold adsorption configuration. These results suggest that
these unsaturated bonds of the carbon atom can form bonds with surface metal atoms, indicating that each
unsaturated sp3 orbital hybridization on the central C atom binds independently to the d orbital of the active site
metal atoms; therefore, a conventional interpretation for CH, CH2, and CH3 is related to the different amounts of
hydrogen and adsorption sites. Figure 2-6 summarizes the scaling linear relation between different adsorption
energies of CHx, NHx, OHx, and SHx intermediates based on DFT calculations. This result clarifies that all the
considered AHx intermediates exhibit a linear correlation between the corresponding adsorption energy of atom A
and the adsorption energy of molecule AHx. The different colors of the data points represent the adsorption energies
on the stepped (red) and close-packed (black) on various metal surfaces. In addition, the data points marked in blue
represent pure metals on the fcc (100) plane for OHx.

Table 2 Summary of the scaling relations reported in the literature [128]

Scale from Scale to
C CHx, C2Hx, CHO, HCHO, CHO, HCOOH, CH3OH
CO CHO, COOH, CHxOH, HCHO
CHO HCHO, CHOH, CH2OH, COH, CO
O OH, OOH, CH3O, HCHO, H
OH O, OOH, CH3O, HCOO, HCHO
N NHx, N2Hx, NO, H
H OH

C, O HCHO, HCHO, CH2OH
C, N CHxNHy

In Figure 2-5(a), depending on the scaling relations of the limiting potential, a linear relationship plot is
established based on the limiting potential of each elementary reaction as a function of ΔEN*. The different colored
solid lines represent the free energy change for each elementary step. The interpretation of these lines corresponds to a
given value of ΔEN*, and the lowest line suggests that the limiting potential of the elementary step is defined as the
rate-determining step (RDS). As shown in Figure 2-6(b), the scatter plot agrees well with the estimation based on the
line description, and the RDS predictive energy based on the scale relation is verified. The interpretation of Figure 6a
leads to the following observations. All catalysts have a linear scaling relation between *NNH (ΔG*NNH) and *NH2

(ΔG*NH2). Linear scaling relationships between binding energies have been observed for many other chemical
reactions, as summarized in Table 2. Some studies simply fit a particular scaling relation for every adsorbate they
predicted. It also introduces a constant contribution to the scaling relations. This was obtained from the covalent
bond interaction between the intermediates and the surface.

2.6 Volcano Plots

Nobel Prize winner Paul Sabatier first proposed a principle for confirming an ideal catalyst, which requires
that the binding between adsorbates and catalyst be neither too weak nor too strong. This approach has been
extended by constructing activity and stability volcano plots. The promising zone in a volcano plot is determined
by the linear proportional relationship between the limiting potential of the RDS and the descriptor function. In
this thesis, the underlying principle provides an efficient route for designing and identifying electroreduction
catalysts. The adsorbates will fail to bind to the catalyst if the binding is too weak, rendering the reaction unlikely
to occur. If the binding is too strong, the adsorbate will fail to desorb. This principle can be illustrated by plotting
the reaction rate concerning properties, such as the catalyst's energy binding, to the intermediate product. Such
plots can establish a shape similar to that observed in volcano plots, which is generally a linear correlation plot
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based on the limiting potential of each elementary step, which is called the volcano surface. Figure 2-7a shows a
volcano plot for the NRR that was established based on limiting potential as a function of ΔG*N on novel
transition metal borides (MBenes). The colored line denotes the elementary NRR reaction step, which was
established using a descriptor of the function of ∆G*N on different transition metals supported on MBenes as
catalysts. Each colored dotted line represents an elementary NRR reaction step, and the lowest lines indicate that
this elementary step is the RDS for the overall NRR process. A descriptor is a powerful tool for understanding the
catalytic activity of materials during electrocatalysis, and the binding energy of an intermediate or d-band center
is usually defined as a function of the descriptor. In electrochemical catalysis, different descriptors, such as the d-
band center or the binding energy of intermediates, are available, such as ∆G*OH for ORR, ∆G*OH and ∆G*CO for
CO2RR, and ∆G*N for NRR. The descriptors are usually applied based on the underlying reaction, and the
formation energy of adsorbed atomic N has been used as a suitable descriptor for the NRR electrochemical
reaction.

Figure 2-7 (a) Volcano plot for the NRR based on limiting potential as a function of ΔG*N. (Reprinted with permission from American
Chemical Society, adopted from [129]) (b) NORR volcano plot of TM/g-CN with a descriptor of ΔG*NO3 depending on the rate-determining
step. (Reprinted with permission from Wiley-VCH Verlag, adopted from [130])

Figure 2-7a shows that the volcano plot of NRR with a descriptor depends on the binding energy of *N,
which indicates that W/g-CN and Ta/g-CN lie near the top of the volcano plot, meaning that the adsorption of N2

was neither strong nor weak and demonstrating that these catalysts are suitable for NRR. These results suggest
that the RDS depends on the step *NH2 to *NH3, which lies on the left leg of the volcano plot. However, weak
binding leads to RDS from *N2 to *NNH on the right leg. Specifically, the best UL (≈ -0.4 V) occurs when
∆G(*N) is close to -1.1 eV. The optimal binding energy of -1.1 eV ensures that the binding strength of the
intermediate species is neither too strong nor too weak, thus helping to achieve an excellent catalyst for NRR.
Furthermore, the applied electrode potential can be included in the analysis by conjoining the volcanic curve,
which depends on the potential-dependent electrode surface. The activity volcano plot can be used to gain an in-
depth understanding of the catalytic performance of catalysts for use in electrochemical reactions.

Furthermore, the Sabatier principle (volcano plot) has been widely applied in thermodynamic interpretation
and prediction and in the development of new high-efficiency catalysts. For example, Greeley et al. [131] used
the ΔGRI model to screen metal alloy catalysts for the HER and found that Bi-Pt alloys possess higher
electrocatalytic activity than pure platinum. Interestingly, Hinnemann et al. [132] reported that MoS2
nanoparticles could be used as a good HER electrocatalyst based on the Sabatier principle within the
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thermodynamic form. Recently, the increase and gradual improvement of the material gene database has
promoted the Sabatier principle for materials design and screening. For example, Ulissi et al. [133] proposed a
neural network-based model to extensively screen active sites for CO2 reduction. Furthermore, the Sabatier
Principle has been used to screen molecular catalysts and other homogeneous catalysts. The Sabatier principle
(volcano plots) was used to predict catalytic activity for various electrocatalytic energy conversion applications.
Outstanding electrocatalysts from experiments usually appear close to the peak of the activity volcano plot,
suggesting that the Sabatier principle can be helpful in predicting and screening homogeneous catalysts.
Furthermore, the Sabatier principle has been extended to the field of lithium-ion battery studies, focusing on the
study of lithium-ion intercalation in the spinel lithium titanate crystal structure. However, the Sabatier principle
only evaluates and predicts performance by analyzing binding energies, and an activity-stability volcano plot was
induced as another criterion to rationalize experiments based on the system's stability. This is why the concept of
intermediate bonding strength combined with the volcano concept provides a breakthrough for the screening of
electrode materials for metal-ion batteries. Based on these reasons, the concept of activity-stability volcano plots
can also be adapted to both the electrocatalytic and battery fields. In summary, volcano plots are a practical
approach to predict the activity of catalysts with a descriptor that relates both adsorption and structural
properties, with typically the adsorption energy of the intermediate or d-band center of the metal atom as a single
descriptor. Nevertheless, the kinetics of complex reactions are not simple.

2.7 D-Band Model

The surface reactivity in electrochemical reactions is determined by the adsorption properties between the
intermediate species and the catalyst surface. The binding energies of the intermediates are closely related to the
electronic structure of the catalysts in the electrochemical reaction. The d-band center plays an important role in
this case, and the d-band center Ɛd is expressed as:
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where D(E) represents the density of states (DOS) of the d states of transition metal atoms and E represents the
energy of the d electrons. The d-band model [134] can explain this phenomenon, and the sp-band center is shown
in the model in Figure 2-8a. The downward displacement of εsp is more significant in the sp band states than in
the d-band states, meaning that more electrons are transferred and injected into the sp band. This displacement of
energies is demonstrated as an increase in the filling (Figure 2-8a), which suggests that the difference

dsp   is suitable to describe the activity of the catalyst. The catalytic activity is modulated using the d-

band model: one approach is to reduce ∆ε by increasing εd, while the other is to reduce ∆ε by lowering ∆εsp. The
change in ∆εsp - ∆εd is easily computed using the d-band center theory, and only the catalytic activity of the
catalyst is determined. Note that εsp - εd also has the advantage of being independent of any reference energy
selection. The d-band center of the metal can serve as a reliable descriptor for predicting the trend of the binding
strength of adsorbates. The volcano plot curve relation is a fundamental principle helpful in describing and
predicting the catalytic properties of a given descriptor in electrochemical catalysis. Due to the linear correlation
between the d-band center and binding energy, the Brønsted–Evans–Polanyi (BEP) relation [135] based on the
linear relationship between binding energy and activation energy can also be used to establish a similar linear
relationship between activation energy and d-band centers. More importantly, there is a volcanic relationship
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between the overall reactivity and the d-zone center. This suggests that accommodating the d-band center's
position improves the performance of a catalyst, leading to the d-band center theory being successfully applied in
the reasonable design of outstanding catalysts. However, the d-band center is closely associated with surface
chemisorption features and reactivity, but it is not a perfect descriptor in catalyst screening. First, the volcano
plots revealed by d-band theory only describe a trend and confirm the data points of the best catalytic
performance. The d-band center theory is limited to materials that contain transition metals (d-orbitals), but for
nonmetals or metals without d orbitals, it is a failure. Thus, other descriptors must be induced, such as the p-band
center or the natural bond orbital approaches. Finally, the d-band center theory cannot provide any spatial
modeling information, so it cannot describe the catalytic activity and spatial anisotropy at different active sites.
Regardless, the d-band center theory is still an ideal descriptor for dealing with many actual electrochemical
reactions.

Figure. 2-8. (a) Schematic model demonstrating the interaction mechanism based on the DOS between the sp- and d-bands. (Reprinted
with permission from American Institute of Physics, adopted from [136]) (b) Schematic in which the coupling of an adsorbate level is
compared using the metal d-band center. (Reprinted with permission from American Institute of Physics, Nature Publishing Group adopted
from [137]) (c) Workflow of the linear relationships generated based on the adsorption energy, d-band center and catalytic activity.
(Reprinted with permission from American Chemical Society, adopted from [138])

The binding strength of an adsorbate to an active catalytic site is dependent on the occupation of the
antibonding state, which is usually located above the Fermi level. The occupation of the antibonding states and
the inoccupation of the bonding states were determined by their position relative to the Fermi levels, and several
d-band states remain unfilled. The only means of accommodating the electron is to move the center of the d-band,
which leads to the occupation of the antibonding states change. The downward movement of the d-band center
leads to an increase in the number of unoccupied antibonding states, thus weakening the bond between the
adsorbate and the metal atom. Meanwhile, upward movement leads to the opposite effect, resulting in fewer
antibonding states between the adsorbed and surface atoms and stronger binding. In this theory, the surface
reactivity is strongly correlated to the width of the d-band, which is proportional to the center of the d-band. Thus,
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adjusting the width of the d-band can serve as a reliable descriptor to evaluate the surface's reactivity and explore
and design new high-efficiency catalysts. In this case, it is essential to understand the influencing factors and the
meaning of the width and the center of the d-band. Similarly, the width of the d-band in the transition metal
atoms on the surface is determined by the interaction and strong correlation between the d orbital and the
neighboring atom. In particular, overlapping d-bands contribute to the orbitals, the bonding distance between the
metal atom and its adjacent metal atom, and the intrinsic properties of the metal atom, which are essential factors
in determining the d-band width. It is possible to adjust the d-band center by changing the bonding distance
between the metal atoms on the surface, altering the overlap between the metal atoms on the surface and the
adjacent atoms. Furthermore, replacing adjacent atoms with different metallic elements modifies their electronic
structure. This improves the physical-chemical properties of the material, resulting in the production of new d-
band centers. Another approach is to change the coordination of the transition metal atoms with the neighboring
atoms in a material, such as changing the degree of coupling between the d orbitals. The general relationship
between the binding energy of the adsorbates and the d-band centers in electronic systems and changes in the
chemisorption energy of a catalyst can be determined by the conventional d-band center model as follows:
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The first term in Eq. (7-2) represents the covalent interaction contribution between a substrate and its adsorbates,
while the second term represents the Pauli repulsion, which depends on the d states of the transition metal and the
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nonspin-polarized calculation; if the second term is ignored, Eq. (7-2) can be reduced to Eq. (7-3) as follows:
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Finally, Eq. (7-3) represents the conventional d-band central model; a positive d indicates an increase in the

binding energy, while a negative d denotes a decreasing trend in the binding energy. To gain further insight

into the linear scaling relationship between adsorption energies and the corresponding d-band center properties of
materials, it depends on the change in the d-band model and the adsorption energy across the electrode surfaces.
In d-band theory, a higher Ɛd shows a decrease in the filling of the unoccupied antibonding states and leads to the
stronger binding energy of adsorbates. The regulation of the d-band model can provide a credible reason to
explain the origin of the intrinsic correlation between the activity and electronic properties of catalysts.

2.8 Multiscale Modeling and Screening of Electrocatalysis

To date, a series of modern surface science techniques have been used to probe the interaction details of
solid-liquid interface regions, such as STM, XPS, SIMS, and SEM experimental techniques [139], which support
efforts to gain a deeper understanding of electrochemical phenomena in atomic-scale architecture. However,
electrochemistry has not yet fully undergone the atomic revolution enjoyed by other branches of surface science.
This section introduces the theoretical methods of multiscale modeling of electrocatalysis, which were considered
in the electrochemical reaction. The DFT method is a beneficial and reliable simulation approach at the nanoscale
level. It is a tool that depends on first-principles calculations that can study reaction mechanisms and explore
promising candidate catalyst materials for electrochemical reactions in terms of both kinetic and thermodynamic
properties at a given time and length scale. The DFT method exhibits high efficiency and reliability, which can
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explain and predict experimental results. It includes several of the significant categories based on the approximate
time and system scales. As shown in Figure 2-9, the purpose of multiscale modeling is to stitch these various
aspects into a unified whole. The thermodynamics of molecular systems can be simulated at the atomic scale
level by combining molecular dynamics (MD) and first-principles calculations, which are usually defined as ab
initio molecular dynamics (AIMD) and have been applied in the field of simulation of complex model systems,
such as chemical reactions and electronic property studies. Molecular dynamics (MD) simulations provide an
approach for detailed microscopic modeling at the molecular scale for further understanding the electrochemical
process and developing and designing applications of electrochemical catalyst materials to obtain desired
products. A typical example approach is QM/MM coupling modeling [161] used to describe the reaction process
of a specific system. [69]

Figure 2-9 (a) Schematic of various multiscale simulation methods by modeling electrocatalysis models. (Reprinted with permission from
Springer Publishing Company, adopted from [140) (b) Summary of the various levels of theory involved in the multiscale modeling of
electrocatalytic reactions. (Reprinted with permission from [141])

Furthermore, the kinetic Monte Carlo (kMC) method [142] can be applied to describe the chemical process
of a given system based on a minimum set of potential energy surfaces. It includes thermodynamics and
molecular dynamics simulations, and each multiscale modeling level of theory focuses on the system, as shown
in Figure 2-9a. The dynamics of a quantum mechanical system are governed by the time-dependent Schrodinger
equation: [143]
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Complete quantum mechanics theory has been widely used in statistical mechanics, quantum chemistry, and
chemical kinetics. For multiscale modeling of electrochemical systems, the limit of the system energy means that
the ground state has the lowest energy. Multiscale modeling and modern electronic structure theory provide
reliable descriptions of electrocatalysis systems. These can be used to link the predicted results to macroscopic
electrochemical systems. In Figure 2-9(b), each intermediate's binding energy is calculated based on the most
active site models within the DFT approach. All the DFT calculations were performed within the Vienna Ab
Initio Simulation Package (VASP) code, and the input and target data were obtained from the microkinetic
model, usually constructed using mean-field approximation simulations. Several predictions can be made from
the microkinetic model, such as insight into the reaction mechanism and determination of the most favorable
pathway among all pathways. The rate-determining step and limiting potential could play an important role in
observing the activity and product selectivity of the cover, and descriptors related to both structural and binding
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properties can be used to identify the catalytic performance of the catalyst, which facilitates the search for new
and improved catalyst materials through theoretical screening applications in heterogeneous catalysis. As
discussed above, the formation energy is typically obtained from DFT calculations, while scaling relations
between different intermediates can extend the predictions to many electrocatalytic reactions. Thus, most of the
multiscale modeling approaches depend on supercomputing power.

Figure 2-10 (a) Illustration of the Sabatier principle for screening catalysts with optimal activity and (b) workflow of the catalyst screening
principle. (c) Microscale modeling simulations to understand the critical properties of materials. (Reprinted with permission from the
Royal Society of Chemistry, adopted from [144]).

Theoretical screening and the design of catalysts are based on atomic-scale simulations of thermodynamic
stability. Based on this, we can directly understand the structure of intermediates and confirm the reaction
mechanism at the atomic level. Using the high-throughput approach with first-principles calculations is an
efficient and low-cost way of exploring potential catalyst materials for chemical reactions. Furthermore, machine
learning (ML) [145] has recently emerged as a potentially powerful tool for accelerating the discovery of new
materials. This type of model has been applied to explore and screen promising catalysts for various
electrochemical reactions. However, there are still some challenges and perspectives in using this method. One
challenge is that many models include atomic surface state features, such as a central d-band, which require
additional DFT calculations to supply sufficient data for machine learning; another is the limitation of input
models to only some types of crystal or adsorbate structures, meaning that there is no universal model suitable for
probing the large variety of electrochemical catalytic reactions. In addition, the utilization of these ML models for
screening in the development and improvement of new technologies has become increasingly urgent to
systematically explore and design catalyst materials with ideal properties. In particular, theoretical screening is an
efficient and low-cost approach that can establish and develop electrocatalyst materials. The theoretical screening
method based on DFT can conduct a systematic study of computational material science. Depending on this
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theory, many materials can be evaluated according to the workflows in Figure 2-10a. It shows a workflow based
on training models to facilitate the exploration of novel catalysts.

The empirical Sabatier principle indicates that an optimal binding strength exists for catalyst activity; it
should provide neither too strong binding nor too weak binding to adsorbates, as shown in Figure 2-10a. In this
regard, we propose a “five-step” strategy, which is executed depending on the following criteria: (i) stability,
which is estimated using Eb; (ii) the limiting potential (UL); and (iii) the Faradaic efficiency, which is estimated
by (F) or overpotential (η), as shown in Figure 2-10b. An excellent candidate catalyst should possess high
thermodynamic stability. To determine possible catalytic descriptors, such as binding energies, limiting potential,
or the D band center, it is necessary to decide on the variation trend in the catalytic activity by exploring an
excellent and reliable descriptor closely related to the predicted activity. Alternatively, a microdynamic model
can develop rate expressions as a function of the given descriptor. We found that this strategy is effective for
exploring catalysts. To determine the criterion of the descriptor from DFT calculations, produce the best catalytic
activity via microkinetic modeling, and evaluate the practicability of the catalytic descriptors on these catalysts,
another approach is to estimate the descriptors via linear interpolation and find promising candidate catalysts with
microkinetic modeling, [146] estimating the stability and selectivity of the catalysts under practical reaction
conditions and further confirming the optimal candidates experimentally.

3 Theoretical Background

3.1 Many-Body Problem

In physical and chemical systems, many solid properties can be evaluated by solving the Schrödinger
equation:

),(),( rRErRH tottottottot  (1-1)
where Htot, Ψtot(R,r), and Etot represent the total Hamiltonian operator, total wave function, and total system
energy, respectively. The Hamiltonian operator contains the following terms:
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(1-2)

where the kinetic energy of the electrons (first term) and Coulomb interaction between the electrons and nuclei
(second term) are included, while the third term represents the Coulomb interactions between the electrons, the
fourth term represents the kinetic energy of the nuclei, and the final term describes the Coulomb interactions
between the nuclei. The first three terms focus on describing the electronic parts of the Hamiltonian, while the
last two terms describe the nuclei parts. [147] Etot and Ψtot can be obtained by solving the Schrödinger equation
and can directly determine the electronic properties. However, the solution to this equation cannot be obtained
directly, except in simple systems with few atoms. Therefore, to study the properties of materials that consist of
large numbers of electrons and nuclei, it is necessary to use other approaches and tools to solve the Schrodinger
equation.

However, the Born–Oppenheimer approximation may be considered stationary on the electronic timescale.
Thus, it is possible to neglect the contribution of nuclear kinetic energy to the system's total energy. It is difficult
to solve it at the current level of computation. There are two reasons for this case. The first reason is that a large
number of electrons can reach N~1028 electrons; second, the electron-electron Coulomb interaction leads to the
electronic motions being correlated. Thus, the many-body problem is a complicated mathematical issue that
contains the effects of electron correlation. Moreover, this interaction is too strong to be regarded as a
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perturbation to search for approximations that make the Schrodinger equation easy to solve, and it is necessary to
perform numerical calculations while preserving the critical physics quantities as much as possible.

3.2 Density Functional Theory

Over the last few decades, the development and application of quantum mechanics have been some of the
most significant scientific milestones in natural science, providing an efficient approach to understanding matter's
physical and chemical properties on an atomic and subatomic scale. Quantum mechanics has also been used to
identify and design catalysts on an atomic scale. To obtain more effective calculations that can describe the
physical properties of matter, high-throughput screening based on density functional theory (DFT) [148] has been
widely developed and applied in material design. Thus, many-body theory based on electron density is often used
to describe the electronic structure of the ground state of homogeneous systems. Compared with the method
based on the wave function, this technique offers a significant reduction in the amount of numerical calculations
needed. DFT approaches are based on Hohenberg Kohn and Kohn-Sham [149], which can be used to provide an
effective single-particle approximation. At the same time, their exchange-correlation functional is still functional,
developing, and improving. In the long term, DFT has been applied to evaluate various physical and chemical
properties as distinct materials, providing more accurate descriptions of the different material properties. This
thesis introduces the fundamentals of the DFT approach and briefly discusses the theoretical screening workflow.
DFT is a powerful tool that can be used to solve the electronic structures of many-body interaction systems. An
effective single-particle Schrödinger equation based on the variational principle can be obtained. The
fundamentals of DFT have been successfully applied in quantum chemistry and condensed-matter physics. The
quantum many-body problems are simplified to a single-particle problem that can be obtained by solving the
Schrödinger equation, which depends on the Thomas-Fermi model. [150] P. Hohenberg and W. Kohn [151]
proposed the fundamental theories of density functional theory.

Theorem 1. First, we assume that the external electric potential is only a unique function of the charge
density. In this regard, the Hamiltonian operator of all ground-state properties is uniquely determined by the
electron density as follows

 )()]([ eeVTrnF  (2-1)
where T represents the kinetic energy operator, Vee is the electron-electron interaction operator, and F[n(r)] is
defined as a universal functional. The system energy of a nondegenerate ground state many-body wave function
can be expressed in terms of the ground state as follows

 HrnE )]([ (2-2)
Proof: We define two potentials v1(r) and v2(r), and they further derive different ground state wave functions Ψ1(r)
and Ψ2(r). Now, we assume that these two ground state wave functions were determined by the same number of
ground-state electrons n(r). The energy depends on the variational principle asserted below:

22122222121  HHHHE (2-3)

drrrrnE )]()([)( 212    (2-4)
Equation 2-4 only applies to the ground state; by interchanging 1 and 2, a similar expression can be derived:

11211111212  HHHHE (2-5)

drrrrnE )]()([)( 121    (2-6)

2121 EEEE  (2-7)
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Thus, Theorem 1 is proved.

3.3 Born–Oppenheimer Approximation

In the Born–Oppenheimer approximation, [152] because nuclei are much larger and more massive than
electrons, the electrons and the nuclear parts are dealt with separately. However, the nuclei are fixed, the kinetic
terms of the nuclei are neglected, and only the electronic part of the Hamiltonian operator remains in the Born–
Oppenheimer approximation. This simplifies the Hamiltonian operator and separation of the wave function into
two parts, electronic and nuclei, and can be expressed as follows:

),(),(),( rRrRrR netot  (3-1)

where Ψe(R,r) and Ψn(R) correspond to the electronic and nuclear wave functions, respectively. In this regard, the
Hamiltonian operator can be divided into two independent Schrödinger equations. Here, the electronic part is as
follows

),(),( rRErRH ee  (3-2)

where the total Hamiltonian is listed as follows
),(),()],()()([ RrERrRrVRVrVTT eNNNeeeN  (3-3)

where TN, Te, Vee(r), VNN(R), and VeN(R) represent the kinetic energy of the nucleus, electrons and the potential
energies from the electron-electron, nucleus-nucleus and the electron-electron, respectively; VeN(r,R) is the
external potential of the electrons that move to the nuclei, and He is the Hamiltonian for the electronic part,





ji jiIi Ii

I
N

i
ie rr

ZH
,,1

2 1
2
1 (3-4)

The electronic Schrödinger equation is as follows
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Furthermore, the nuclei Schrödinger equation is described by the nuclear wave function as follows
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However, even considering the simplification of the Born–Oppenheimer approximation, Equation 3-5 cannot be
used to solve many-electron systems, and another approximation is needed. A many-electronic system contains N
electrons and produces 3N degrees of freedom, making it difficult to solve Equations (3–5). In this regard, two
methods can be used to solve the electronic part: one is the Hartree-Fock approximation based on a wave
function-based approach, and the other is DFT based on electronic density. In the first strategy, the wave function
electron coordination function is used as a variable to solve the Schrödinger equations. However, the electron
density ρ(r) depends on the number of electrons present in the density-based approximation. The two theorems
were proposed by Kohn and Hohenberg in 1964 [153] and then further developed by Kohn and Sham [154]; they
form the basis of DFT. In the next section, we focus on these two theorems. Hartree approximation is the
simplest approximation, and its many-body wave function can be expressed as:

)(r)....(r)(r)r,....r,(r 2211N11 NNtot  (3-7)

It assumes that the electrons are independent and can only interact through the Coulomb potential, and the one-
electron Schrödinger equation is expressed as:
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where V(r) represents the exchange-correlation potential function, which includes both the electron-electron
interaction and electron-nuclear interaction, and the nuclear-electron interaction potential function is expressed as:
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3.4 Hohenberg-Kohn Theorems

The first theorem illustrates that the Hamiltonian and external potential are uniquely identified by the
electron density of the ground state. Therefore, the total energy of many-electron systems can be expressed as a
function of the electron density.

                extHKextee VFVVTHE 


0 (4-1)

In this regard, the Hohenberg-Kohn functional can be simplified as follows without considering the external
potential:

      


eeHK VTF (4-2)

The second theorem proposes a method for solving the wave function that corresponds to the external potential

and depends on the ground state density )(0 r , which corresponds to the minimum energy density ][E . This

means that for a specific density, )(r , an upper bound exists compared to the energy of the ground state E0:

   )()(00 rErEE   (4-3)

In this regard, the minimization problem of the ground state energy is obtained. However, this theoretical basis
does not introduce any specific methodology for determining the ground state wave function. Thus, the two
theorems need to be applied in combination with each other in large systems based on quantum mechanics.

3.5 Kohn-Sham Equations

Kohn and Sham proposed a feasible route to solving the problem of searching for ground state energy in
1965. [154] The idea behind calculating the electron density of an interacting electronic system assumes that a
many-electronic system does not interact, and Kohn-Sham proposed that the electronic density obtained can be
assumed to be an effective potential in real interacting electronic systems. In this case, all other contributions to
nondirect electron-electron interactions of the interacting system, such as exchange-correlation potential function

contributions, are merged into one term, ][xcE , including the noninteracting electronic systems. In this form,

the Kohn-Sham Hamiltonian is expressed as follows:

)(
2
1)( 2 rVrH effKS  (5-1)

)()()()( rVrVrVrfV xcHartreeextef  (5-2)

Vext(r) represents the external potential, and VHartree, (r) is the classical self-interaction potential function of the
interacting electronic systems:
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and Vxc(r) is the exchange-correlation potential functional

Exc[ρ]:
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Veff is the effective potential functional of the electronic density ρ(r) that is used to calculate the energy of the
ground state, and the Schrödinger equation related to the effective potential can be expressed as follows:
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The wave functions )(ri can be calculated from equations (5-5) by solving a self-consistent solution. In this

regard, the ground state electronic density of a given electronic system is expressed as
2
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The crucial issue is how to confirm the effective exchange-correlation potential functional. Several different
approaches can be used to obtain the exchange-correlation potential, while the local density approximation (LDA)
is the simplest exchange-correlation potential functional [155] that Kohn and Sham proposed. In this case, the
homogeneous electronic density system can be approximated as a uniform electron gas:



 rdrrE uni
xc

LDA
xc )()(][  (5-7)

Although the LDA approach can perform well in calculating geometrical parameters, it is also often accompanied
by overestimated interaction energies. Thus, to develop and improve the LDA potential functional, researchers
have proposed using density gradients in a technique that has been denoted the generalized gradient
approximation (GGA) [156] method. Finally, the LDA exchange-correlation potential includes both the electron
density functional and the density gradient functional, which is expressed as follows:



 rdrrrE GGAGGA
xc )](),([)(][  (5-8)

Based on GGA theory, several potential functionals have been proposed and developed, such as Perdew-Burke-
Ennzerhof (PBE), [157] revPBE [158], and RPBE [159], which have been widely used to calculate the ground
state energies of many-electronic systems. Throughout this thesis, the generalized gradient approximation (GGA)
has been used in combination with the Perdew-Burke-Ernzerhof (PBE) functional approach to describe the
exchange and correlation potentials of electrons and calculate the energies of the ground state.
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Figure 3-1 (a) Scheme of the workflow procedure for using the Kohn-Sham equations in a self-consistency field for DFT calculations. (b)
The number of publications per year depends on the DFT topic, as shown from Web of Science. (Reprinted with permission from [183])

3.6 Exchange-Correlation Functionals

One of the most straightforward and reliable strategies used to construct the exchange-correlation functional
of electrons is the homogeneous electron gas (HEG) [160] model hypothesis, where the electrons are defined as a
uniform electron density distribution on a positive charge around the nuclei. In practice, the electron density can
be divided into exchange and correlation. Jones and Gunarsson suggested modifications to the LDA in which the
LDA theory is based on the exchange correlation functional of a physical system and obeys uniform scaling
relations. Although the LDA theory can perform moderately well in calculating the lattice parameters, it provides
overestimated energies for the ground state.
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For a non-spin-polarized electronic system, the exchange-correlation functional is expressed as follows

)()()]()([()]([)()]([ rErEdrreredrrerrE LDA
C

LDA
X

HEG
C

HEG
X

HEG
XC

LDA
XC    (6-2)

The exchange-correlation LDA
XCE depends only on the local electron density, called the local density approximation

(LDA), and is linearly decomposed into exchange and correlation terms. According to the approximate values
obtained using LDA, the energy is obtained from a local constant electron density energy. Many approaches can
yield local approximations of Exc. Nevertheless, it fails to solve situations in which the electron density undergoes
rapid changes. One approach that can be used to improve this is to consider the electron density gradient; this
approach is defined as the generalized gradient approximation (GGA). This can be expressed by the following
equation:

)](),([ rrExcExc   (6-3)

The GGA can significantly improve the accuracy of the LDA results, as LDA only includes one parameterization,
while the GGA includes several different parameterizations. General semilocal approximation to the exchange-
correlation energy as a function of the electron density (ρ(r)) and its gradient is used to fulfill the maximum
number of exact relations. It can be used to systematically calculate the gradient corrections of |∇ρ(r)|, |∇ρ(r)|2 and
|∇2ρ(r)|, etc., to the local-density approximation (LDA). These functionals can be expressed as follows:

drrrfrE GGAGGA
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The GGA is especially appropriate for systems with a significantly inhomogeneous electron density. Currently,
two concepts are included in the GGA. In this regard, Perdew, Burke, and Ernzerhof developed the so-called PBE
functional. In this thesis, the use of the GGA-PBE method for calculating the binding energies is crucial.

3.7 Implementation

Throughout this thesis, all first-principles calculations have been demonstrated in two DFT codes: the
Vienna Ab initio Simulation Package (VASP), which was applied to describe the electron exchange-correlation
potential during DFT calculations, and the VASPKIT code [161], which was adopted to perform the thermal
energy correction calculation of Gibbs free energy. In the following, a brief overview of some of the essential
aspects of these two codes is provided.

3.7.1 Pseudopotentials

It is widely known that the electron configuration of an atom is divided into two parts: inner shell core
electrons, which are bound by the strong Coulomb attraction of the nucleus, and valence shell electrons.
According to the frozen core approximation theory, core-shell electrons are not involved in determining the
chemical properties of a material; therefore, the chemical properties are only determined by valence electrons. It
is difficult to describe the electron wave function in the core region for implementation in VASP code; to solve
this drawback, the core electrons are described using pseudopotentials, [162] a smoother and easier numerical
approach for defining the nuclear electrons in atoms for DFT calculations. The pseudopotentials are usually
generated by all-electronic calculations during the self-consistent field solution of the all-electron Schrodinger
equation as follows:
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where
AE
l is the wave function of all electrons related to the angular momentum quantum number l. The

eigenvalues are then substituted back into the Schrödinger equation, and the self-consistent field solution is
performed again. The Kohn-Sham equations with this pseudo wave function then yield the pseudopotential to
ensure that the valences of all electrons and pseudopotential eigenvalues are consistent.

However, the descriptions of the core electrons are different when this method is implemented in various
codes. For example, the ultra-soft pseudopotentials within the VASP code are acquired using the Projected
Augmented Wave (PAW) method, an all-electron approach. A smooth pseudo wave function describes the all-
electron wave function in the valence domain and a local basis set in the core region. PAW potentials are suitable
for all elements in the periodic table except those in the first row. The default energy cutoff for the generated
PAW potentials was 250 eV, which VASP from the POTCAR file read. The default energy cutoff can be
assumed to work reliably and accurately during the DFT calculations. The distributed PAW potentials were
proposed and developed by G. Kresse. PAM's radial cutoffs (core radii), which possess smaller radial cutoffs than
ultra-soft pseudopotentials, and valence electron wave functions of all the electrons in the core region have been
reconstructed by PAM potentials. Because the core radii of the PAW are smaller than those of ultra-soft
pseudopotentials, the basis sets and energy cutoffs are also larger. Furthermore, the older standard
pseudopotentials are also reliable when high precision is not needed. In particular, the energy cutoffs for the C, N,
and O atoms did not change appreciably when the PAW potentials and standard pseudopotentials were used;
therefore, the calculation of model structures that include these elements is no more expensive with PAW
potentials than it is with the standard pseudopotentials.
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3.7.2 VASP

The Vienna Ab initio Simulation Package (VASP) is a familiar computational simulation program used to
study material properties by modeling at the atomic scale, such as electronic structure calculations from first
principles. VASP calculates an approximate solution to the many-body Schrödinger equation, which involves
solving the Kohn-Sham and Roothaan equations. In VASP, the electron orbitals and electronic charge density can
be expressed by the local potential in plane-wave basis sets to obtain the energy of the electronic ground state.
Initially, the VASP theoretical basis was based on the code written by Mike Payne and was the basis of the
CASTEP code [163] from Materials Studio. It was then transferred to the University of Vienna, Austria, by
Jürgen Hafner in 1989. The main program was completed by Jürgen Furthmüller, who joined the group at the
Institut für Materialphysik in 1993. [164] VASP is still being improved and developed by Kresse. [165] Currently,
VASP is extensively used both in academia and industry worldwide based on software license agreements with
the University of Vienna. The primary consideration of VASP is the periodic approach to multidimensional
structures; this approach is more suitable for solving the Kohn–Sham equations because of the advantages
surrounding the periodic boundary conditions. Therefore, according to the advantage of Bloch’s theorem, [166]
the wave function can be expressed as the plane wave in the periodicity system within the VASP code:
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where r and k represent the position vector and the wave vector, respectively. This indicates that unk(r) is a

periodic function that depends on the same periodicity related to the lattice of the system. Thus, )(rnk can be

expanded to the plane waves:
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G denotes the reciprocal lattice vector; it is required to introduce a vacuum region and impose periodic boundary
conditions in all directions due to the limitation of the number of plane wave functions for each k-point in the
first billion zone [167]. Therefore, the plane wave cutoff is expressed as follows:
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The 2D bravais lattice Brillouin zones for a 2D crystal lattice were discussed. In solid-state theory, the
Bragg plane was bisected by connecting the origin and the reciprocal lattice points. The first Brillouin region is
defined as points arriving from the origin without passing through any Bragg plane. The second Brillouin region
is a collection of reachable points from the first region through a Bragg plane. In this regard, this definition can
be extended, and the nth Brillouin region is defined as the set of points that can be reached from the origin
through no less than n Bragg planes. The five different 2D Bravais lattices and their corresponding Brillouin
zones are shown in Figure 3-2. In general, the Brillouin region can be constructed by using the rules of strong
scattering of incident waves on the lattice with reciprocal lattice vector K, only when

2

2
1 KKk  (7-2-4)

The set of points that satisfy Eq. (2-4) is perpendicular to the vector connecting the origin to K and lying midway
between 0 and K. When many such planes are constructed using all possible K values, the origin would be
enclosed within a solid region. This is the first Brillouin zone because all points inside are closer to the origin
than any reciprocal lattice vector.
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Figure 3-2 A summary of the 2D Bravais lattices and corresponding Brillouin zones (upper). (Reprinted with permission adopted from
[168])

There are five different 2D Bravais lattices: square, hexagonal, oblique, rectangular, and centered
rectangular. The blue line indicates the suggested k-paths for the band structure. The green box indicates the
primitive unit cell. The Brillouin zones and suggested k-paths for the Bravais lattices executed in our DFT
calculations are presented in Figure 3-2. Most of the 2D material candidates for use as electrocatalysts focus on
rectangular or hexagonal Bravais lattices. Wang and Vei et al. [168] proposed a high-throughput approach based
on density functional theory; they screened a sufficient number of two-dimensional materials according to
energetic, mechanical, and thermodynamic stability criteria and identified the five regular 2D Bravais lattices
shown in Figure 3-2, which show centered rectangular, hexagonal, rectangular, square, and oblique lattices. Thus,
the Brillouin zones and k-paths for the materials considered in this study were adopted for the theoretical
screening calculations, and the calculated formation energy, energy correction term, and electronic structure
(band gap and DOS) for all considered candidates satisfied these criteria.

3.7.3 Numerical Details on Gibbs Energy Correction

Herein, we briefly provide a brief overview of the VASPKIT code, [161] which is based on a Fortran 90
programming language source with compiled versions and has the goal of delivering a powerful and user-friendly
interface with which to perform big data analytics and screen the various material properties of raw
computational data that are widely used in the VASP code. VASPKIT can perform format correction and
pseudopotential checks; it automatically corrects both the INCAR and POSCAR formats in Figure 3-3(b). The
module is used to extract and analyze calculated data, such as the band structure postprocess electronic structure,
electrostatic potential, charge/spin density, thermal energy correction, and the d-band center in real space. The
command-line options of VASPKIT allow high-throughput calculations in combination with the VASP code and
bash scripts. VASPKIT is still undergoing improvements and is under development, and it is therefore currently
only supported for use with VASP; extending it to work with files from other electronic structure packages is
challenging. This application program is compiled in Fortran 90 and can work on Linux platforms. An instruction
manual is available at https://vaspkit.com/tutorials.html.

https://vaspkit.com/tutorials.html.
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Figure 3-3 (a) The VASPKIT icon. (b) Description of the workflow within the VASPKIT package. (Reprinted with permission from
Elsevier, adopted from [161])

As implemented in the VASPKIT package, the postprocessing modules are aimed at extracting and
analyzing the original data from DFT calculations, such as electronic properties, electrochemical thermodynamic
properties, and molecular dynamics-related properties. VASPKIT also possesses a high-throughput interface to
study adsorption energies on solid surfaces, which can be used as part of bash scripts to take full advantage of
bash's capabilities to perform pre- and post-processing. For example, thermal energy correction in catalysis is
described in the following section, and thermo energy correction can be performed by calculating the free energy
change of catalysis, which is crucially important. However, VASP does not have a module that can directly
calculate molecular free energy, which means that the free energy corrections in some publications are
inconsistent and inaccurate. Furthermore, the computed thermochemical data free energy correction for gas
molecules in VASPKIT is calculated in Gaussian. (https://Gaussian.com/thermo/). The partition function can be
expressed with the entropy as follows:

VBBB T
qTNk

N
TVqNkNkS )ln()),(ln(




 (7-3-1)

Here, NAkB=R, and the internal thermal energy U can also be calculated based on the following partition function:
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The partition functions of translational, electronic, rotational, and vibrational contributions were calculated using
the equations (https://gaussian.com/thermo/)

rnet EEEEU  (7-3-3)

rnet SSSSS  (7-3-4)

The degree of vibrational freedom in linear molecules is 3N-5, and VASPKIT neglects the smallest five
frequencies. For nonlinear molecules, the degree of vibrational freedom is 3N-6, and VASPKIT does not consider
the smallest six frequency modes. VASPKIT also includes zero-point energy (ZPE), which can be obtained from
the frequency calculation.

2
hvZPE  (7-3-5)

The Gibbs free energy (G) is expressed based on the fundamental thermodynamic relation:
TSZPEHEG DFT  (7-3-6)

https://gaussian.com/thermo/
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At room temperature and constant pressure, enthalpy can be expressed in terms of 0H based on the heat capacity
Cp:


T

pdTCHH
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0 (7-3-7)

Additionally, entropy can be expressed as the sum of the rotational, translational, electronic, and vibrational
contribution terms, which are listed as follows:

evrt SSSSS  (7-3-8)

The zero-point energy (ZPE) correction terms can then be included in Eq. (5-9) to finally obtain the following:
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11,1,1,1,1.
1

22,2,2,2,2.
2

21

ZPE-)(-

ZPE+)(

evrtPDFT

evrtPDFT

SSSSTdTCE

SSSSTdTCEG








(7-3-10)

or simply:
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When computing the Gibbs free energy variation between two states denoted as 1 and 2, and applying Eqns. (7-3-
12) at the atomic scale:
For gases, translational, rotational, and vibrational entropy terms that have contributions that cannot be neglected,
therefore,

vrt SSSS  (7-3-13)

For the solid phase and adsorbates, both 0tS and 0rS ; therefore, vSS  . As  dTCp is almost negligible

0 dTCp , and no thermal corrections for the enthalpy have been considered in the calculation of ΔG.

Next, we introduce the adsorbed molecular free energy correction. Unlike molecules in the gas phase,
adsorbates bind via chemical bonds to the surface of a catalyst, limiting the adsorbates' rotation and translation.
Therefore, the contribution of rotation and translation to entropy is almost negligible, as it is significantly
minimal. Consequently, we must fix the substrate and relax the adsorbates. This does not mean that there are no
translational or rotational contributions. An approximation approach is used to attribute the translational or
rotational component of the vibration, which means that the total contribution of the vibrations of adsorbates does
not include the virtual frequency and neglects the contribution of frequencies that are less than 50 cm-1; this
approach is used to calculate the correction term for the thermal energy. The slight vibration frequencies may
contribute to the entropy; therefore, minimal vibration frequencies are likely to result in anomalous entropies and
free energy corrections. This suggests that when the free energy of the surface adsorption molecule is corrected,
VASPKIT neglects the electron motion because of its small contribution.

4. Electrocatalytic Reaction Systems

4.1. HER (Hydrogen Evolution Reaction)

The hydrogen evolution reaction (HER) is a dual-step reaction process and generates gaseous hydrogen on a
given catalyst. The first step of the HER is called the Volmer, as shown by the blue arrows in Figure 4-1a, in
which an electron is coupled with a proton to form an absorbed hydrogen atom. The hydronium cation (H3O+)
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can serve as the proton source in acidic conditions or the water molecule in alkaline conditions. Subsequently,
hydrogen molecules can be generated through two different reaction mechanisms: the Volmer Tafel mechanism
and the Volmer Heyrovsky [169] mechanism. The first mechanism, marked by purple arrows in Figure 4-1a, is
the electrochemical desorption chemical adsorption mechanism. The second mechanism is electron transfer to the
absorbed hydrogen atom coupled with another proton from H2. This is an electrochemical desorption mechanism.

Furthermore, combining two absorbed hydrogen atoms simultaneously to form H2 is called the Tafel
reaction mechanism (or combination reaction), represented by red arrows in Figure 4-1a. According to the
difference in reaction media, the reaction mechanism is also different. In acidic media, the reactions are
expressed as:

Volmer step: HeH   (1-1)

Heyrovsky step: 2HeHH   (1-2)

Tafel step: 2HHH  (1-3)

where * is the catalyst. Furthermore, in alkaline media, the proton source is induced from an additional H2O
dissociation step, and the generated intermediate *H in the reactions is as follows:

Volmer step:   OHHeOH2 (1-4)

Heyrovsky step:   OHHeOHH 22 (1-5)

Table step: 2HHH   (1-6)

Previous studies reported that the adsorption energy of the *H intermediate is closely related to the activity of
electrocatalysts for the HER, as shown in Figure 4-1b, which can be evaluated by ΔG*H. When the value of ΔG*H

is less than 0, it indicates that if the bonding strength of H is too strong, it makes it difficult for H to desorb on the
electrode surface and would lead to a high desorption energy for the Tafel or Heyrovsky step. However, when the
value of ΔG*H is more than zero, it causes a high-energy barrier for the Volmer step and limits the overall
reaction rate. In addition, if the value of ΔG*H is close to 0, it exhibits the optimal thermodynamic
adsorption/desorption performance for hydrogen ions. Nørskov et al. proposed this theory, which is called the
volcano plot. The y-axis and x-axis of the volcano plot represent the exchange current density (j0) and ΔG*H,
respectively. A higher value of j0 indicates higher intrinsic activity. Tuning the value of ΔG*H has been identified
as a practical approach to improving the activity of catalysts for the HER. Neither too strong nor too weak
binding of *H is conducive to HER performance. A typical volcano curve is based on exchange current density
(j0) [170] with ΔG*H. If binding of *H is too weak and will limit the rate of the overall reaction (Volmer), if the
binding is too strong during the desorption of the *H step (Heyrovsky), the rate of the overall reaction will be
limited. According to Norskov's assumption, the theoretical exchange current (i0) was obtained from the
following formula. When the proton adsorption process is exothermic (ΔG*H<0), the exchange current (pH= 0) is
defined as:

）/exp(1
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 (1-7)

If the proton adsorption process is endothermic (ΔG*H>0), i0 is given by:
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 (1-8)

where kB and k0 represent the Boltzmann constant and rate constant, respectively.



60

Figure 4-1 (a) Schematic of the hydrogen evolution reaction mechanism. (Reprinted with permission from Elsevier, adopted from [171]) (b)
A volcano curve of the HER depending on the exchange current (i0) on the M@FeS2 catalysts. (Reprinted with permission from the Royal
Society of Chemistry, adopted from [172])

Generally, due to the competitive relation between the adsorption and desorption of H atoms, the Tafel
slope value from the volcano plot curve of the HER is considered based on the Sabatier principle, suggesting that
an ideal HER electrocatalyst should possess a moderate bond with adsorbed *H to promote the proton-electron
pair transfer process to ensure not only adsorption and desorption of *H but also the release of gaseous H2 from
the catalyst surface. The volcano plot of current exchange densities (j0) as a function of ΔG*H shows a volcano
shape in Figure 4-1(b), in which Cr metal is at the top of the volcano, indicating that the lowest energy barrier
corresponds to the highest activity for the HER, meaning the values of ΔG*H are closer to zero and show higher
activity. Based on the Sabatier principle, to the left side of the volcano plot, binding hydrogen atoms are very
strong and may fail to desorb hydrogen atoms, whereas to the right side of the volcano plot, binding hydrogen is
very weak and may fail to stabilize the hydrogen atoms and limit the rate of reaction due to such a weak
interaction. According to quantum mechanics calculations, ΔG*H has been identified to be satisfactorily capable
of describing the electrocatalyst activity for the HER. It also plays a vital role in guiding the development and
design of high-performance HER electrocatalysts. Furthermore, the kinetics of the hydrogen evolution reaction
on a given electrode in an acidic medium and the overall HER can be expressed as

222 HeH   (1-9)

Hydrogen atoms first desorb on the electrode surface and then recombine with another H ion into molecules:
HHads  (1-10)

The electrochemical hydrogen desorption (Eq. 1-12) on the electrode surface is the rate-determining step that
controls the hydrogen overpotential. The reaction mechanism includes desorption of hydrogen from the electrode
surface and hydrogen gas molecule formation.

)(2/1 2 mEquilibriuHH  (1-11)

)(RDSeHH   (1-12)

Since Eq. (1.11) is in equilibrium and Eq. (1.12) is the rate-determining step, the hydrogen atom concentration is
defined as:

2/1
2 ][][ HKH  (1-13)

where K represents the rate constant of the equilibrium state. The net reaction rate of H+ reduction to H2

molecules is defined as the difference between the rates of the anodic and cathodic reaction steps and is expressed
as the current (i) in Eq. (1.14):
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where oK1 and oK 1 are the rate constants of the anodic and cathodic reactions, respectively. When at equilibrium,

i=0, and E=Eeq; thus,
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Finally, the rate constants at equilibrium are listed as follows:
2/1
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where io is the current exchange density and [H+] and [H2] are hydrogen ion and hydrogen molecule surface
concentrations in the equilibrium states, respectively.

4.2. ORR (Fuel Cells)

In recent years, fuel cells have attracted increasing attention because of their high-energy conversion and
storage efficiency. In particular, they have high power density, operate at suitable temperatures, and produce
almost no pollution as the energy produced is renewable. The development of efficient and stable catalysts will
significantly affect the application of fuel cells, and many theoretical and experimental studies have explored
promising candidate catalysts for the ORR. In particular, the density functional theory (DFT) approach has been
used to design and screen high-efficiency catalysts for application in fuel cells. This approach uses polymer
exchange membrane metal-air batteries and fuel cells, and the ORR plays a vital role in the conversion and
storage of energy in fuel cells. According to Sabatier's principle, the binding energy of OH can be used as a
descriptor of ORR reactivity and can predict the overpotential needed. The entire reaction step of the ORR is
defined using two or four proton-electron pair transfer steps, which can be summarized into three mechanism
pathways: (i) O2 dissociation, (ii) H2O2 formation, and (iii) H2O formation. The first reaction mechanism involves
the dissociation of O2 into two adsorption atomic oxygen atoms (O2 2*O), followed by the formation of a
hydroxide (*O  *OH) and finally water (*OH  H2O). In the H2O formation mechanism, the *OOH
intermediate species are proposed as the first hydrogenation step, and the production of H2O after four proton-
electron pair transfer steps, which is a two proton-electron pair transfer step, has been proposed for the formation
of H2O2.

In fuel cells, the reaction platform catalyst can significantly improve the thermodynamics of the
electrochemical reaction at the catalyst interface and affect the service life. In summary, the design and screening
of low-cost, highly stable, and active ORR catalysts are of great significance for promoting the large-scale
commercial application of fuel cells. Recently, nonmetal and metal atoms confined on graphene, or single-atom
catalysts (SACs), have attracted significant attention because they can provide the advantage of maximum atom
utilization efficiency while significantly reducing the use of precious metals. Furthermore, because the isolated
metal atoms are scattered across two-dimensional boron nitride (2D-BN) and MoS2 transition metal
dichalcogenides (TMDs), which have significant advantages in terms of both thermal stability and electronic
conductivity, they have also gained much interest for the ORR compared to precious catalysts, making them
promising candidates for use as ORR catalysts. Of these materials, the confined Mo- or S-substituted single
atoms on the MoS2 catalyst possess superior catalytic activity for the ORR. At present, M3(HITP)2 MOF
compounds have been verified to have outstanding and reasonable activity in catalyzing the ORR. The use of
confined metals or nonmetals on 2D materials as single-atom catalysts has received significant attention in both
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experimental and theoretical research on heterogeneous materials, providing unique ideas and guidance for
designing novel catalysts for ORR reactions in fuel cells.

Here, we took the ORR reactions as an example to deduce the thermodynamic process of the ORR. The
catalytic activity of the ORR reaction can be described by evaluating the free energy of different elementary steps.
The free energy change of each intermediate can be calculated from the formation energies of *O, *OH, and
*OOH on the catalyst. When the standard electrode potential is set to -2.46 eV, the equation can be written as:

eVGGG gHgOlOH 46.22/1 0
)(

0
)(

0
)( 222

 (2-1)
Thus, we took the standard entropies from the NIST database for gas-phase molecules. The formation process of
each intermediate (*OOH, *O, and *OH) on the surface of the catalyst (*) is listed as follows:

OOHeHO  
2 (2-2)

OHOeHOOH 2  (2-3)

OHeHO  
(2-4)

)(2 lOHeHO  
(2-5)

The oxygen reduction reaction is a downhill reaction in an acidic electrolyte, the inverse of the OER reaction.
The change information energy associated with each intermediate can be obtained from the formation energies of
*OH, *O, and *OOH. The standard electrode potential has been experimentally confirmed to be -2.46 eV for the
standard free energy change in a half-cell, a spontaneous reaction, while a Gibbs free energy change of -4.92/eV
occurs over the overall reaction. The following half-reactions occur in the acid:

(l)(g)(g) OHH+O 222 22  Ere=-4.92 eV vs. CHE (2-6)

Therefore, the ORR equilibrium potential (Ueq) is 1.23 V. The theoretical voltage of 1.23 V indicates how much
energy is required for each elementary reaction that drives the electrochemical reaction. This value is usually the
kinetic barrier in spontaneous reactions, and the theoretical overpotential is obtained from the difference between
the equilibrium potential (1.23 V) and the limiting potential of the rate-determining step.

4.3 CO2RR (CO2 capture)

Currently, oil, coal, and natural gas are the primary energy resources. The chemical raw materials from
which these resources are composed have extensively promoted both societal and technological development.
However, these energy sources produce large quantities of greenhouses (CO2, CH4) and harmful gases (NO, NO3),
which are emitted into the atmosphere during fossil fuel burning and are causing rapid changes in the global
climate. The situation has become a severe environmental issue from which humankind is suffering in many
aspects. Furthermore, fossil fuels are not infinite; they will ultimately run out due to the growth of the global
population and the industrialization of developing countries in the future. Therefore, the search for replacements
for fossil fuels with other renewable and clean energy resources is becoming increasingly favored. Renewable
energy resources require high-energy conversion efficiency and stable storage devices for practical application. In
recent years, scientists have found that some greenhouse (CO2) and harmful (NO) gases can be converted into
renewable energy sources to reduce emissions and utilize renewable resources. The excess energy can be stored
in chemical bonds in the form of chemical fuels, such as in the reaction in which carbon dioxide is reduced
(CO2RR) to methane and methanol. Nitric oxide is reduced to form ammonia (NORR), which can be
accomplished using highly efficient and stable catalysts. It is essential to obtain high-performance catalysts that
can play a crucial role in achieving this goal. In principle, these reaction mechanisms are electrochemical
processes.
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Figure 4-2 Full proposed mechanism path of the electrochemical reaction of CO2 reduction in an aqueous electrolyte system on MBene
model surfaces: (a) atomic models and (b) schematic illustration of a complete CO2 reduction pathway. (c) A proposed route for a CO2

reduction mechanism pathway. (Reprinted with permission from Academic Press Inc., adopted from [173])

The elementary steps in the electrochemical reduction of CO2 to CH4, with eight transferred proton and
electron pairs can be summarized as follows.

COOHeHCO  
2 (3-1)

HCOOHeHCOOH   (3-2)

OHCHOeHHCOOH 2  (3-3)

HCHOeHCHO   (3-4)
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OCHeHHCHO 3  (3-5)

43 CHOeHOCH   (3-6)

OHeHO   (3-7)

OHeHOH 2  (3-8)

22 HCOeHCO   (3-9)

222 COHeHHCO   (3-10)

COOHHeHCOH 222   (3-11)

OHHCHOeHCOOHH 22   (3-12)

COHHeHOCH 33   (3-13)

HCOHeHCHO   (3-14)

COHHeHCHOH 2  (3-15)

OHCOeHCOOH 2  (3-16)

OHCHeHOCH 33   (3-17)

OHCHeHOHCH 233   (3-18)

43 CHeHCH   (3-19)

HCOOHeHCOOH   (3-20)
In particular, CH4, CH3OH, CO, and their formation have been reported as the major C1 products of the

CO2RR on Cu-based catalysts. Some metals, such as Pb and Sb, have high selectivity toward producing format
from CO2. Copper is one of the most promising catalysts for CO2 reduction, as it can directly reduce CO2 to
hydrocarbons and alcohols. The reactions for the major reported products of the CO2RR are summarized below
with the corresponding standard equilibrium potential (E0) of the reactions compared to the reversible hydrogen
electrode (RHE).

CO2+2H++2e-CO+H2O E0=-0.11 V vs. RHE (3-21)

CO2+2H++2e-HCOOH E0=-0.22 V vs. RHE (3-22)

CO2+6H++6e-CH3OH+2H2O E0= 0.02 V vs. RHE (3-23)

CO2+8H++8e-CH4+2H2O E0= 0.17 V vs. RHE (3-24)
The theoretical voltage E0 is defined against the corresponding standard potential. However, the limiting

potential (UL), which depends on the RDS, is commonly much higher at the standard potential; thus, it is
necessary to overcome the electrode kinetic barrier in each reaction, and the overpotential (η=E0-UL) is used to
describe how much additional potential is required to achieve a reaction. This clearly shows that the reduction of
CO2 to CH4 is exergonic with equilibrium potentials of 0.17 V and that the production of CO is endogenous with
an equilibrium potential of -0.11 V. Therefore, electrocatalysts play an essential role in increasing the rate of
electrochemical reactions and reducing the overpotential as much as possible, meaning that the overpotential is
lower. The catalytic activity of an electrocatalyst is better.

There are both challenges and prospects for CO2RR for beyond C1 hydrocarbon fuels on both Cu and non-
Cu catalysts, although significant progress has been made in the reduction of CO2 to multicarbon products on Cu
materials, and many challenges remain for non-Cu catalysts. First, due to the low activity for certain C2+ products
on some non-Cu catalysts, developing high-performance non-Cu catalysts for the CO2RR to produce multicarbon
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products remains a great challenge. Second, the poor reproducibility of low limiting potentials and high Faraday
efficiency for CO2 reduction to multicarbon products on some reported non-Cu catalysts has rarely been
reproducible by experiments. Third, the organic solvents used may contaminate the product, such as C2H5OH,
acetone, ethylene, and glycol, in the CO2 feedstock. Only Cu catalysts have been verified to be capable of driving
CO2 reduction to multicarbon products with the main activity. Finally, due to the lack of an unclear reaction
mechanism of multicarbon products from the CO2RR, the mechanistic pathways of CO2 electroreduction to
multicarbon products remain unclear. Overall, exploring and gaining high activity and selectivity of non-Cu
catalysts for CO2 reduction to multicarbon products should be the prime objective of my future work.

Figure 4-3. Proposed reaction roadmaps of the CO2RR on Cu catalysts. (Reprinted with permission from John Wiley and Sons Ltd,
adopted from [174])

Moreover, CO has been identified as a critical intermediate during the reduction of CO2 to various C2
hydrocarbon fuels, while C1 hydrocarbon products are easily obtained from carbon dioxide reduction on a Cu
catalyst. We shed light on several elusive reduction mechanism pathways widely reported but disputed in the
literature, as shown in Figure 4-3. Recently, it was reported that ethane is induced by CO dimerization based on
an ethoxy intermediate, suggesting that ethane production is mainly carried out through pathway IIB. At the same
time, ethanol would most likely proceed through path EtOH pathway I. These two reaction mechanism pathways
involve the formation of an intermediate (*CH2CO) (Pathway I) or CO dimerization (Pathway II), as proposed on
a Cu catalyst. Furthermore, it has been reported that ethanol formation is usually suppressed by the ethane
mechanism on Cu catalysts, leading to the formation of ethane being more feasible. Generally, the formation of
n-PrOH involves an intramolecular reaction between CH3CH+ and CO coupling accompanied by hydrogenation
to CH3CH2C=O+, hydrogenation by a proton/electron pair transfer to form propionaldehyde (CH3CH2CHO), and
further production to n-propanol (CH3CH2CH2OH). Of note, the formation of both EtOH and n-PrOH involves
carbene species (*CH2), which leads to high overpotentials that produce ethylene with this mechanism. The
formation of ethanol, n-PrOH, and ethylene at high overpotentials indicates that these products likely share some
common intermediates selectively. Furthermore, by checking another mechanism, pathway II (CO dimer pathway)
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was significantly identified by Zhang, G. R et al. [174]; by the comparable Faraday efficiency (FE) of methane
on both Cu and ionic liquid (IL) copper foam catalysts, IL copper foam could be employed as a chemical trap to
explore the CO2RR mechanism pathways.

Figure. 4-4 (a) Schematic of all possible C–C coupling reactions for the CO2RR. (Reprinted with permission from Royal Society of
Chemistry, adopted from [175]) (b) Standard Gibbs free energies of some C–C bond formations. (Reprinted with permission from the
Royal Society of Chemistry, adopted from [176])

The CO2RR is a complicated chemical reaction process and involves a multi-electron-proton pair transfer
process, leading to the proposal of a definitive reaction mechanism for a given electrochemical reaction.
According to Kuhl et al. [177], there are more than 16 possible products, as shown in Figure. 4-4a, which include
a wide range of glyoxal, acetate, glycolaldehyde, ethylene glycol, acetaldehyde, ethylene, ethanol,
hydroxyacetone, alyl alcohol, acetone, and propanol, which have been identified for the CO2RR on a Cu catalyst,
as listed in Figure 4-3, including the possible C1 and C2 pathways. Figure 4-4b shows the proposed reaction
pathways for CO2RR possible products via alkene and alcohol intermediates. It represents a complex reaction
network and leads to many products sharing similar reaction intermediates. However, most of these detailed
mechanistic elementary steps have yet to be confirmed by experimental studies of possible products, which
include ethylene, glycolaldehyde, glycol, hydroxyacetone, glyoxal, and acetone. They are oxygenated beyond the
C1 hydrocarbon fuel pathway and have yet to be reported on a catalyst without Cu to the best of our knowledge.
If we consider these pathways, some C-C coupling occurs between some C1 species, such as the *CH2 or CO
dimerization pathway, at this early stage of CO2 reduction. In addition, some CO2RR products are oxygenates,
suggesting that the C-C coupling step occurs before two CO dimerizations. These C1 hydrocarbon species can C-
C couple to form all of the possibilities beyond C1 products. If the C-C coupling steps are kinetically accessible
to explain the C2+ products, the enol-like intermediates are a primary conduit by which C2 and C3 products are
produced. Further study is needed to fully clarify the CO2 reduction mechanisms on the Cu catalyst. The
proposed C2 and C3 pathway results can help search for C2 and C3 hydrocarbon products, which are involved in
C-C coupling based on CO2 reduction. This thesis summarizes recent reports on the electroreduction of CO2

beyond C1 hydrocarbon fuels on non-Cu catalysts, focusing on the mechanisms of C-C and the coupling
mechanism between the dimerization of two *CH2 or CO intermediates in the CO2RR. Furthermore, non-Cu data,
including that of pure metals, carbon-based materials, metal alloys, metal oxides, and metal complexes, have
been reported for the CO2RR to multicarbon products.
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4.4 NRR (N2 fixation)

As society continues to develop, the growing environmental concerns and increasing population will result
in a pressing energy crisis. There is an urgent need to search for sustainable, green strategies that can solve these
problems. Ammonia is an essential raw material used both in agriculture and industrial chemicals and is therefore
closely involved in human activities. Currently, the fixation of industrial nitrogen depends mainly on technology
that uses the Haber–Bosch process. However, nitrogen molecules are highly stable and are particularly difficult to
activate with a bond energy of -92.4 kJ/mol, meaning that realization of the Haber–Bosch process requires a high
temperature and pressure (300–500 °C and 200–300 atm) environment, which leads to increased energy
consumption and environmental pollution. Thus, the search for a sustainable and clean approach to the
production of synthetic ammonia is gaining increasing attention from the scientific community. Inspired by the
fixation of biological nitrogen with nitrogenase, the electrocatalytic reduction of nitrogen via fixation has been
proposed as one of the most attractive and high-efficiency approaches for producing ammonia by weakening but
not directly breaking the inert N♡N bond under acidic conditions via multiple successive protonation steps. The
electrochemical nitrogen reduction reaction (NRR) has spurred a growing interest because it is more efficient,
sustainable, environmentally friendly, and cost-effective than the Haber–Bosch process. In this regard, the
exploration and design of suitable catalysts that can lead to sufficient activation to reduce nitrogen to ammonia
under ambient conditions during the electrochemical reduction of N2 to NH3 are crucial. A simple illustration of
the electrocatalytic reaction is the attachment of nitrogen molecules to an electrode surface, reduced by electrons
supplied by an external circuit. The process involves the transfer of six proton-electron pairs during ammonia (N2

+ 6H+ + e-2NH3). The main challenge in the electrocatalytic reduction of N2 to ammonia is determined by the
activity and selectivity of the electrocatalysts. Therefore, the practical design of efficient, active, and durable
NRR electrocatalysts is still a challenge for practical applications. Some renewable energy sources have been
applied to drive N2 reduction reactions, such as solar and wind power, and have been verified as the most
effective strategies for reducing N2 to NH3. Furthermore, protons can be obtained from water electrolysis during
the electrochemical NRR process.

The elementary steps of the electroreduction of N2 conversion into NH3, with six transferred proton and
electron pairs, can be summarized as follows.

32 266 NHeHN   (4-1)

NNHeHN2   (4-2)

2NNHeHNNH   (4-3)

32 NHNeH  NNH (4-4)

NHeHN   (4-5)

2NHeHNH   (4-6)

32 NHeHNH   (4-7)

32 NHeHNH   (4-8)

2NHNHeHNHNH   (4-9)

222 NHNHeHNHNH   (4-10)

3222 NHNHeHNHNH   (4-11)
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32 NHNHeHNHNH   (4-12)

3222 NHNHeHNHNH   (4-13)

The reaction involves the intermediates *NNH, *NNH2, *N, *NH, *NH2, *NHNH, *NHNH2, *NH2NH2,
and *NH3. The standard potentials vs. reversible hydrogen electrode (RHE) as a reference can be expressed as
follows:

N2 (g)+ 6H++ 6e-⇄ 2NH3(g), E0= +0.55 V vs. RHE (4-14)

2H++ 2e- ⇄ H2 (g), E0= 0 V vs. RHE at pH = 0 (4-15)

N2 (g)+ H++ e- ⇄ N2H (g), E0 = -1.10 V vs. RHE (4-16)

N2 (g)+ 2H++ 2e- ⇄ N2H2 (g), E0 = -0.36 V vs. RHE (4-17)

Many results for electrochemical N2 reduction on 2D materials have been reported. A series of 2D
nonprecious metal catalysts that have high catalytic performance in producing NH3 have been found, such as
single-atom catalysts in which the transition metal is supported on g-CN, transition metal carbides (MXenes),
transition metal borides (MBenes), and transition-metal disulfides (TMDs). Searching and screening new types of
highly efficient catalysts that possess high stability, catalytic activity, and selectivity is essential for ammonia
production via electrochemical nitrogen reduction reactions. Guo X. et al. [178] reported a computational
screening approach to explore catalysts with high selectivity and activity for the NRR of the transition-metal
diborides (MBene), and they reported the excellent N2 capture behavior of 2D MBenes with which N2 can be
activated to convert into NH3. Furthermore, 2D transition metal carbides (MXenes) are a promising class of 2D
materials for electrochemical N2 fixation; MXenes exhibit an excellent metallic character. Systematically
researching the potential application of single-atom embedded defective Mo2TiC2O2 for the electrochemical
reduction of N2 to NH3 suggests that these transition metals exhibit excellent catalytic activity for NRR when
supported on insufficient Mo2TiC2O2 MXene layers. Recently, Sun et al. [179] found that the edges and defects of
2D MoS2 transition-metal disulfides (TMDs) play an essential role in N2 fixation by creating defects and edges
that can enhance the Faradaic efficiency and NH3 yield during the NRR process, as high-efficiency catalysts are
suitable for electrochemical nitrogen fixation.

4.5 NORR (nitric oxide pollution)

Due to the increase in the concentration of nitrogen oxide (such as NO2 and NO) in the environment,
nitrogen pollution has become a global problem accompanied by human activities and economic growth,
seriously polluting water resources and air and further threatening human health. Some advanced technologies
include improving the combustion process and equipment or using catalytic reduction absorption and other
nitrogen removal methods. In addition, facilitating the recycling and utilization of nitrogen oxides (NOx) in
exhaust gas or the harmless treatment of NOx has also been considered; however, finding a solution to the
nitrogen oxide pollution problem is still a challenging task. NO is thermodynamically stable under normal
conditions. The electrochemical NO reduction reaction (NORR) has been confirmed as a prospective approach
for transforming NO into harmless (N2) products or, even better, into value-added products (NH3). In particular, it
provides a competitive route to synthesize ammonia (NH3) by electrochemical NO reduction on a given catalyst,
accompanied by the transfer of five proton-electron pairs (NO + 5H+ + 5e- → NH3 + H2O) during the
electrochemical process. This process can be used to synthesize ammonia under ambient conditions using
renewable wind and solar power. In this regard, converting NO to NH3 is a practical strategy to solve the plight
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threatening both energy and the environment, and the reduction of NO to NH3 is considered feasible. NO is an
essential accessible form of nitrogen obtained from industrial waste gas, automobile exhaust, the electrochemical
oxidation of nitrogen, and the nitrification of bacteria. NO is a significant pollutant produced during the
combustion of fossil fuels. Developing more effective methods to reduce NO emissions from combustion is
essential to control and reduce NO pollutant emissions that reach the atmosphere. The electrochemical
conversion into N2 or NH3 is an exothermic process, which suggests that this process is thermodynamically
favorable and can be kinetically facilitated under ambient conditions. However, the strong N-O bond (204 kJmol-
1) is challenging to break directly, meaning that a suitable catalyst and a low applied potential are needed. In
electrochemical applications, the selective catalytic reduction of NO to NH3 is a common process used as a
typical technology in practical applications.

Figure 4-5 (a) Proposed full reaction mechanism for NO reduction to NH3. (b) Schematic of the NORR on 2D Mo2B2. (c) Limiting
potentials are summarized for each MBene.

The elementary reaction steps in the NO electrochemical reduction suggest that the formation of NH3 occurs
via five transferred proton and electron pairs. The overall reaction steps are summarized as follows:

OHNHe5H5NO 23  (5-1)

Nitric oxide reduction (NORR) involves the intermediates *NOH, *N, *NH, *NH2, *NH3, *HNO, *H2NO, *O,
*HNOH, *H2NOH, and *OH. The N-end pathway along the distal pathway is considered the most favorable
pathway for MBenes, and the elementary steps are described as follows:

NOHeHNO   (5-2)

OHNeHNOH 2  (5-3)

NHeHN   (5-4)

2NHeHNH   (5-5)

32 NHeHNH   (5-6)

HNOeHNO   (5-7)
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NOHeHHNO 2  (5-8)

32 NHOeHNOH   (5-9)

OHeHO   (5-10)

OHeHOH 2  (5-11)

OHNHeHHNOH 2  (5-12)

(g)NHOHeHNOHH 32   (5-13)

2NNN  (5-14)

ONNON 2)(  g (5-15)

Nitric oxide reduction (NORR) involves the intermediates *NOH, *N, *NH, *NH2, *NH3, *HNO, *H2NO, *O,
*HNOH, *H2NOH, and *OH. Furthermore, *N may lead to the production of the byproduct N2 or N2O
accompanied by the transfer of two proton and electron pairs on the catalyst.

Although the electrochemical reduction method has been widely applied, the catalysts used are usually
precious metals with high costs; therefore, the exploration for efficient and inexpensive catalysts is urgently
needed. The reduction of NO by protonation via electrocatalysis is a promising feasible method in an acidic
environment, as inferred by the results of this thesis. A recent mechanistic study of nitric oxide reduction by Bai,
Y., & Mavrikak, M. [180] reported that NO could be reduced to NH3 on Pt (111) and found that a direct NO
dissociation path is preferred to one that includes the intermediates *HNO and *NOH and that the NO
dissociation mechanism is indeed more favorable on Pt (111). Saeidi N. [181] also reported that NO's
electrochemical reduction is an efficient approach for nitrogen recycling on single-atom catalysis SiN4-embedded
graphene; the authors studied it in depth using the DFT approach. Based on their results, NO can be highly
activated via a single-atom electrocatalyst and exhibits excellent activity for NORR molecules with a limiting
potential of 0.56 eV on SiN4-embedded graphene electrocatalysts under ambient conditions. This study provides
new insights into the exploration and design of efficient catalysts for the electrochemical reduction of NO
molecules.

4.6. Stability and Selectivity (Single-atom Catalysis)

To gain further insight into the stability of catalyst materials in electrocatalytic systems, the formation
energy and dissolution potential of surface metal atoms can be studied as they play an essential role in evaluating
stability. Several studies have reported the dissolution potential to reduce Pt in nanoparticulates, especially in
single-atom catalysis (SAC) systems. The catalytic activity is typically determined by the Pt transition metal atom
of the surface and lowering the trend of the dissolution potential is similar to that of all transition metals. Thus,
we evaluated the thermostabilities of these M@N4G single-atom catalysts based on not only the formation energy
Ef but also the dissolution potential [182] Udiss (Figure 4-6), which were calculated by the following equation:

046 MNCNCM@NCf  EEEE  (6-1)
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where EM@NC and EM@NC are the total energy of the M@NC and NC substrate, respectively, in their ground state.
Furthermore, μN, μC, and μM represent the chemical potentials of nitrogen, carbon, and metal atoms, respectively,
which can be derived from the total electronic energy of carbon or N2 molecules. Meanwhile, 6 and 4 are the number
of carbon and nitrogen atoms removed from the intrinsic graphene during the construction of a single-atom
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catalyst, respectively. bulk)(metal,diss
oU is the standard dissolution potential, and n is the number of electrons

transferred during dissolution. According to this definition, if the reaction systems have Ef < 0 eV, they can be
confirmed to be thermodynamically stable systems, while materials with Udiss > 0 V vs. CHE are considered
electrochemically stable. In addition, the binding energy of the metal atom embedded at the SV-G site with vdW
correction was adopted by using Grimme’s DFT-D3 approach. In this thesis, the adsorption energy is defined as:
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where E0 represents the ground state energy of the atom adsorbed on graphene [A@SV-G], the single vacancy of
graphene [SV-G], and the isolated metal atom [A], respectively. When Eads is negative, the adsorption is
exothermic. We further considered the formation energetics of vacancies, and the vacancy formation energy (Evf)
was calculated as:
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where E0[SV-G] and E0[G] are the total energies of the vacancy and pristine graphene sheet, respectively, and n
represents the number of carbon atoms in the system. The metal-support interaction plays a vital role in
heterogeneous catalysis, especially because the catalytic activity of single-atom catalysts directly depends on the
electronic properties of the metal atoms. The diffusion and aggregation effect of the metal could decrease the
activity and stability of the catalysts. Thus, further evaluation of the binding of g energies (Eb) and cohesive
energy in biatom catalysts is needed. Since binding of the metal atom at vacancy graphene sheet sites with N4-G
links is thermodynamically favorable, it is still possible for the metal atoms to aggregate on the support. Thus, we
considered the difference in binding energy (Eb) on the supports and the cohesive energies (Ec) of each metal
atom in the bulk crystal to confirm that the energy barrier can limit the diffusion and aggregation of metal atoms.
The following equations can be used to calculate Eb and Ec:

)()@( single4b MECNMEE x  (6-5)

)(/)( singlec MENMEE bulk  (6-6)

where E(Mbulk) and E(Msingle) are the energies of the bulk crystal and the isolated metal atom, respectively, and N
is the number of isolated atoms in the bulk crystal.

Figure 4-6. Structural stability estimation of 2D single-atom M@N4G catalyst nanosheets
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To understand the thermodynamic stabilities of SACs, we focused on graphene or BN monolayers when
Eb> Ec, indicating that the binding of metal atoms with the support is thermodynamically more favorable than the
aggregation of metal atoms from a thermodynamic point of view. By comparing the values of calculated Ec,
Eb−Ec, and experimental Ec, some metal atoms showed negative values of Eb−Ec at specific defect sites, and the
differences (ΔEb=Eb−Ecoh) between the cohesive energies (Ecoh) in their bulk crystal phase and binding energy
were considered. When ΔEb is more than zero, TM atoms possess higher stability than in their bulk phase.
Otherwise, the opposite is true. In addition to the stability and activity, the selectivity for the electrocatalytic
reaction is another significant factor impeding the development of efficient catalysts. To explore the selectivity of
electrochemical reactions, competition and side reactions should be considered. The HER is often regarded as a
significant competitive reaction. Taking the nitrogen reduction reaction on TM/g-CN as an example, to study the
selectivity between the HER and NRR, an important descriptor is proposed, which is named faraday efficiency
(FE), due to the strong binding between the H atom and active centers so that the HER competes with the NRR
under the same conditions. Interestingly, the selectivity of NRR on a given catalyst should be evaluated for NRR
activity. The *H may easily cover the active center and suppress the NRR activity. Thus, the adsorption energy
difference between *H (ΔG*H) and *N2 (ΔG*N2) can be used to investigate the selectivity of the NRR, and the
values of ΔG*N2-ΔG*H are closely related to the favorable NRR selectivity.

Figure 4-7. Strategies for shifting the chemical equilibrium to suppress the HER in the NRR process; (a) changing pressure, (b) changing
temperature, and (c) changing proton donor concentration. (Reprinted with permission from the Royal Society of Chemistry, adopted from
[183])

Furthermore, we considered the difference in the limiting potential between the HER and NRR based on
rate-determining steps. The values of [UL(NRR)-UL(HER)] can be used to estimate the selectivity of catalysts,
and the Faradic efficiency (FE) based on the Boltzmann distribution can effectively evaluate the competition
between the HER and NRR. Depending on the Boltzmann distribution, [184] the selectivity of the NRR can be
obtained from the equation below:

%100)]/exp(1/[1NRR  TkGf B (6-7)
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where fNRR is the selectivity toward NRR and T and ΔG represent the temperature and Gibbs free energy
difference, respectively. Suppose the equation of FE can reach up to 100%, which means much better, by
combining the activity (limiting potential) and selectivity (FE) analysis. In that case, the higher activity and
selectivity are more favorable to the potential catalyst for NRR and could be identified by further experiments.
Note that the value of [UL(NRR)-UL(HER)] with a more positive value shows a higher selectivity toward NRR
for a given catalyst. The HER is the primary competing reaction to an electrocatalytic reaction in an acidic
medium. Depending on some assumptions, if the proton and electron pair transfer are not the determining factors
of the overall rate for both the HER and NRR and if only the HER and NRR are competing reactions, the
selectivity of the NRR can be estimated based on Faradaic efficiency, which can be calculated from the
Boltzmann distribution. It is widely believed that the HER is the major reaction competing with the NRR in
electrochemical processes. The adsorbed *H could cover the active site (*H poisoned) and move toward the HER
rather than the NRR, leading to a low FE. Thus, the Gibbs free energy of *H is an essential descriptor of the NRR
selectivity, indicating that the competitive HER could be efficiently suppressed. As shown in Figure 4-9, the
primary strategies for suppressing the competing HER have focused on the proton and electron-transfer kinetics
in the electrocatalytic reaction process. However, the competing HER can also be suppressed by changing its
chemical equilibrium, such as increasing the condition pressure, decreasing the concentration of the proton donor,
and changing the reaction temperature, as shown in Figure 4-7.

5. Results and Discussions

In this chapter, the specific problems and challenges among those listed previously are addressed via our
DFT calculation models, and we calculated them using the first-principles method in the Vienna Ab initio
Simulation Package (VASP) software to verify whether these thermodynamically stable MBenes can actually be
applied in electrocatalytic reactions. These include the carbon dioxide reduction reaction (CO2RR), nitrogen
reduction reaction (NRR), and nitric oxide reduction reaction (NORR). With these encouraging processes, can
2D transition metal borides (MBenes) enhance catalytic activity and high selectivity. What descriptors can be
used to predict and explain the activity trends? What are the specific problems and challenges that are addressed
via our high-throughput screening based on DFT calculations?

5.1 Synopsis of Publications

This chapter has been published, and the idea originated from M.Sc. Yi Xiao designed the research. The
models were trained by M.Sc. Yi Xiao collected the stable crystal structures and generated the desired structures
for DFT calculations by M.Sc. Yi Xiao processed and collected data, analyzed the results, and wrote, revised and
submitted the manuscript, while my colleagues reviewed this article and made suggestions to improve it. The
statement of the personal contribution of my publications with a declaration signed by the doctoral candidate, all
coauthors and the academic supervisor will be attached in the next section (5.2).

5.1.1 ORR (Fuel Cell)

Publication Ⅰ: High-Throughput Approach Exploitation: Two-Dimensional Double-Metal Sulfide (M2S2) of
Efficient Electrocatalysts for Oxygen Reduction Reaction in Fuel Cells. This article has been published as Xiao
Y*, Tang L. High-Throughput Approach Exploitation: Two-Dimensional Double-Metal Sulfide (M2S2) of
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Efficient Electrocatalysts for Oxygen Reduction Reaction in Fuel Cells[J]. Energy & Fuels, 2020, 34(4): 5006-
5015.; following is the overview of publication I.

Overview of publication I: High-Throughput Approach Exploitation: Two-Dimensional Double-Metal
Sulfide (M2S2) of Efficient Electrocatalysts for Oxygen Reduction Reaction in Fuel Cells. (Highlight of 2D
M2S2)

In previous research, it has been observed that the oxygen reduction reaction (ORR) plays an important role
in energy storage and conversion, such as in fuel cells, lithium-sulfur batteries and metal-air batteries. However,
the slow kinetic characteristics of the ORR limit its development in practical applications. Thus, exploring and
designing efficient catalysts are becoming increasingly urgent. Fortunately, Pt-based catalysts have been
identified to have superior activity and stability among the underlying catalysts. However, the low reserve in
Earth’s crust results in high prices of Pt-based catalysts at present. Thus, we precluded the possibility of its
widespread application in practice, but it provides great motivation to explore nonprecious metal catalysts with
high efficiency for the ORR. 2D transition-metal dichalcogenide (TMD) materials have been reported to possess
good mechanical stability, active site diversity and a large specific surface area. Therefore, TMDs can serve as a
typical 2D traditional representative electrocatalyst and have been applied in hydrogen evolution reactions (HERs)
and hydrogenation reactions, which have been reported in both theoretical and experimental studies. In this
article, we propose a new type of metal sulfide (M2S2) crystal structure that is similar to TMDs (MS2). We found
that this type of M2S2 compound can tune the electronic structure to enhance catalytic activity based on the
difference in electronegativity between the metal and the sulfur atoms. They can serve as a new TMD family, and
the ratio of transition metals and sulfides have different chemical formulas, such as MS, MS2, M2S2 and M3S4.
The first publication of this PhD dissertation is a comprehensive study focusing on the transition metal sulfide
(M2S2) nanolayer as a catalyst for ORR by high-throughput approach exploitation. The ORR reaction mechanism
on M2S2 under acidic conditions (pH = 0) is more preferable via the four-electron transfer than the two-electron
transfer pathway, which is illustrated in Figure 5-1e.

Figure 5-1 (a) Crystal structure of double metal sulfide (M2S2), (b) The active center site of M2S2 catalysts. (c) Schematic of orbital
splitting with ORR intermediate species. (d) Schematic of the Brillouin zone. (e) Entire mechanism for the ORR as proposed.

In the initial stage, one *O2 molecule is adsorbed on M2S2 with one H++e- coupling pair transfer, leading to
the production of *OOH at the first hydrogenation step. Next, one more H++e- pair continues hydrogenating to
the first H2O molecule, leaving one atomic *O. Then, the next subsequent two H++e- pairs react with *O to form
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the second *H2O molecule. The elementary reaction steps via four 4e- transfer pathways, formation energies for
each intermediate (ΔG*OOH, ΔG*O, and ΔG*OH) and the reaction energy of each elementary step can be expressed
as follows:

OOHeHO  
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Furthermore, the elementary reaction step with the lowest downward energy of the ORR is defined as the rate-
determining step (RDS). In this regard, the limiting potential was obtained from the rate-determining step, and
the overpotential was calculated based on the equilibrium potential (1.23 V), which is a criterion to evaluate the
catalytic activity of M2S2. The ORR overpotential (ηORR) is defined as follows:

  23.1/,,,max 4321  eGGGGORR (5-1-5)

This result indicates that some M2S2 compounds are stable and can be successfully synthesized. Remarkably,
Zr2S2 and Mo2S2 exhibited catalytic activity with low overpotentials of 0.22 V and 0.47 V, respectively. These
two candidates were considered outstanding catalysts for the ORR. The volcano plots were established based on
the scaling relation of limiting potential depending on the reaction energy of the *OOH, *O, and *OH steps. The
activity of promising candidates was evaluated by the descriptors of the ΔG*O - ΔG*OH and d-band center, which
was performed to understand the ORR activity essence. Furthermore, the linear scaling relationship approach was
used to analyze the intrinsic correlation between the activity and the structural features. Our theoretical
calculation not only provides a way to generate effective descriptors for screening criteria but also provides
guidance for the discovery and design of high-performance catalysts for fuel cells. Moreover, some other
important descriptors are also considered, and they can provide more detailed descriptors to reveal the origin of
adsorption properties. For example, the charge transfer (Qe) and crystal orbital Hamilton population (COHP) are
more related to the adsorption behavior, with feature relative importance values of 68.22% and 17.98%,
respectively. Therefore, the high-throughput screening approach is very helpful for understanding the intrinsic
correlation between the catalytic activity and the structural properties of the ORR on M2S2-like TMDs.

5.1.2 CO2RR (CO2 capture)

CO2 capture and electroreduction to a series of value-added hydrocarbon fuels have attracted many
researchers. CO2RR has been proposed as a multistep H+/e- pair transfer process and involves 16 different
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products that have been observed on a pure Cu electrode surface. The process includes many viable reaction
pathways. Developing and designing a promising catalyst for the CO2RR has many challenges, and it not only
requires a relatively low overpotential but also needs to enhance selectivity toward a given product. In this thesis,
we focus on M3(HITP)2 prototype 2D MOF compounds. M3C2 MXenes and MBenes serve as promising
candidate catalysts and can serve as our screening target material. We propose a feasible strategy to explore high-
efficiency catalysts for CO2 electroreduction based on Sabatier’s principle in this thesis. The interactions between
CO2RR intermediate species and MXenes have been studied by a theoretical screening approach due to their
potential application in CO2 electrocatalytic reduction reactions. The CO2RR can serve as a prototype reaction for
the search for electrocatalytic reactions for energy conversion because it not only reduces CO2 emissions but also
produces some value-added hydrocarbon fuels and useful chemicals; it can also be representative of several
electrochemical energy conversion reactions. It has been reported that the CO2RR yields several different
products, such as CO, HCOOH, CH3OH and CH4, and only the hydrogen evolution reaction (HER) is considered
a competing process. The reaction intermediate species include carbon-binding species (CO, CHO, COH, CHOH,
COOH, and CHx) and oxygen-binding intermediate species (HCOO, CHO, CH3O and CH3OH). However, these
reaction mechanism pathways are competitive and coupled during the CO2RR, and gaining insight into their
individual reaction mechanisms and guiding the development and design of high-performance electrocatalysts
still involve many challenges.

Some primary elementary reactions of the reaction mechanism for CO2RR are listed below; they may
determine the preferable reaction paths and achieve the desired products.

22 / HCOCOOHeHCO   (5-2-1)

OHCOeHCOOH 2  (5-2-2)

HCOOHeHHCO  
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OHeHOH 2  (5-2-9)

Publications II, III and IV of this thesis reported that the exposed surface metal atom is most likely to serve
as the active site for the CO2RR, indicating that the primary reaction pathway *CO+H++e-→ *CHO can serve as
the rate-determining step of *COOH → *CO → *CHO, leading to either CH3OH or CH4 formation under a
moderate applied potential. For example, Cr3(HITP)2 and Mn3(HITP)2 are both predicted to be most efficient in
promoting the CO2RR toward CH4 and CH3OH with a low overpotential. Furthermore, because the binding
strengths of *OH and *CO can serve as effective descriptors so that we can identify the activity and selectivity
for the CO2RR on various MBenes, it has been reported that moderate oxyphilic species (OH) and carbophilic
species (CO) interact with TM. Thus, these articles highlight the most important aspect of breaking the linear
scaling relationships of *OH and *CO’ binding at the most active site for evaluating CO2RR performance. The
scaling relationships and volcano plots are established depending on the binding energies of *OH and *CO. To
further gain an understanding of the quantum mechanical screening aspects, we calculated the limiting potentials
(UL) for each elementary step during the CO2RR process as a function of ΔG*CO and ΔG*OH. Because their
binding strength is strongly associated with the electronic properties of the active site, they can be used to
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evaluate the importance of adsorbate interactions to the active site. Specifically, ΔG*CO plays a significant
descriptor role in evaluating the overpotential for producing CH3OH and CH4, while ΔG*OH is preferred to
estimate the selectivity strength toward CH4 or CH3OH, and ΔG*OH is also used as a descriptor to estimate
catalytic activity for producing HCOOH. Depending on the descriptor methods, which provide an effective tool
to achieve rapid screening of high performance for CO2RR catalysts, the too strong or too weak binding strengths
of oxophilic or carbophilic elements should be avoided, and the moderate binding strengths of oxophilic and
carbophilic elements should be perfected. Furthermore, Nørskov et al. proposed d-band center theory to gain
insight into the electronic structure of catalysts applied in electrochemical reactions, and it can serve as an
effective descriptor that has been successfully applied to identify good catalysts.

Publication Ⅱ: Mechanistic Study of Efficient Producing CO2 Electroreduction via 2D Metal Organic
Frameworks M3(HITP)2 Surface, This chapter has been published as Xiao Y*, Shen C, and Chen R. Mechanistic
Study of Efficient Producing CO2 Electroreduction via 2D Metal Organic Frameworks M3(HITP)2 Surface[J].
Electrochimica Acta, 2021: 138028. (Highlight of 2D M3(HITP)2 MOFMaterials).

Overview of publications II: Mechanistic Study of Efficient Producing CO2 Electroreduction via 2D Metal
Organic Frameworks M3(HITP)2 Surface:

Publication II describes the study of the application potential of M3(HITP)2 prototype 2D MOF compounds
in CO2 electroreduction and found that these MOFs possess a high catalytic activity for the CO2RR production of
hydrocarbon fuels under low applied potentials. To achieve a credible and high-efficiency approach to designing
and exploring the optimal reaction mechanism for the electrochemical process, it is important to identify the
surface character of active sites and to set up suitable descriptors to evaluate their catalytic performance. As
emerging 2D materials, the electrochemical properties and possible applications of MBenes require further
exploration. Recently, owing to their high catalytic activity and highly competitive hydrogen evolution reaction
(HER) side reactions, MBenes, such as Fe2B4 and Ru2B4, have been widely applied in the CO2 reduction reaction
(CO2RR). However, the preferable reaction paths and catalytic activity are still hard to confirm during the
electroreduction process and only depend on the computational model. The transition metal (TM) coordinated
with nitrogen in the active center of M3(HITP)2 catalysts was identified to have strong M-C bond coupling,
leading to a high selectivity toward CH3OH, Cr3(HITP)2, and Mn3(HITP)2.
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Figure 5-2. Side view of the optimization model based on all possible intermediates of CO2 reduction to CH4 via the Pt3(HITP)2 surface. *
denotes the adsorbed states.

To achieve a credible and high-efficiency approach to designing and exploring the optimal reaction
mechanism for the electrochemical process, it is important to identify the surface character of active sites and to
set up suitable descriptors to evaluate their catalytic performance. As emerging 2D materials, the electrochemical
properties and possible applications of MBenes require further exploration. Recently, owing to their high
catalytic activity and highly competitive hydrogen evolution reaction (HER) side reactions, Fe2B4 and Ru2B4

have been widely applied in the CO2 reduction reaction (CO2RR). To gain further insight into the optimal
reaction mechanism path and obtain targeted products during the CO2RR, the authors considered all the possible
intermediate species. The bonding strength of intermediate species can be determined by the metal-oxygen (M-O)
bonds or metal-carbon (M-C) bonds. The catalytic activity depends on the limiting potential, which is calculated
from the rate-determining step (RDS) via the most favorable path. Furthermore, the electronic properties of
catalysts could also play a key role in the catalytic performance for the CO2RR. Product selectivity was based on
the bonding strength of C-bound or O-bound intermediates. Overall, 2D M3(HITP)2 MOF are suitable as
promising catalysts for the CO2RR with low limiting potential.

Publication Ⅲ: High throughput screening of M3C2 MXenes for efficient CO2 reduction conversion into
hydrocarbon fuels. This chapter has been published as Xiao Y*, Zhang W. High throughput screening of M3C2

MXenes for efficient CO2 reduction conversion into hydrocarbon fuels[J]. Nanoscale, 2020, 12(14): 7660-7673.
(Highlight of 2D M3C2 MXene Materials).

Overview of publication III: High-throughput screening of M3C2 MXenes for efficient CO2 reduction
conversion into hydrocarbon fuels

This article explores the electrocatalytic conversion mechanism of CO2 to produce methane (CH4) as a
hydrocarbon fuel, which has attracted intensive attention for producing renewable energies and reducing carbon
dioxide emissions. The density functional theory (DFT) calculations combined with the CHE model were applied
to study the hydrogenation of CO2 on the two-dimensional (2D) M3C2 transition metal carbide (MXene) surface.
It demonstrated that the adsorbed CO2 is activated and can combine with surface hydrogen to form bicarbonate
species, leading to selectivity that is more competitive for the CO2RR than the HER. However, there are many
challenges in designing catalysts while regulating the selectivity and activity during the electroreduction of CO2,
which is accompanied by the hydrogen evolution reaction (HER). 2D MXenes are new 2D materials that can
catalyze the production of CH4 from CO2 with high Faraday efficiency and low limiting potential, indicating that
MXene materials are attractive for producing clean hydrocarbon energy sources and chemical products from CO2.
At present, exploring the catalytic activity and kinetic stability of Mo2CTx and Ti3C2Tx (MXenes) to catalyze CO2

electroreduction to CH4 has led to reports indicating that MXenes may be a new class of 2D candidate catalyst
materials for producing CO2. W2CO2 and Ti2CO2 have been identified as the most promising MXene candidates
with low overpotential and excellent selectivity for CO2 electroreduction.
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Figure 5-3. CO2RR reaction mechanism to reduce C1 hydrocarbon products on M3C2 MXenes

Many complex elementary reaction steps may be involved during the conversion of electrical energy into
chemical energy, meaning that electrochemistry plays a primary role in this field. To render the electrochemical
reaction rate efficient and the mechanism path apparent, high catalytic activity and selectivity toward favorable
reaction products of the catalyst are needed, accompanied by the possibility of converting CO2 into renewable
energy sources and other chemical products to enhance the carbon cycle. The selectivity for the product and the
activity in terms of the reaction efficiency of a given catalyst are determined by the chemical properties at the
surface-active site. Recent theoretical screening and electrochemical techniques have been carried out using DFT
calculations within the VASP, which provides an atomic-scale approach for exploring the fundamental
understanding of electrochemical reactions. The electroreduction of CO2 to hydrocarbon fuels and other valuable
chemical products is attractive for electrochemical applications in energy conversion and storage while also
improving the climate from the carbon cycle perspective. DFT calculations have been used to evaluate the
electrochemical reaction mechanism depending on the intermediates' binding energy and verify their catalytic
activity and selectivity.

Publication Ⅳ: Quantum Mechanical Screening of 2D MBenes for the Electroreduction of CO2 to C1
Hydrocarbon Fuels. This chapter has been published as Yi Xiao*, Chen Shen, and Niloofar Hadaeghi. Quantum
Mechanical Screening of 2D MBenes for the Electroreduction of CO2 to C1 Hydrocarbon Fuels. Journal of
Physical Chemistry Letters. 2021, 12, 6370−6382. (Highlight of 2D MBene Materials)

Overview of publications IV: Quantum Mechanical Screening of 2D MBenes for the Electroreduction of
CO2 to C1 Hydrocarbon Fuels

This article presents quantum mechanical screening for producing C1 hydrocarbon fuels (such as CO,
HCOOH, CH3OH, and CH4) from CO2. We propose a new family of two-dimensional (2D) transition metal
borides (MBenes) to design and explore new high-efficiency catalysts for CO2 electroreduction using the density
functional theory (DFT) approach. The reduction of CO2 to C1 hydrocarbon compounds, such as carbon
monoxide (CO), formic acid (HCOOH), methane (CH4) and methanol (CH3OH), was extensively studied.
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Because methane is the main component of natural gas with high energy density and combustion heat, it is
desirable to researchers.

Figure 5-4 (a) Side view of the optimization structure for the CO2RR catalyzed by Au2B MBene, (b) Gibbs free energy diagrams of the
CO2RR under an electrode potential on Au2B. (c) Summary of overpotentials for the CO2RR on all considered MBenes. (d) A full reaction
mechanism for the CO2RR to C1 products.

We explored this new family of MBenes. Transition-metal diborides (MBenes) may also be a new family of
two-dimensional catalysts, meaning that exploring and designing high-efficiency catalysts for the
electroreduction of CO2 on MBenes is expected to develop the field beyond the use of precious metal catalysts in
the future. In addition, C3N4 is another 2D electrocatalyst that can be used for the catalysis of CO2 to CH4 and is
therefore highly desirable for electroreduction. Experimental studies have demonstrated that nonmetal doping
(with elements such as B, O, N, P, and S) can dramatically improve the electrocatalytic performance of g-C3N4.
However, multiple reaction pathways and different intermediate species are involved, and the selectivity of the
product is still a challenging goal for the high-efficiency carbon dioxide reduction reaction (CO2RR).
Furthermore, the final product of CO2 electroreduction is also determined by the applied electrode potential,
which depends on the difference in the binding energy of the intermediate species, or the limiting potential,
which is also an essential factor influencing product selectivity. MBenes have been verified experimentally and
theoretically to catalyze CO2 electroreduction to CH4 on pure transition-metal catalyst platforms. However,
owing to the high theoretical overpotential of the Cu electrode, it is not attractive for practical application. In
recent years, some studies have found that 2D materials can provide a multifunctional platform for reducing
carbon dioxide to hydrocarbon chemical products, and a great deal of research has been conducted in this field.

5.1.3 NNR (N2 fixation)

Publication V: Theoretical Establishment and Screening of an Efficient Catalyst for N2 Electroreduction on
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Two-Dimensional Transition Metal Borides (MBenes). This chapter has been published as Xiao Y*, Shen C, and
Long T. Theoretical Establishment and Screening of an Efficient Catalyst for N2 Electroreduction on Two-
Dimensional Transition-Metal Borides (MBenes) [J]. Chemistry of Materials, 2021 33 (11), 4023-4034.
(Highlights of 2D MBene Materials)
Overview of publication V: Theoretical Establishment and Screening of an Efficient Catalyst for N2

Electroreduction on Two-Dimensional Transition Metal Borides (MBenes).
In this article, we propose a transition-metal boride (MBene) electrocatalyst, and all MBene systems were

verified to be energetically stable with high-throughput screening via DFT calculations. First, the stability of all
MBenes was considered by phonon calculations to ensure the availability experimentally, and then we evaluated
the selectivity between NRR and HER, indicating that most of those catalysts have higher selectivity over HER
during the NRR process. The activity was examined by limiting the potential depending on the rate-determining
step. The rate-determining steps are always the first hydrogenation step (*N2  *N2H) and the last hydrogenation
step (*NH2  *NH3), which are suggested to stabilize *N2H and destabilize *NH2. Based on our calculation
results, we observed that Nb3B4 (-0.50 V), Ta3B4 (-0.39 V), and Mo2B2 (-0.43 V) have a low limiting potential
and high selectivity toward the NRR and HER competing processes, respectively. These MBene catalysts are
promising electrocatalysts for the NRR with low limiting potential. Therefore, these promising candidates for the
electrochemical nitrogen fixation production of ammonia under ambient conditions need further experimental
verification. However, the long-range van der Waals (vdW) interactions cannot be described within the nonlocal
electron correlation exchange, so the DFT-D3 method was applied to consider the dispersion corrections in
Grimme’s scheme. The Gibbs free energy profile diagram is one of the most important indicators for
electrochemical catalysis and depends on the energy change for each elementary step during the electrochemical
reaction process. The energy barrier between the two steps can directly be used to determine the thermodynamics
of the reaction and obtain the corresponding limiting potential. In summary, the Gibbs free energy profile
diagram, density of states, and charge density distribution are all effective indicators for evaluating catalysts and
estimating their performance. Furthermore, the bond length between the active site, d-band center (Ɛd), and the
number of TM-d electrons could be descriptors for the catalytic activity. In addition, some multiple-level
effective descriptors, such as ΔG*N, which relates to binding properties, and the crystal orbital Hamilton
population (COHP), which relates to the electronic structure, were used to reveal the nature of NRR activity on
MBenes. They shed light on the essential relationship between the electrocatalytic activity and the electronic
properties.
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Figure 5-5. (a) Proposed reaction mechanism for the NRR. (b) Side view computational models of NRR on M2B MBene.
In this chapter, we consider the possibility that the reaction follows this reaction mechanism. Considering

the different adsorption configurations of N2, it includes the end-end and side-end as the possible pathways of
NRR reduction to NH3, as shown in Figure 1. (*represents the activation state):

*+N≡N+6(H++e-)→*+2NH3 (5-3-1)

*+N≡N→*N≡N (End-on binding configuration) (5-3-2)

*+N≡N→*N≡*N (Side-on binding configuration) (5-3-3)

Distal path:

*N≡N+6(H++e-)→*N=NH+5(H++e-) (5-3-4)

*N=NH+5(H++e-)→*N-NH2+4(H++e-) (5-3-5)
*N-NH2+4(H++e-)→*N++NH3+3(H++e-) (5-3-6)

*N+3(H++e-)→*NH+2(H++e-) (5-3-7)
*NH+2(H++e-)→*NH2+(H++e-) (5-3-8)

*NH2+(H++e-)→*NH3 (5-3-9)
*NH3→*+NH3 (5-3-10)

Alternating path:

*N≡N+6(H++e-)→*N=NH+5(H++e-) (5-3-11)

*N=NH+5(H++e-)→*NH-NH+4(H++e-) (5-3-12)
*NH-NH+4(H++e-)→*NH-NH2+3(H++e-) (5-3-13)

*NH-NH2+3(H++e-)→*NH2-NH2++2(H++e-) (5-3-14)
*NH2-NH2+2(H++e-)→*NH2+NH3++(H++e-) (5-3-15)

*NH2+(H++e-)→*NH3 (5-3-16)
*NH3→*+NH3 (5-3-17)

The hydrogen evolution reaction (HER) is a major competing reaction of the NRR. Herein, to investigate the
selectivity of the NRR, some assumptions are given
1) Only HER is the competing reaction of NORR;
2) The proton and electron transfer are not the rate-determining factors of either HER or NRR;
3) The selectivity of the NRR in comparison to the HER can be estimated by the Boltzmann distribution.
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5.1.4 NORR (NO pollution)

Publication Ⅵ: Transition-Metal Borides (MBenes) as New High-efficiency Catalysts for Nitric Oxide
Electroreduction to Ammonia by a High-Throughput Approach. This chapter has been published as Xiao Y*,
Shen C. Transition-Metal Borides (MBenes) as New High-Efficiency Catalysts for Nitric Oxide Electroreduction
to Ammonia by a High-Throughput Approach[J]. Small, 2021: 2100776. (Highlight of 2D MBene Materials)

Overview of publication VI: Transition-Metal Borides (MBenes) as New High-efficiency Catalysts for
Nitric Oxide Electroreduction to Ammonia by a High-Throughput Approach.

As described in this article, the reaction conversion mechanism of nitric oxide (NO) reduction to NH3 has
led to widespread concern and discussion and involves various reactions and final byproducts, such as NO2, NO,
N2O, and N2. Figure 4-5a presents the proposed routes for the conversion of NO to various byproducts. An
understanding of the interaction mechanism during the process of nitric oxide reduction by hydrogenation
(NORR) is shown in Figure 5-6, showing that a double covalent bond is present in nitrogen and oxygen. Nitrogen
lacks one electron in the p orbital, which renders it highly reactive. The mechanism that depends on the formation
energies of the intermediate production of NO to NH3 was also investigated. The different adsorption
configurations include the O-end, N-end, and NO-side as possible pathways of NORR reduction to NH3.
Meanwhile, the path to N2 demands the formation of NH3, and all intermediate species were considered,
providing insight into the details of the mechanism leading to the (H++e-) pair transfer during each elementary
step.

We considered the possibility that the reaction follows a reaction mechanism, where the nitrogen molecules
are hydrogenated by protons, analogous to the mechanism in the enzyme (* represents the activation state):

*+NO→*NO (5-4-1)
NORR path:

*NO+5(H++e-)→*NOH+4(H++e-) (5-4-2)
*NOH+4(H++e-)→*N+H2O+3(H++e-) (5-4-3)

*N+3(H++e-)→*NH+2(H++e-) (5-4-4)
*NH+2(H++e-)→*NH2+(H++e-) (5-4-5)

*NH2+(H++e-)→*NH3 (5-4-6)
*NO+5(H++e-)→*HNO+4(H++e-) (5-4-7)
*HNO+4(H++e-)→*H2NO+3(H++e-) (5-4-8)
*H2NO+3(H++e-)→*O+NH3+2(H++e-) (5-4-9)

*O+2(H++e-)→*OH+(H++e-) (5-4-10)
*OH+(H++e-)→*H2O (5-4-11)

*NOH+4(H++e-)→*HNOH+3(H++e-) (5-4-12)
*HNO+4(H++e-)→*HNOH+3(H++e-) (5-4-13)

*HNOH+3(H++e-)→*NH+H2O+2(H++e-) (5-4-14)
*HNOH+3(H++e-)→*H2NOH+2(H++e-) (5-4-15)
*H2NOH+2(H++e-)→*NH2+H2O+(H++e-) (5-4-16)

NO dimer path:
*NO+NO→*N2O2 (5-4-17)

*N2O2+4(H++e-)→*N2O2H+3(H++e-) (5-4-18)
*N2O2H+3(H++e-)→*N2O+H2O+2(H++e-) (5-4-19)
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*N2O+2(H++e-)→*N2OH+(H++e-) (5-4-20)
*N2OH+(H++e-)→*N2+H2O (5-4-21)

NO oxidization path:
*NO+1/2O2→*NO2 (5-4-22)
*NO2+1/2O2→*NO3 (5-4-23)

*NO3+(H++e-)→*HNO3 (5-4-24)

Figure 5-6. Gibbs free energy landscape of NO reduction to NH3. (a) Cr2B2, (b) Hf2B2, and the optimization model (side view) of each
intermediate species. (c) Cr2B2 and (d) Hf2B2.

To explore effective and reliable descriptors that can identify promising nitric oxide electroreduction
(NORR) to ammonia catalysts on the 2D MBenes, we first calculated the binding energies of all possible
intermediates involved in NORR on the 19 candidate MBenes materials. The limiting potential of each
elementary reaction exhibits excellent linear scaling relationships as a function of ΔG*N. Based on this principle,
the binding energy of N* can serve as an effective descriptor to screen high-efficiency catalysts for the NORR.
Furthermore, because the NO on these MBene surfaces prefers to hydrogenate to form *NOH in the first
elementary step with a H+/e- pair transfer and the hydrogenation of *NH2 to form *NH3 molecules is also
determined by the binding strength of NO, it has been reported that the first hydrogenation step (*NOH formation)
or the last hydrogenation step (*NH3 formation) is always the rate-determining step of the NORR. Thus, ΔG*NO

can serve as an effective descriptor. In addition, the d-band center (Ɛd) and crystal orbital Hamilton population
(COHP) for electronic properties could be descriptors to evaluate the catalytic activity of MBenes. These
descriptors are helpful for exploring and designing high-performance catalysts for the NORR and reveal the
essential relationship between activity and electronic properties.

5.2. Declaration of Contribution and Summarizing to the Publications
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High-Throughput Approach Exploitation: Two-Dimensional Double-
Metal Sulfide (M2S2) of Efficient Electrocatalysts for Oxygen
Reduction Reaction in Fuel Cells
Yi Xiao* and Li Tang
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ABSTRACT: A transition-metal sulfide (M2S2) nanolayer as a catalyst for the oxygen reduction reaction (ORR) has been
investigated by the density functional theory (DFT) method to explore the underlying mechanisms of the elementary reaction steps
for the ORR process. Both the O2 dissociation and O2 hydrogenation paths are probably possible in the ORR on the M2S2 surface.
All of the possible intermediate reaction steps of the ORR are exothermic for O2 hydrogenation. This indicates that the four-electron
reaction path (4e− ORR) process is the most favorable path, and it is preferred over the two-electron path (2e− ORR) process. The
changes in the reaction free energy diagrams were determined, and these diagrams showed that oxygen hydrogenation (OOH) is the
rate-determining step. Meanwhile, different working potentials for our studied catalysts were also considered, and we observed that
the double-transition-metal sulfide catalysts are energetically favorable (exothermic) catalysts via a 4e transfer mechanism of the
ORR processes. According to the formation energies of the ORR intermediates (*O, *OH, *OOH) and the scaling relations
between them on different slabs, the volcano plot for the overpotential of the catalyst is also an important index of the catalytic
activities, and we found that a smaller overpotential is appropriate to determine better catalytic activities for the ORR process.

■ INTRODUCTION

Double-transition-metal sulfide nanostructures are becoming
more and more attractive for their superior catalytic activity in
the oxygen reduction reaction (ORR) and their application in
the fuel cells. The transition-metal dichalcogenides (TMDs)
have been widely studied due to their high physical properties
and excellent electrochemical behavior.1,2 The MoS2 pristine
surface has defects; thus, it always requires large overpotentials
(>1.0 V), making the MoS2 surface unfavorable for the ORR.

3,4

The two-dimensional (2D) materials of metal sulfides (M2S2)
are now being developed as a new fuel cell battery cathode
material after pure metals5 and metal oxides.6 This type of
compound could tune the charge distribution and hence
change its catalytic activity due to the difference in the
electronegativity between the contiguous metal and the sulfur
atoms. As a significant class in the TMD family, transition-
metal sulfides with different chemical formulas (MS, MS2,
M2S2, and M3S4) have been investigated for use in super-
capacitors,7,8 metal-ion batteries,9,10 and catalysis.11,12 Cur-
rently, they are mainly used as reliable energy storage or energy
conversion devices,13,14 and the main challenges need to be
overcome are mainly related to the storage of O2 and the
energy conversion efficiency.15 Here, 2D metal sulfide (M2S2)
layer structures have attracted attention; due to their high
catalytic activity, these may be used as power sources for
electric vehicles.16 For example, there have been considerable
studies that reveal that metal sulfide compounds exhibit similar
catalytic activity to that of metallic N-doped graphene.17,18

Recently, Tang et al.19 found that the heterostructures of
TMDs have potential in the application of sodium-ion batteries
(SIBs) and sodium−air batteries. The lowest overpotential

values are 0.55:0.20 V for ηORR/ηOER. Thus, the SIBs exhibit
high electrocatalytic activity for MoS2/Mo2C heterogeneous
systems. Tan et al.20 examined the catalytic properties of class
IIIA−VIA and IVA−VIA 2D layered metal sulfides and found
that GaSe and GeS have an electrochemical impact as well as a
role in the catalysis of the ORR. Thulasi et al.21,22 found the
catalytic activity of ReS2 for the ORR by a density functional
theory (DFT) study, indicating a higher energy density and
stability comparable with those of the platinum catalyst. Xinyi
et al.23,24 found that the 2D layered transition-metal sulfide,
MX2, exhibits favorable electrochemical properties and
provided a summary of the related articles they reviewed.25,26

In the calculations for this study, we established the standard
conditions, meaning that the temperature was constant at
298.15 K with pO2 = 0.1 bar.27 Thus, changes in the Gibbs free
energy that are caused by the temperature, phase state,
solvation, and H-bond effects need corrections.28 To further
explore the most favorable pathway for the elementary reaction
of the ORR process, we needed to search for the most
favorable reaction mechanism and obtain the lowest energy
path by the relative free energy.29,30 There are two reaction
mechanisms for O2 production; one is that O2 can directly
protonate to form an OOH species in which the oxygen
molecules are hydrogenated. Another is O2 dissociation into
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two atomic O’s. Both occur during the oxygen evolution
reaction (OER) and ORR processes.29

■ COMPUTATIONAL DETAILS

In this work, all of the periodic DFT calculations of the
geometry and energy were performed using the Vienna ab
initio simulation program (VASP) code.31 A periodic (4 × 4 ×
1) supercell of double-metal sulfide (M2S2) structures, as
shown in Figure 1a, was used, and the structure parameters of
the unit cells were obtained from the crystal database
(Materials project). The electronic exchange−correlation
interactions were determined with the Perdew−Burke−
Ernzerhof (PBE) function, and the generalized gradient
approximation (GGA)32 method was used to describe the
exchange−correlation potential in all our calculations. The spin
was polarized at the DFT + U level33 for electronic structure
calculations to more accurately describe the transition metal.
The cutoff energy of planewave basis was set to 500 eV, and
the convergence for the structure optimization was set to 10−6

eV/Å. All our theoretical models were fully relaxed when the
maximum energy exerted on each atom was less than 0.005
eV/Å. The K-point sampling of the Brillouin zone integration
was implemented on a 5 × 5 × 1 grid for relaxation
calculations, and a denser 11 × 11 × 1 Monkhorst−Pack mesh
with a cutoff energy of 600 eV was used for the electronic
structure calculations.
Meanwhile, the van der Waals (vdW) density functional

(DFTD3) of IVDW = 11 in INCAR was calculated for all
simulations, so there was a weak electrostatic repulsion
between the like-charged ions. The formation energies of
intermediates were calculated using the method that was
proposed by Nørskov.24 The change in the Gibbs free energy
for an elementary reaction is calculated by the following
equation: ΔG = ΔEDFT + ΔH + ΔZPE − TΔS, and it needs
correction for H-bonds and phase states. Here, ΔEDFT is the
binding energy of intermediates that can be obtained from the
DFT calculations, ΔH is the enthalpic temperature correction,
and ΔZPE is the correction of zero-point energy. The addition
of the entropic change (TΔS) under the standard conditions
at 298.15 K was performed using the VASPKIT code
(Supporting Information).34

■ RESULTS AND DISCUSSION

Various ORR-Involved Species. To conduct a thoughtful
study of the mechanism of the ORR (O2) in acidic media on
an M2S2 surface, we needed to analyze the adsorption energy

of the various intermediate species and the possible molecular
adsorption configurations of the various species in the reaction
mechanism, including O2, O, OH, OOH, and H2O.

35,36 The
formation energies for some selected stable molecular
configurations are summarized in Figure 4 The free energy
profile diagrams of ΔG(*H) for the hydrogen evolution
reaction (HER) are used to explore the competitive relation-
ship between the HER and ORR, indicating a lower reactive
activation in the same reaction medium than that for the ORR.
Due to the weak binding energy of the key intermediate, *H,
the HER impedes the reaction for reducing O2 and is a
competing reaction. Therefore, we concluded that HER is
dominant over ORR and portended that M2S2 is a good
candidate catalyst for the ORR. This determines the selectivity
and whether HER or ORR is dominant during the entire
process of electroreduction. Figure 2b indicates the difference

in the limit potential (UL) between the HER and ORR. This
figure can explain that UL (O2) − UL (H2) is a crucial factor to
identify the selectivity toward H2O final products for ORR
catalysts. A higher UL (O2) − UL (H2) implies a higher
selectivity for the ORR over the HER.37,38 Figure 2b illustrates
that the M2S2 compound has a similar selectivity toward H2O
but not H2 as the final product catalyst. It is well known that
the physical absorption of O2 is the prerequisite for the ORR
to proceed via the 4e transfer process. The intermediate
species are influenced by chemisorption, which involves the
adsorption energy of O, OH, and OOH, and their adsorption
energy is much greater than that of the H2O and O2 molecules.
Therefore, the most stable adsorption configuration of O2 is

Figure 1. (a) Geometric structure of double-metal sulfide (M2S2) in a 4 × 4 × 1 supercell. (b) Local part of the supercell in the catalytic activity
site. (c) Schematic diagram of band splitting for the Co atom with three sulfur atoms. (d) Schematic diagram of the Brillouin zone and K-path. (e)
Full mechanism for the O2 reduction to H2O on the transition-metal macrocycle is proposed.

Figure 2. (a) Free energy diagrams for the HER at the zero electrode
potential on M2S2 catalysts, with n as a function of protons and
electrons transferred during the HER. The asterisk represents a clean
surface, while *H represents the hydrogen binding to the surface. (b)
Tendency of limit potential of the ORR (O2) compared to HER (H2)
molecules in M2S2 materials with transition metals.
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first determined and then the corresponding adsorption energy
values are calculated by the following equation

Δ = − −E E E Eads adsorbate/sub sub adsorbate (1)

Eq 1 above indicates that the total energy of the adsorbed
configurations is obtained by subtracting the total energy
values of the substrate (M2S2 surface) and the H2O or O2
molecule. Meanwhile, stable adsorption systems and the
corresponding binding energies for intermediate products are
obtained by the following formulas.39,40

In Figure S2 (Supporting Information), energetically
favorable adsorption configurations of the intermediates (O,
OH, and OOH) for coadsorption are shown. For example, we
found that OH prefers to stay on top of the upper sulfur atom
(S) site and O prefers to stay at the metal (hollow) site when
they coadsorb. The ΔE values of OH in the adsorption
configurations were 2.09, 1.90, 1.54, 1.52, and 0.75 eV for
Sc2S2, Ti2S2, V2S2, Mn2S2, and Co2S2, respectively. Meanwhile,
the ΔE values of *O were 2.88, 2.75, 2.02, 1.70, and 1.36 eV,
respectively. The ΔE values of *OOH were much higher than
those of *O and *OH, which correspond to 5.62, 5.42, 5.10,
5.69, and 4.42 eV. It should be noted that H2O has a small
adsorption energy value (less than 0.17 and greater than 0.04
eV) due to the weak interactions between the surface and the
H2O molecules, indicating that water can be easily released
from the surface as the final product of the ORR process. This
is different from the calculation method of adsorption energy
for molecules (O2 and H2O) and intermediates (*O, *OH,
and *OOH), which must be inferred from the relationship of
the H2O(l) and H2(g) molecules and are defined in the
following formulas

+ ↔ − +

Δ = − − −
−

E E E E E

M S H O(l) M S O H (g)

( )

2 2 2 2 2 2

O M S M S H O H2 2 O 2 2 2 2 (2)

+ ↔ − +

Δ = − − −
−

E E E E E

M S H O(l) M S OH 1/2H (g)

( 1/2 )

2 2 2 2 2 2

OH M S M S H O H2 2 OH 2 2 2 2 (3)

+ ↔ − +

Δ = − − −
−

E E E E E

M S 2H O(l) M S OOH 3/2H (g)

(2 3/2 )

2 2 2 2 2 2

OOH M S M S H O H2 2 OOH 2 2 2 2 (4)

Here, M2S2 stands for a metal−N codoped active site on the
graphene surface. Meanwhile, EO, EOH, and EOOH are the
adsorbed-state energies of the O, OH, and OOH intermediate
species, respectively. Moreover, we set them for the 4e− ORR
path processes and are shown in the following 5−8 reactions.
The whole (O2 + 4H+ + 4e+ → 2H2O) process comprises four
stages that follow the following formulas, and the Gibbs free
energy calculation corresponding to the intermediate reaction
is given by

+ + + → −

Δ = Δ * + Δ −

+ −

G G G eU

O (g) (H e ) M S M S OOH

2 w
2 2 2 2 2

1 OOH (5)

− + + → − +

Δ = Δ * − Δ * +

+ −

G G G eU

M S OOH (H e ) M S O H O2 2 2 2 2

2 O OOH (6)

− + + → −

Δ = Δ * − Δ * −

+ −

G G G eU

M S O (H e ) M S OH

( )
2 2 2 2

3 O OH (7)

− + + → −

Δ = − Δ *

+ −

G eU G

M S OH (H e ) M S H O2 2 2 2 2

4 OH (8)

Meanwhile, there are some small additional effects on the ORR
adsorbates, such as solvation phases and hydrogen bonds that
will be stabilized when the transfer solution medium is
solvated, so the Gibbs free energy values need to be corrected.
In this study, we set ΔGO = ΔEO + G(T), ΔGOH = ΔEOH +
G(T), and ΔGOOH = ΔEOOH + G(T), corresponding to the
adsorbed species;41,42 the G(T) values are shown in Tables S1
and S2 (Supporting Information). The term ΔGW is equal to
−2.96 eV for the H2O molecule form. The total Gibbs free
energy (ΔG1 + ΔG2 + ΔG3 + ΔG4) of the full reaction is
obtained from the reaction O2 + 2H2 → 2H2O, which is −4.92
eV at a temperature of 298.15 K and a pressure of 0.035 bar.43

Figure 4 shows that the central activated atom (the sulfur
atom site) serves as the catalytic activity site and is the most
stable adsorption site for all of the ORR intermediate species.44

For Co2S2, the first-stage O2 tends to be adsorbed on top of the
upper sulfur atom and forms a S−O bond with a distance of
2.01 Å and an adsorption energy of −0.36 eV, while the H2O is
adsorbed on top of the S atom with adsorption energy (0.12
eV) that is larger than that of the O2 molecule, as shown in
Figure 4c. This figure shows the schematic reaction pathway
for the oxygen reduction reaction on Co2S2 materials with
descriptors of the intermediates. We calculated the free energy
diagram for the ORR process of O2 catalyzed by the M2S2
structure. It is well known that the calculation of overpotentials
has been widely applied in theoretical research. In this work,
first, we calculated the free energy at zero potential (U = 0 V)
and then deduced the equilibrium potential (Ueq = 1.23 V),
oxidation potential (U = ΔE*O − ΔE*OH), and reduction
potential (U = ΔE*OOH − ΔE*O), as shown in Figure 3. UORR

denotes the lowest change in energy that makes the free
energies of the ORR process go uphill, while the UOER is the
highest energy change that makes the free energies of the OER
process go downhill. For an ORR/OER catalyst, we set the
equilibrium potential at 1.23 V based on the experimental
observations. To further evaluate the catalytic performance of
the M2S2 catalysts, the overpotentials (η) for the ORR and
OER processes were calculated by the following equations:
ηOER = UOER − Ueq and ηORR = Ueq − UORR, respectively. By
definition, ηORR means the ηORR overpotential and ηOER is the
ηOER overpotential. The calculated OER potential of Co2S2 was
3.06 V and that of ORR was 0.61 V (Pt, 0.34V).45 This
indicates that the potential of the catalyzed OER (3.06 V) is
much higher than that of the ORR (0.61 V). It is worth noting

Figure 3. Free energy diagrams of the corresponding reaction steps
on the M2S2 surface: (a) Sc2S2, Ti2S2,V2S2, and Cr2S2; (b) Nb2S2,
Mo2S2, Rh2S2, and Hf2S2; (c) Mn2S2, Co2S2, Ni2S2, and Zr2S2; and (d)
Ta2S2, W2S2, and Ir2S2. The most favorable free energy profile for the
ORR to H2O is at zero electrode potential (U = 0 V).
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that the ORR overpotential is much less than that of the OER.
From the calculation results, we can see that the low
overpotential of the ORR makes Co2S2 an ideal candidate as
a catalyst in the ORR process. Our study can offer meaningful
insight into the promising role of M2S2 compounds in future
fuel cell devices.
ORR Mechanism. It is reflected from our calculations of

the adsorption of intermediates and the DFT results that the
catalytic activity of the double-metal sulfide is comparable to
that of 2D d3−d5 (M2S2) transition-metal electrocatalysts.46

The detailed data on all potential reaction steps and barrier
energies are summarized in Figures 4 and S2. According to the
calculated barriers energy alone the reaction pathway (shown
as the red line in Figure S2). According to the elementary
reactions that are presented in Figure S2, there are four
possible stages of the ORR process in which four proton−
electron couples (H+ + e−) are defined. The first reaction step
with the highest reaction energy corresponds to the hydro-
genation process of the O2 molecule with one atomic H to
form the final species.

We performed the DFT calculations for the active sites; the
entire possible elementary reaction steps were calculated and
are illustrated in Figure S2. This task involved the investigation
of the dissociative and formative pathways. It is seen from all of
the possible reaction pathways that for O2 dissociation the
most favorable pathway is the following process. It should be
noted that *O2 →*O + *O (O2 dissociation) has a reaction
energy of −3.11 eV for Co2S2. Meanwhile, *O2→*OOH has a
higher reaction energy (−1.42 eV). This indicates that the 4e−

and 2e− pathways are competitive. Nonetheless, we also noted
that the OOH hydrogenation to form H2O2 has the highest
reaction energy (1.71/eV), which means that it is an
endothermic process. On the other hand, O2 hydrogenation
is the process of O2 hydrogenation → *OOH dissociation →
atomic *O and OH → then *O hydrogenation → *OH
hydrogenation → H2O form with the rate-determining step of
*O hydrogenation preferred due to having the smallest
reaction energy (−0.62/eV) than that of the other steps for
the Co2S2 compound.47 In summary, the dissociation of O2
during the entire possible elementary reaction steps is a

Figure 4. (a) Schematic reaction pathway for the oxygen reduction reaction on M2S2 materials with descriptors of intermediates, while the numbers
represent the reaction energy in eV for the related species: (a) Sc2S2, (b) Ti2S2, (c) Co2S2, (d) Zr2S2, (e) Mo2S2, (f) Hf2S2, (g) Ta2S2, (h) W2S2, (i)
Ir2S2, (j) Ni2S2, (k) Nb2S2, and (l) Rh2S2.
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difficult reaction due to the large reaction energy. Meanwhile,
the direct hydrogenation of O2 is much easier as examined in
our calculations for Sc2S2, Ti2S2, and Mo2S2. The hydro-
genation of the atomic O occurs easily to form OH species
with a small reaction energy (less than 0.12/eV). The formed
OH species is located on top of the upper sulfur atom.
Subsequently, the OOH species dissociates into an atomic O
adsorbed on top of the S atom and an OH species adsorbed on
the hollow site of the metal atom in the square ring.
Meanwhile, the rate-limiting stage of the O2 dissociation
mechanism that has a higher reaction rate than that of
hydrogenation corresponds to the O2 change into two atomic
O’s. As shown in Figure 4, the protonation process was
performed by adding a hydrogen and an electron to the surface
and then binding them with an adsorbed intermediate species.
Adding one hydrogen form per OOH (ads) or O−O bond
breaks are promoted by the proton transfers from coadsorbed.
In summary, O2 adsorption on M2S2 (M for 3d−5d of a
transition metal) is endothermic, while O2 dissociation is facile
on transition metals; it becomes exothermic with *O and *OH
coadsorbtion that lowers the free energy of coadsorbed atomic
oxygen upon the 4e pathway, which is energetically favorable.48

As shown in Figure 5a, ΔG*OOH and ΔG*O have a linear
relationship with ΔG*OH, displaying a strong scaling relation-

ship between them. In fact, the trend of change originates from
the difference in *OOH and *O and the activities of the
catalysts relative to *OH. However, for *O as the primary
species adsorbed on the top site of the sulfur atom that is
similar to the adsorption sites for *OOH and *OH, the linear
correlations of ΔG *OOH versus ΔG*OH and ΔG*O versus
ΔG*OH are obvious. Meanwhile, the catalytic activity of the
ORR on certain electrocatalysts can also be strengthened from
the relationships between the Gibbs free energies of the
intermediate species. Moreover, a volcano plot curve
correlation between ΔG*OH and equilibrium potential using
the approach of chemical equilibrium theory at the highest
ratio was discussed (see in Figure 5a), and the equilibrium
potential of each elementary reaction could be calculated based
on the linear relationships between the Gibbs free energies of
each intermediate species. Hence, we obtained a linear
relationship among them, ΔG*OOH = 0.08ΔG*OH + 5.58 and
ΔG*O = 0.41ΔG*OH +1.26. As shown in Figure 5b, the
equilibrium potential curve is defined by the region of *OH
binding, with the linear relationships as U1 = −0.08ΔG*OH
−0.66 (U1 versus ΔG*OH), U2 = −0.33ΔG*OH + 2.32 (U2
versus ΔG*OH), U3 = −0.59ΔG*OH + 1.26 (U3 versus ΔG*OH),
and U4 = ΔG*OH (U4 versus ΔG*OH). The positive values of

ΔG*OH for all of the 2D M2S2 monolayers indicate that the
*OH desorption step is an exergonic process. This result
shows strong adsorption for intermediate species via an O
atom, which is ideal for a good catalyst.
The surface free energy diagrams of the limiting potentials

(UL) for each of the elementary proton-transfer steps of the
complete ORR process for both of the 4e− and 2e− paths are
shown in Figure 6. The difference in the UL values between the

ORR and HER, which means the value of UL (O2) − UL (H2),
is an accurate descriptor to identify the trend in selectivity
toward oxygenated products for ORR catalysts. The higher
value of UL (O2) − UL (H2) implies a higher selectivity for the
ORR over the HER reaction mechanism. In the aggregate, the
UL lines correspond to the potential determinate steps (PDSs)
of the 4e− path for the various catalysts, as shown in Figure
6a,b, representing *O2(g) → *OOH and *O2(g) → 2*O
reaction mechanisms, respectively. Obviously, the *OOH →
*O transformation is generally the PDS for the overall ORR,
whereas *OOH → *O of Ni and Cr transformations have to
overcome the limiting potentials (UL) of *O → *OH. Note
that *O2(g) → *OOH and *O → *OH are located at the
lowermost UL line of ORR(g) and *OOH → *O is located at
the top of the the uppermost curve. Meanwhile, this indicates
that *O2 → *OOH and *OH → *H2O are still different than
the 4e− path process, *O2 → *OOH downhill and uphill *O
→ *OH, respectively. In addition, Figure 6b shows that O2
dissociation on Sc2S2 and Nb2S2 is unfavorable because the
binding energy is much smaller than the EB(*O2). Thus, Sc2S2
and Nb2S2 cannot radically change the ORR electroreduction
pathway, the *O2 → 2*O and 2*O → *OH + *O; Mo2S2 and
Nb2S2 have the uppermost values, ranging from 2.28 to 2.33
eV. This means that 2*OH + *H2O2 over *O2 → 2*O of
Mo2S2 and Nb2S2 is at the UL line of *OH + *O → 2*OH
near the top of the volcano plot relationship. The protonation
of *OH + *O to form 2*OH is thus the PDS rather than *OH
+ *O → *H2O2 owing to its strong binding ability for *OH.
This is a prerequisite to this type of subsequent protonation of
*OH to form *H2O. However, the atomic-scale mechanisms of
the ORR with the HER-concerted reaction are complicated
and the thermodynamics of the reaction needs to be further
explored; this can be calculated using the approach developed
by Nørskov.

Thermodynamic Analysis. We conducted a thermody-
namic analysis to further explore the reaction mechanism of
the ORR process; we converted the free energy into Gibbs free
energy using corrections. Figure 7 shows a constant separation
catalytic activity of 0.6 eV between the energy differences of
ΔG*OH, ΔG*OOH, and ΔG*OH, and it shows a similar

Figure 5. (a) Scaling relations between the binding energies of the
ORR intermediate species. (b) Thermodynamic activity volcano
curves. Each point displayed in a different color represents the highest
ΔGi (i = 1, 2, 3, 4) step. The dark dashed line indicates the standard
equilibrium potential (1.23 V) for the overall ORR.49

Figure 6. Possible ORR for the 4e− path (a) and 2e− path (b) on 2D
M2S2; free energy profiles for the ORR pathway (a, b) and OER
pathway (c, d) on the 2D double-metal sulfide (M2S2) surface for
complete O2 reduction at different potentials.
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relationship to the difference between ΔG*OH and each
elementary reaction step. However, from our calculations, we
cannot identify whether these materials should be efficient
electrocatalysts for the oxygen reduction reaction under acidic
environments. The volcano plot (see in Figure 7) of the
catalytic activity shows some particular types of catalysts; the
lines represent a linear correlation among the Gibbs free
energy values of each step in the 4e− path mechanism of the
ORR, at the top for ORR and at the bottom for OER resulting
from the intersection of these lines. It was found that the
former will be efficiently catalyzed by M2S2 with Mn, Co, and
Ta and the Gibbs free energy values of reactions 5−8 can be
calculated. For the ORR, the method used to determine the
overpotentials is as follows

Δ = = {Δ Δ Δ Δ }G U G G G G( 0) max , , ,irxn, 1 2 3 4 (9)

=
Δ =

−U
G U

ev
min

( 0)iORR rxn,

e (10)

η = − U e1.23 /ORR ORR (11)

In (9), ΔG1, ΔG2, ΔG3, and ΔG4 are the Gibbs free energies of
elementary reaction steps 5−8, respectively. ΔGrxn,i for each
elementary reaction step is the result in energy changes of
ORR. The M2S2 toward the mechanism of the ORR process
has been explored to determine the interaction between the
intermediates, calculating the corresponding overpotential for
the ORR, an ideal catalyst for ORR (ηORR = 1.23 − UORR)
needing a value below the equilibrium potential (1.23 eV).
However, it is unreliable to obtain the overpotential directly
because the free energy values of the intermediates are needed
to be correlated and changed into Gibbs free energies; in this
case, the lower overpotential indicates the better catalyst.
Figure 8a,b exhibits a trend similar to the linear plots, which
means the overpotential for various active sites, and this
identified to have a small ORR overpotentials of 0.23 V and
comparison N-doped MoS2 with 0.67 V.50 Meanwhile, the

lowest OER overpotential for the catalyst was 1.42 V. We note
the best ORR performance based on the estimate from the
volcano plot, pointing to M2S2 catalysts with transition metals.
As shown in Figure 8a, we presented the scaling relationship

between the Gibbs energy of the ORR intermediates, as a
function of ΔGOH, presenting the potential-dependent surface
phase diagram at T = 298 K and pO2 = 0.1 bar, corresponding
to the electron transfer steps of the Gibbs free energy between
the overpotentials of the ORR intermediates. We observed a
small overpotential for Zr2S2 of approximately 0.22 V with the
difference between *O and *OH and for Hf2S2 of
approximately 1.43 V with the difference between *OOH
and *O for OER.53−60 As a guide to our research, we marked a
dotted area between 1 and 2.4 eV in the x-axis of Figure 8.
This value is expected from the analysis of the scaling
relationships, and it has been recognized in the study on M2S2.
It should be noted that both the volcano plots and the Gibbs
free energy diagrams (see in Figure 9) have the same results as
those obtained from our calculations. For each step, the total
Gibbs free energy of the reaction is defined as follows

+ + →

Δ + Δ + Δ + Δ = −

+ −

G G G G

O 4H 4e 2H O

4.92
2 2

1 2 3 4 (12)

This similarity was determined not only by the Gibbs free
energy of the binding catalytic sites but also by the
intermediate species. In this case, all intermediates have
binding available only at the top of the S atoms, resulting in
similar relationships between the different intermediates.
However, the 2D double-metal sulfide (M2S2) materials were
usually more suitable for use as an ORR catalyst than as an
OER catalyst in our calculations. On the basis of these
abundant results, this study fully summarizes and analyzes the
ORR/OER process on the M2S2 surface in Figure 9. For O2
hydrogenation, the most favorable pathway was the process of
O2 hydrogenation.
In Figure 9, the Gibbs free energy diagram is shown exactly

along the 4e− path. It can be seen that the associative
mechanism has gradually become lower and the free energy
change between elementary reaction steps of the ORR was
uphill. When the electrode potential was at U = 1.23 V, the 4e−

path of the ORR is downhill at 0 V. For Co2S2, the minimum
(ΔGORR) potential was set to be 0.61 V, 1.23−0.61 = 0.62 V is
the overpotential, and the *O to *OH transformation is the
rate-determination step. Meanwhile, the maximum (ΔGOER)
potential was set to be 3.06 V, 3.06−1.23 = 1.83 V is the
overpotential for this catalyst, and the transformation of *O to
*OOH is the rate-determination step of the OER process. It is
well established that the 4e− path mechanism is the more
favorable compared to the 2e− path mechanism for O2
reduction on the M2S2 catalyst surface. The calculated free
energy diagrams of the ORR intermediates binding on the
active site at 1.23 V as the equilibrium potential for ORR
catalytic site of top S atom.51 Meanwhile, the ORR pathway on
active sites with M2S2 has been calculated for comparison. The
DFT calculations reveal that the Gibbs free energies of
intermediates on Mn2S2, Co2S2, Ni2S2, and Zr2S2 moieties have
smaller negative values than those of the other compounds for
the ORR. By a comprehensive analysis, it is seen that the free
energies of each elementary step of the ORR on 2D double-
metal sulfide (M2S2) are downhill. This means that they are all
exothermic reactions, but for the two-electron path, these are
not always downhill. Therefore, this shows that the four-

Figure 7. Theoretical predictions of volcano plots for the ORR/OER
on different sites of the M2S2 surface, resulting from the
thermodynamic analysis.

Figure 8. Volcano plots of the overpotential with the difference
between the formation energies of *O and *OH and *OOH and *O,
respectively: (a) ORR and (b) OER.
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electron ORR pathway was more favorable than the two-
electron pathway at the zero electrode potential for both
catalysts. As the reaction continues, the overall reactions
become more exothermic and some intermediate species
become stabilized and are energetically downhill. There exists
an electrode potential to keep each elementary reaction
exothermic, which is defined as the working potential of the
electron catalyst for the ORR. Our results show that the
electrode potentials, UORR, were above 0.79 V for Sc2S2 and
0.85 V for Ti2S2. Meanwhile, the working potentials were 0.48
V and 0.39 V for V2S2 and Cr2S2, respectively. The formation
of *OOH is the most uphill with the increase of the electron
transfer steps for both catalysts (Figure 10).52

The four-electron transfer process of the ORR mechanism
has been further confirmed, and it is also predicted to be more
active for the ORR. To understand the reason behind this, we
have analyzed the clean surface of an electronic structure, as
shown in Figure S10 (Supporting Information), wherein a
band state is presented in which the valence band edge is
across the Fermi level surface, so the surface is metallic. Other
remarkable feature of the charge density difference plot curves

and band splitting for the metal ion with two sulfur atoms in a
square-planar orientation with ORR intermediates are shown
in Figures S6 and S7 (Supporting Information), respectively.
There is a strong energy overlap between the electronic states
of this clean surface. In conclusion, accurate spin-polarized
calculations are also performed with the generalized gradient
approximation (GGA) and the effect of d-band electron
correlation is described by the on-site Coulomb (U) and
exchange (J) interactions. We use Ueff = 3.5 eV; although this
value leads to an adequate reproduction of the experimental
oxidation energies of d metals, it may predict the band gap as
well. We have shown that 2D M2S2 is determined from the
linear response. The electronic distribution of a Ni atom is
3d84s2, and it has Co2+ as a clean surface. The orbital splitting
would be that of a d8 orbital. Meanwhile, for Co3+, the orbital
splitting would be that of a d7 orbital distribution. Our spin-
polarized calculations show that in the presence of *O, S = 2.5,
whereas in the presence of *OH and *OOH, S = 0. The
different possibilities in each case correspond to low-spin,
intermediate-spin, and high-spin states. The ground-state spin
corresponds to the arrangement with energy change, indicating

Figure 9. Gibbs free energy diagrams of ORR on 2D M2S2 monolayers: (a) Sc2S2, (b) Ti2S2, (c) V2S2, (d) Cr2S2, (e) Mn2S2, (f) Co2S2, (g) Ni2S2,
(h) Zr2S2, (i) Nb2S2, (j) Mo2S2, (k) Rh2S2, (l) Hf2S2, (m) Ta2S2, (n) W2S2, and (o) Ir2S2.
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that the ion present in the complex has a low-spin ordering of
its d-state band, as shown in Figures S5 and S6. Figure S7
shows the charge density difference plots for a metal atom as a
feature in both 2D M2S2 compounds. It can be seen that,
electronically, the electron transfer for different ORR
intermediate species is noticeably different from that on the
surface. This difference arises from the electronic hybridization
with sulfur atoms, which results in opening a gap between the
occupied and unoccupied states near the Fermi energy level,
indicating that the d-band center of the metal in the M2S2
sheets is the most energy-demanding part when forming ORR
intermediates on the active sites.

■ CONCLUSIONS

Our calculations showed that the 2D metal sulfide (M2S2)
layer structures exhibit good catalytic activity for the ORR
process. The intermediate species always chemisorbed on top
of the S atom site on the M2S2 surface, implying that sulfur and
the transition-metal atom, coembedded, play an important role
in the ORR process. The active site for all of the possible
elementary reactions of the ORR is located at the square
center. This can happen spontaneously with negative reaction
energy values, which plays an extremely important role in the
ORR on these catalyst. The Gibbs energy diagram of the ORR
exhibits different working potentials for a small overpotential
for ORR and a large overpotential for OER along the most
favorable 4e− ORR path, respectively. The volcano plot shows
a linear correlation between different intermediate species; the
thermodynamic analysis demonstrates that the formation of
H2O is easier than that of H2O2. Further, the electronic
properties of the four-electron transfer process show no band
gaps toward the ORR, indicating excellent conductivity. These
results will be useful for designing M2S2-supported transition-
metal catalysts that have high efficiency for the ORR. Our
theoretical research can be helpful to probe the application and
design of high-efficiency catalysts for fuel cells.
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a b s t r a c t 

M 3 (HITP) 2 prototype 2D MOFs compounds possess a high catalytic activity for CO 2 electroreduction to hy- 

drocarbon fuels at low overpotentials. However, the mechanism path selectivity is still a huge challenge 

during the production of final product species at low potentials. The transition metal coordinated nitrogen 

active center of M 3 (HITP) 2 catalysts is identified to strong M-C bound coupling, leading to a high selectiv- 

ity towards CH 3 OH, Cr 3 (HITP) 2 , and Mn 3 (HITP) 2 . Further, it also demonstrates a high efficiency catalytic 

performance for generating CH 4 . In addition, linear scaling relations and volcano plot of thermodynamic 

stability are also investigated and compared, suggesting that some M 3 (HITP) 2 compounds have effective 

selectivity performance to CO 2 reduction reaction (CO 2 RR). Furthermore, linear scaling relationships and 

volcano plots between different intermediate species are common descriptors used to identity an excel- 

lent catalyst for CO 2 electroreduction. In order to get a further exploration of the reaction mechanism 

pathway and final products for the CO 2 RR, authors considered all the intermediates. It showed that the 

most favorable reaction pathway and intermediate species can be determined by the metal-carbon (M-C) 

or metal-oxygen (M-O) bounds. The reduction of CO 2 into CH 4 with a high overpotential depends on the 

thermodynamic rate-determining step (RDS) of the largest limiting potential along the minimum energy 

path, the electronic structure of these catalysts also plays an important role in the selective CO 2 RR. 

© 2021 Elsevier Ltd. All rights reserved. 

Introduction 

To further control the emission of carbon dioxide greenhouse 

gases mainly from the combustion of fossil energy [ 1 , 2 ], the devel- 

opment of high-performance catalysts to capture and reduce CO 2 

to hydrocarbon fuels [3] can help energy-saving and emission re- 

duction to resolve environmental issues. Carbon dioxide, one of the 

main components of greenhouse gases and mainly produced from 

the combustion of fossil fuels, it has attracted the primary concern 

of today’s environmental issues. Developing high-performance cat- 

alysts to capture and reduce CO 2 into hydrocarbon fuels has been 

considered as an economic and effective way to help energy-saving 

and emission reduction and pursued by numerous researchers dur- 

ing last several decades [4] . However, regarding energy storage and 

conversion the reduction mechanism of CO 2 is still met with sig- 
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nificant challenges [5] , like the poor efficiency of catalysts and the 

selectivity of the product is not clear [6] . So many materials have 

been tested as catalysts to produce hydrocarbon fuels from CO 2 

thus far. Hori and co-workers [7] , tested various precious metals 

and metal oxides as CO 2 reduction catalysts depending on the ob- 

served product selectivity. As summary, Pb, Hg, In, Sn, Cd, and Tl 

produce formate as the final product; Zn, Ag, Pd, and Au are easier 

to form CO as the final product [8] . Most of the catalysts were car- 

ried out by experiments within polycrystalline or heterostructure 

materials [9] , which is often costly and time-consuming. Therefore, 

density functional theory (DFT) calculation as a powerful tool is 

becoming and popular for studying catalytic mechanism and devel- 

oping new high efficiency catalysts for CO 2 reduction. Theoretical 

predictions have been done using crystal with (1) Metal-nitrogen- 

doped carbon catalysts [10] , (2) Nanostructured gold, copper, and 

metal alloy materials [11] , (3) Au- and Cu-based materials: Au, Zn, 

and CuAu alloy nanoclusters [12] , (4) 2D materials (such as TMDs, 

MXenens, and MOFs) [ 13 , 14 ], (5) Pt-based alloy nanoparticle cat- 

alysts [ 14 , 15 ], and (6) Grain boundary surface [16] . It can provide 

some qualitative conclusions to gain an insight into the reaction 

https://doi.org/10.1016/j.electacta.2021.138028 
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mechanism that is difficult to obtain by experiments. Up to now 

the modeling method is still undergoing rapid development due to 

the fact that the CO 2 reduction reaction process is complex. In ad- 

dition to considering the electronic properties of materials of cat- 

alyst, the formation energy of intermediates and thermodynamic 

stability of each elementary steps on the catalyst surface is also 

important to consider. The strength of O-bound and C-bound be- 

tween intermediates and the catalyst surface plays a very impor- 

tant role in controlling the reaction pathway and the product se- 

lectivity of the CO 2 RR [17,18] . Nørskov and co-workers [19] pro- 

posed that the linear scaling relations and volcano relationship of 

the formation energy of intermediates can determine the catalytic 

activity as well as the thermodynamic stability. 

Some recent experimental and theoretical works have identified 

a new class of 2D M 3 (HITP) 2 metal-organic frameworks (MOFs) 

which have been studied as the catalysts for CO 2 reduction [20] . 

Co 3 (HITP) 2 and Rh 3 (HITP) 2 demonstrate an excellent catalytic ac- 

tivity for the reduction of CO 2 to CH 3 OH, with small overpoten- 

tials of 0.67 and 0.46 V, respectively. Sun and Chen [21] , found 

that Ni 3 (HITP) 2 exhibits a high catalytic activity for oxygen reduc- 

tion reaction (ORR). Dou et al. [22] , found that M 3 (HIB) 2 (M = Ni, 

Cu; HIB = hexaiminobenzene) are insulators with quite low con- 

ductance by experiments. Tian et al. [23] , through theoretical in- 

sights into the catalytic mechanism for the ORR on M 3 (HITP) 2 , 

found that the hydrogenation steps are kinetically favorable and 

explained that M 3 (HITP) 2 (M = Ni, Cu) are promising catalysts for 

the ORR. In this work, a comprehensive theoretical study of a num- 

ber of M 3 (HITP) 2 (M = Cr, Mn, Fe, Co, Ni, Cu, Rh, Os, Ir, Pt, and Au) 

surfaces for high efficiency electroreduction of CO 2 is presented 

and various intermediate products are estimated under different 

applied potential. DFT is used to calculate the formation energy 

and estimate the limiting potential (overpotential) along the most 

favorable pathway for each proton-electron transferred step. Firstly, 

the structure optimization was performed on M 3 (HITP) 2 unit-cell 

surfaces using conjugate gradient method to determine their selec- 

tivity between CO 2 RR and hydrogen evolution reaction (HER) from 

the change of binding energies. U L (CO 2 )-U L (H 2 ), a useful descriptor 

for CO 2 RR and the competing HER processes, apart from the inter- 

ference of HER on those catalysts, the electronic properties are also 

observed to understand catalytic efficiency for this class of MOF 

CO 2 RR catalysts. Authors found that the d-band center [24] can ra- 

tionalize these activity trends, specifically due to its correlation to 

the binding energy of adsorbates, which can be used to describe 

the strongly correlated catalytic activity by the localized d elec- 

tronic structures of transition metal. Through the theoretical eval- 

uation of CO 2 RR catalysts undertaken, we plot a volcano plot to es- 

tablish a linear scaling relation of intermediates, depending on the 

Gibbs energy profiles of CO 2 RR. The M 3 (HITP) 2 (M = Cr, Mn, and 

Ru) catalysts revealed a high catalytic efficiency for CO 2 RR with 

their low overpotential [ 25 , 26 ]. The low costs, high efficiency, and 

high selectivity of metal organo-inorganic hybrid catalysts for CO 2 

reduction motivates us to further progress [27] . 

Computational detail 

All calculations were carried out by a DFT method within 

spin-polarized wave functions using a VASP code [28] . The 

Perdew −Burke −Ernzerhof (PBE) functional within the general- 

ized gradient approximation (GGA) was employed to describe the 

electron exchange correlation interactions [29] , and the DFT-D3 

scheme [30] was utilized for the dispersion correction of the van 

der Waals interactions with the most stable adsorption configura- 

tions of all the CO 2 RR intermediates. A basis set cutoff energy of 

500 eV as the plane-wave (PAW) was used to describe the core 

electrons [31] , while a vacuum space of 20 Å was set to avoid 

interactions being repeated between periodic images along the z 

direction. The monolayer M 3 (HITP) 2 computing modes were built 

by replacing a Ni atom from Ni 3 (HITP) 2 , and a Monkhorst −Pack 

of 5 × 5 × 1 k-point mesh for all during geometry optimiza- 

tions in the Brillouin zone was sampled. The convergence crite- 

ria for energy was set to 1.0 × 10 −5 eV for each atom relaxed. 

Further, the electronic properties calculation, including the den- 

sity of states (DOS) and charge density, was also considered for 

various catalysts. The DFT + U method [32] was used to overcome 

the strongly correlated localized d electronic structures of transi- 

tion metal, and a cutoff energy of 600 eV with a U eff = 3 eV and 

11 × 11 × 1 k-point mesh was considered in the electronic prop- 

erties calculation. The Gibbs free energy change ( �G) of each el- 

ementary reaction for CO 2 RR involved a proton and an electron 

(H 

+ + e −) pair transfer, and the computational hydrogen electrode 

model proposed by Nørskov et al. [33] was used to calculate the 

formation energy of intermediates. On the basis of this model, the 

free energy of (H 

+ + e −) pair is defined to half of the potential of 

isolated hydrogen H 2 (g) versus CHE [34] at pH = 0. The variation 

of �G is the relative energy of intermediate formation (see details 

from the supporting information) in each step based on the chem- 

ical reaction of the 2D MOFs. The Gibbs free energy can be cor- 

rected using the following expression: �G = �E DFT +�ZPE +�H- 

T �S +�GpH +�G U , where �E DFT is obtained from DFT calculations 

and a relaxed structure is proposed, it depends on the chemi- 

cal reaction process for each CO 2 RR intermediate species forma- 

tion, �ZPE +�H is the zero-point energies and enthalpy correc- 

tion terms, �S is the entropy correction term, and T is a spe- 

cific temperature. �G U and �GpH are the contribution of elec- 

trode potential U and the correction of hydrion (H 

+ ) energy to the 

Gibbs free energy. They can be obtained from �G U = -neU and 

�G pH = −k B Tln[H 

+ ] = pH × k B Tln10, ne represents the number 

of electrons transferred that correspond to each elementary steps, 

while U is the electrode potential. Furthermore, �ZPE and T �S 

can be calculated from the frequencies data using the VASPKIT 

code [35] , in which only the vibrational modes of the adsorbates’ 

modes were considered while the slab was fixed. Limiting potential 

(U L ) [36] was defined to the maximum energy change ( �Gmax) 

along the minimum energy reaction pathway. It is known as a 

RDS from maximal limiting potential, following this descriptor: 

U L = −�Gmax/e. Theoretical overpotential [36] was deduced us- 

ing the formula η = U 0 −U L , where U 0 is the equilibrium potential 

(Table S3) corresponding to a final product of a specific reaction 

pathway. 

Results and discussion 

The2D M 3 (HITP) 2 (M = Cr, Mn, Co, Ni, Cu, Rh, Ir, Os Pt 

and Au) metal-organic frameworks based on transition metals 

as catalytic active centers have been validated by experimental 

data, as multi-functional catalyst has been synthesized success- 

fully through chemical reforming (see Fig. 1 a,b) [37] . In order 

to evaluate whether our selected 2D M 3 (HITP) 2 MOFs structures 

are suitable for electroreduction CO 2 , we calculated the electronic 

properties of single-layer M 3 (HITP) 2 , including M 3 (HITP) 2 mono- 

layers that have excellent conductivity properties. So far, their cat- 

alytic activities in CO 2 electroreduction to hydrocarbon products 

provide inadequate evidence to support their application in prac- 

tice. We found that these coupling organometallic hybrid structure 

M 3 (HITP) 2 layers can prove the electron properties, and they can 

find the best catalytic activity by changing the hybridization form 

of central atomic orbital of coordinated metal state. For example, 

the nickel and cobalt coordination are dsp 

2 hybridization (semi- 

conducting) as shown in Fig. 1 c, indicating the high tunability elec- 

tronic properties of M 3 (HITP) 2 by transition metal substitution. We 

can see that the Co, and Ni-based M 3 (HITP) 2 are all metallic and 

have good electrical conductivity. The high conductivities can en- 
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Fig. 1. (a) Synthesis of M 3 (2,3,6,7,10,11-hexaiminotriphenylene) 2 diagram and schematic illustration of the Cu-MOF fuel cell systems, (b) 3D coordination supercell structure 

of Co 3 (HITP) 2 , (c) Illustration of 2D MOFs M 3 (HITP) 2 ( M = Co and Ni) geometry within the 2D plane. 

Fig. 2. Side views of 2D M 3 (HITP) 2 sheets and r M–N indicate the bond length are taken from the most stable optimized configurations ( ̊A). 

sure fast electron transfer during the process of electroreduction 

reaction. According to this criterion, we constructed a series of 

M 3 (HITP) 2 structures with metal (M = Cr, Mn, Co, Ni, Cu, Rh, Ir, 

Os Pt, and Au) substitution [38] . The calculation results, involving 

geometrical parameters of these structures, were shown in Fig. 2 . 

In order to obtain the best electrocatalysis performance, more de- 

tailed data is shown in Table S2 and S3. 

To further investigate the geometry of in-plane network and 

the geometrical parameters that could be achieved from the struc- 

tural relaxation, 2D M 3 (HITP) 2 sheets are modified, as shown in 

Fig. 2 . It displays the stable configurations, and the primary struc- 

tural parameters are considered. It shows that a transition metal 

form a coordinating ligand with four equivalent nitrogen atoms, 

indicating the MN 4 as a metal active centre of catalyst. In the 

Cr 3 (HITP) 2 site, the Cr −N lengths are 1.876, and the Cu −N lengths 

of Cu 3 (HITP) 2 are 1.873 Å. Meanwhile, the bond of Co −N (with a 

length of 1.834 Å) and Ni −N lengths are 1.833. On the basis of 

the shorter the more stable, s they are obviously stronger than the 

other M-N bonding. In the Au 3 (HITP) 2 and Rh 3 (HITP) 2 site, the Au- 

N lengths are 1.955 Å and the Rh-N lengths are 1.928 Å. From the 

length comparison, it can also be clearly seen that Fe 3 (HITP) 2 and 

Ir 3 (HITP) 2 are much stronger than Au in terms of metal and ni- 

trogen binding. It demonstrates the possibility that these organic 

and inorganic hybrid compounds may possess an excellent elec- 

trocatalytic performance for CO 2 RR. In addition to a well-studied 

topic between non-metal and metal atoms, it also involves the CO 2 

reduction reaction. The metal-atom substitution M 3 (HITP) 2 cata- 

lysts obtain their high activity from the reaction sites. To explore 

the overall catalytic performance of the transition metals based 

M 3 (HITP) 2 2D MOF as a catalyst for the conversion of CO 2 reduc- 

tion to CH 4 , the free energy diagram on M 3 (HITP) 2 sheets was 

shown in Figs.S3 and 4. In this work, authors took advantage of 

those great unique catalytic properties of transition metals, which 

have been investigated according to previous literature, and fo- 

cused on the different intermediate products reduced to CH 4 from 

CO 2 along all possible reaction paths. Furthermore, authors illus- 

trated the minimal energy reaction paths of each catalyst, identi- 

fied different final products, and then calculated the limiting po- 

tential of each elementary reaction step and overpotential based 

on the rate-determining steps (RDSs) [39–40] . 

Furthermore, authors considered both reactions of COOH, going 

to HCOOH or CO – which path was more likely to react. Although 

the COH and CHO intermediates were found to be unstable on the 

transition metals-nitrogen active center, it was found that these in- 
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termediates were much less stable than the HCHO and CH 3 O in- 

termediates on the Ni 3 (HITP) 2 surfaces (see Fig. 5 a). Every reaction 

pathway involved eight proton–electron pairs transferred from CO 2 

reduction to CH 4 . Herein, it need to be pointed out that authors 

did not consider electrode potential, because the formation energy 

of each reaction steps is calculated at zero voltage and 298.25 K 

without taking the effect of applied potential into account. Accord- 

ing to the computational standard hydrogen electrode model, the 

variation of Gibbs free energy ( �G) is the relative energy of inter- 

mediate formation in each elementary reaction step. The limiting 

potential (U L ) is estimated as the change of the variation of Gibbs 

free energy ( �G), while the overpotential depends on the equilib- 

rium potential (Table S3) which is obtained using Ƞ = U 0 -U L . This 

means that under the applied electrode potential, each step of the 

overall reaction pathway becomes an exothermic process [41–42] . 

It assumes that the energy required to carry out a reaction step 

for proton transfers is small and easily feasible under room tem- 

perature. In summary, there are six alternative reaction paths dur- 

ing CO 2 reduction to CH 4 . Due to the HER, there are competitive 

relationships with CO 2 RR. ∗H binding energies, a HER free energy 

diagram, and change limiting potentials for the CO 2 RR and HER of 

U L (CO 2 )-U L (H 2 ) are also included in Figs.S2a and b. 

The 2D M 3 (HTIP) 2 exhibit a significant change in the elec- 

tronic properties for different transition metals substitution, as 

shown in Fig. 3 (PDOS) and Figure S1 (TDOS). The Cr 3 (HTIP) 2 
sheet is a semiconductor with a band-gap of 0.663 eV (Fig. S1a), 

while the Ni 3 (HTIP) 2 and Cu 3 (HTIP) 2 sheet (Figure S1e, 1f) are still 

semimetal, with a small band-gap of 0.179 eV and 0.191 eV, re- 

spectively. Fig. 3 shows that the 3d orbitals of transition metal are 

major contributors to the DOS. Our analysis focuses on the distri- 

bution of the PDOS of the 2D M 3 (HITP) 2 MOF in the energy range 

from −1 to 1 eV at the Fermi level, underlying the formation of the 

valence shell orbital hybridization and forming M-N metal-nitrogen 

bonds. In Fig. 3 a, the main PDOS distribution of Cr 3 (HITP) 2 HITP is 

localized in the range from −0.9 to 0 eV below Fermi level (0 eV), 

indicating the formation of dsp 

2 hybridization and presenting a 

semiconductor feature. This indicates a significant difference in the 

electronical properties of M 3 (HTIP) 2 sheet between metals and ni- 

trogen, and overlaps the valence d orbitals of metal versus p or- 

bitals of nitrogen under relatively high energy levels. N atom tends 

to utilize all three of its valence 2p orbitals, resulting in dsp 

2 hy- 

bridization formation, four valence p orbitals of nitrogen with d 

orbitals of metal to form to dsp 

2 (semiconducting), and sp 

3 (metal- 

lic and semimetal) orbital hybridization. So, here are some issues, 

for the upper valance bands, there is an obvious admixture orbital 

hybridization [43] that is dominated by d and p-states (between 

−0.2 and 0.2 eV) and forms a covalent bonding contribution in 

Mn 3 (HITP) 2 . HITP? As a result of hybridization, the metal s-states 

and p-states of N and C atoms contribute to the valance bands. The 

higher conduction band is governed by d states of metal by exam- 

ination, the PDOS exhibited the band gap presence between the 

occupied (conduction band) and unoccupied (valance bands) states 

[44] , respectively. 

The calculations exhibited an excellent catalytic perfor- 

mance based upon the evaluation of the free energy of each 

proton–electron pairs transferred step. It showed good perfor- 

mance of electro-catalytic reduction for CO 2 . The final prod- 

uct from CO 2 reduction to CH 4 can be defined as follows: 

CO 2 + 8H 

+ + 8e −→ CH 4 + 2H 2 O, which involves eight proton electron 

transfer steps. Meanwhile, CO 2 reduction to carbon monoxide (CO) 

and formic acid (HCOOH) involves two proton electron transfer 

steps: CO 2 + 2H 

+ + 2e −→ CO + H 2 O and CO 2 + 2H 

+ + 2e −→ HCOOH. 

For detailed analysis, the first protonation reaction step of CO 2 

reduction forms the intermediate ∗COOH or HCO 2 which M-O 

or M-C binding coupling has a stronger bonding to catalyst 

surface. For the second protonation step, there are two possi- 

bilities that intermediate products may be generated. CO and 

HCOOH, as final products from COOH production, were con- 

sidered. The CO formation is familiar to these transition metal 

M 3 (HITP) 2 MOFs catalysts, where the protonation occurs at the 

OH segment of the ∗COOH to yield 

∗CO. Water is formed and 

released from the catalyst surface. The small reaction energy 

( �G = −0.75 eV) of COOH was formed on the Cr 3 (HITP) 2 surface, 

indicating that this pathway is the most optimum catalyst along 

the reaction pathway: the lowest free energy pathway alone 
∗CO 2 → 

∗HCO 2 → 

∗H 2 CO 2 → 

∗H 2 COOH → 

∗HCHO → 

∗H 3 CO → 

∗O → 

∗OH → 

∗H 2 O compared to the other MOF catalysts. Meanwhile, the low- 

est overpotential pathway alone, ∗CO 2 → 

∗COOH → 

∗CO → 

∗CHO → 

∗HCHO → 

∗H 2 COH → 

∗H 3 COH → 

∗CH 3 → 

∗CH 4 , is the most possible 

through which 

∗COOH is easier formed in Cr 3 (HITP) 2 ( Ƞ : 0.62 V) 

and Mn 3 (HITP) 2 ( Ƞ : 0.69 V) by the strong O 

–H coupling with hy- 

drogen to the OH atom of ∗COOH. It was found to be significantly 

more favorable. Proceeding along the third pathway, it indicated 

that the lowest energy path CO 2 reduction to CH 4 on Ir 3 (HITP) 2 is 
∗CO 2 → 

∗HCO 2 → 

∗H 2 CO 2 → 

∗H 2 COOH → 

∗HCHO → 

∗H 3 CO → 

∗CH 3 OH → 

∗CH 3 → 

∗CH 4 . It is worth mentioning that the binding of the in- 

termediates on the catalyst surface ( ∗COOH, ∗CHO, and 

∗CH 2 OH) 

to the Mn 3 (HITP) 2 MOFs surface are through the strong M-C 

coupling, while the other intermediates, such as ∗HCO 2 , 
∗H 3 CO, 

and 

∗HCOOH, bind to the MOFs surface through the strong M-O 

coupling. 

Figs. 4 and S9 calculated the relative Gibbs free energy diagram 

for CO 2 reduction to CH 4 of each intermediate on Pt 3 (HITP) 2 MOFs 

surface. The corresponding free energy profiles and their geometric 

configurations were also discussed and are presented in Fig. 4 . The 

most favorable reaction pathway of CO 2 RR strongly depends on 

how the successive protonation step was. The first protonation of 

CO 2 forms the HCO 2 and COOH intermediate species; the reaction 

energy is 1.75 eV of ∗HCO 2 and 1.24 eV of ∗COOH, respectively. 

However, the Pt-C coupling is more thermodynamically preferred 

than hydrogenation of Pt-O coupling. It implies that ∗COOH for- 

mation would be easier than 

∗HCO 2 formation, which is followed 

by the third H 

+ /e − transfer to form the ∗HCOOH intermediate 

species with −0.72 eV. As a result, the fourth H 

+ /e − of ∗CHO is 

formed (0.59 eV), although the release of this captured 

∗HCHO and 

formation of ∗HCOH require an amount of reaction energy ( −1.68 

and −0.72 eV, respectively) due to the strong interactions between 

adsorbates and catalyst surface. Further, the CO 2 conversion into 

CH 4 catalyzed by Pt 3 (HITP) 2 MOFs follows a common route re- 

action pathway and involves successive hydrogenations on the 

M-C or M-O terminate coupling of intermediate species to reach 

∗H 2 COH ( −0.07 eV), ∗O ( −0.12 eV), ∗OH ( −1.67 eV), ∗C(1.26 eV), 
∗CH ( −0.76 eV), and 

∗CH 3 (0.27 eV), since the reaction energy of 
∗CH 3 O is more thermodynamically preferred than 

∗H 2 COH along 

the first path. Furthermore, our results predict some common 

products towards the formation of CO, HCHO, and CH 3 OH as final 

products that are favored with respect to the electroreduction hy- 

drogenation on Pt 3 (HITP) 2 . The lower reaction energy ( �G reactant 

- �G product ) of each step indicates a higher reactivity [45] , as 

shown by the exothermic reaction process in the seventh and 

eighth hydrogenation to form the ∗OH and H 2 O species along 

path 1, which have a larger reaction energy corresponding to 

the ∗OH and H 2 O formation of −1.67 and −1.96 eV, respectively. 

That indicates our proposed catalysts present a different ther- 

modynamics model with an electrochemical feature. ∗H 2 O and 

∗CH 4 , reaction energy values of −1.67 and −1.44 eV, are defined 

as the best final products alternatives for the catalytic reduction 

of CO 2 based on M 3 (2,3,6,7,10,11-hexaiminotriphenylene) 2 MOF 

during our present study. For comparison, Cu surface (Zhang et al. 

[46] , CO 2 to CH 4 , limiting step of 0.74 eV) or graphene/MoS 2 
(Xiao et al. [47] , CO 2 reduction to CO, overpotential of 

0.54 eV). 
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Fig. 3. Density of states (DOS) (above) and projected density of states (PDOS) (below) of the (a) Cr 3 (HITP) 2 , (b) Mn 3 (HITP) 2 ,(c)Fe 3 (HITP) 2 ,(d)Co 3 (HITP) 2, (e)Ni 3 (HITP) 2 
(f)Cu 3 (HITP) 2 ,(g)Rh 3 (HITP) 2 (h)Os 3 (HITP) 2 (i)Ir 3 (HITP) 2 and (j)Au 3 (HITP) 2 , respectively. Which are obtained from the GGA-PBE D3 calculation, the Fermi energy is referenced at 

0 eV. 
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Fig. 4. Side view of all intermediates at each hydrogenation step of CO 2 reduction mechanism to CH 4 via Pt 3 (HITP) 2 sheets. The reaction energies are labeled in eV with red 

(endothermic) and dark cyan (exothermic) by reactions, respectively. ∗ represents the adsorbed species. 

Figs.5 and S7 show the comparison of Gibbs free energy dia- 

grams are calculated under zero and an applied potentials. Con- 

sidering that in our DFT calculations there is no influence by the 

factors, such as temperature and solvation, it is the same for all 

the elementary steps after correction. The considered pathway at 

all the catalyst surfaces shows the optimal reaction pathway. Under 

U = 0 (Cyan solid lines) and applied potentials (red solid lines), the 

RDSs are marked by purple solid lines. The free energy diagrams 

for the reduction of CO 2 to CH 4 on Cr 3 (HITP) 2 and Mn 3 (HITP) 2 
are shown in Fig. 5 a–b, the free energies change are uphill by 

1.09 eV ( ∗OH → 

∗H 2 O) of Cr 3 (HITP) 2 and 1.45 eV ( ∗COOH → 

∗CO) 

of Mn 3 (HITP) 2 , respectively. This step is the RDSs, and the cor- 

responding overpotentials are only 0.62 V Cr 3 (HITP) 2 and 0.69 V 

Mn 3 (HITP) 2 , which are much lower than those of other transition 

metal catalyst surfaces (such as the Cu surface with a theoreti- 

cal overpotential of 0.91 V) in Fig. 8 . Furthermore, the RDSs of 

M 3 (HITP) 2 (M = Fe, Rh and Os) are ∗CHO → 

∗HCHO, while the cor- 

responding overpotentials are 1.16, 1.13, and 1.13 V, respectively. In 

the subsequent hydrogenation step, ∗CHO can hydrogenate, form- 

ing ∗HCHO or ∗HCOH, corresponding to ∗CHO + H 

+ + e −→ 

∗HCHO 

and 

∗CHO + H 

+ + e −→ 

∗HCOH. In the next hydrogenation reaction, 
∗H 3 CO and 

∗H 2 COH will be formed at the top of the transi- 

tion metal. The next proton-electron transfer results in the for- 

mation of methanol and the production of CH 4 . The introduction 

of Cr 3 (HITP) 2 and Mn 3 (HITP) 2 2D MOFs surface lower the limit- 

ing potential during the ∗CO → 

∗CHO reaction process. As shown in 

Figures S3 and S4, it is well established that the hydrogenation of 
∗COOH species produces ∗CO in M 3 (HITP) 2 , (M = Cr, Mn, Fe, and Co), 

which can easily form at the catalyst surface ( ∗COOH → 

∗CO + H 2 O), 

or beyond protonate to CHO 

∗ or COH 

∗. When the CO 2 reduction 

proceeds along, the ∗HCO 2 is formed. Further, ∗HCO 2 can be hy- 

drogenated to ∗HCOOH and H 2 CO 2 from the M 3 (HITP) 2 catalysts. 

Fig. 6 and Figure S4 and S5 show the Gibbs free energy diagram 

reduction of CO 2 to CO at 0 and −0.11 V versus RHE, and the HCHO 

reduction at 0 and −0.25 V versus RHE, respectively. the Gibbs free 

energy diagram for the reduction of CO 2 to CH 3 OH at 0 V and 

0.02 V versus RHE and the calculated minimum energy Gibbs free 

energy pathway for CO 2 reduction on M 3 (HITP) 2 MOFs surface are 

shown in Figure S6. As a result, the overpotential of intermediate 

species of methane formation is the highest compared to the for- 

mation of other products. 

Fig. 6 (a-d) illustrates that there are only three elementary reac- 

tion steps from CO 2 reduction to CO. The CO 2 molecule was firstly 

activated and hydrogenated to ∗COOH, then further hydrogenation 

was catalyzed by M 3 (HITP) 2 sheets and produced the final product 
∗CO. Fig. 6 (e-h) illustrates the Gibbs free energy diagram of CO 2 

reduction to HCOOH. The formaldehyde (HCHO) was considered to 

be the difference in formation energy at zero and limiting poten- 

tials versus SHE at room temperature. The calculated RDS for the 

various products (such as HCOOH, HCHO, and CH 3 OH) is shown 

in Fig. 6 and Figure S4-S6, respectively. Considering our DFT cal- 

culations contain no experimental adjustable parameters, so these 

results of the Gibbs free energy are the same for all the elemen- 

tary steps at zero and applied potential. The formation energy of 

intermediates with H 

+ /e − transfer steps is dependent on the ap- 

plied potential, focusing on the formation of ∗H 3 COH from 

∗H 2 COH 

and were shown in Figure S6. The rate-limiting step is expected 

to be the minimal energy barrier pathway of ∗CO → 

∗CHO preced- 

ing intermediate. For Cr 3 (HITP) 2 and Cr 3 (HITP) 2 , the reaction bar- 

rier energy for the rate-limiting step in 

∗CO → 

∗CHO are −0.44 and 

−0.52 eV, respectively. This step hydrogenation is an endothermic 

process. Meanwhile, Ni 3 (HITP) 2 and Cu 3 (HITP) 2 need to overcome 

the reaction barrier energy of ∗CO 2 → 

∗COOH ( −1.61 and −1.57 eV, 

respectively). What is more, the Os 3 (HITP) 2 also shows the need 

to overcome a small reaction energy barrier of −0.45 eV for the 

protonation step of the ∗H 2 CO 2 → 

∗H 2 COOH in the Rh 3 (HITP) 2 sys- 

tem, indicating that the lowest the energy barrier of the RDS of 
∗CHO → 

∗HCHO to −0.96 eV makes it become more stabilized rela- 

tive to ∗HCHO compared to ∗CHOH intermediate species. This im- 

plies that the M 3 (HITP) 2 (M = Cr, Mn, Rh, and Os) system can be 

applied for improving the energy efficiency of the electroreduction 

of CO 2 due to a relatively low energy barrier [47] . To further ex- 

plore the relationship between different intermediate species for 

these M 3 (HITP) 2 surfaces, it has been confirmed that linear scal- 

ing relations [49] play a significant role and descriptor in high cat- 

alytic efficiency for CO 2 RR as shown in Fig. 7 . In addition, the vol- 

cano plot are based on limiting potential of different intermediate 

species on the M 3 (HITP) 2 surfaces. The scaling of these limiting 

potential has similar correlations and exhibits strong thermody- 

namic activity; the different systems between the U L relations for 

�G( ∗ OH) is about 0.75 eV at high kinetic activity ( ∗OH → H 2 O) as 

shown in Fig. 7 b, the limiting potential of ∗O → 

∗OH on M 3 (HITP) 2 
catalysts are approximately 0.64 eV, Fig. 7 a show the linear scal- 

ing relations of ∗COOH → 

∗CO relative to the binding of ∗CO with 

a more pronounced effect on strong carbon and metal coupling, 

showing that CO production may be kinetically difficult as well 

[48] . As shown in Fig. 7 c, ∗COOH → 

∗HCOOH are bound differently 

to the M 3 (HITP) 2 catalysts surface. This indicates the binding en- 
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Fig. 5. Gibbs free energy diagram for the reduction of CO 2 to CH 4 on M 3 (HITP) 2 sheets along the lowest energy pathways at 0 V and under an applied potential) versus 

reversible hydrogen electrode (RHE), the rate determining steps and limiting potential (violet number) of proton electron transfer have been highlighted.(a)Cr 3 (HITP) 2 , 

(b)Mn 3 (HITP) 2 , (c)Fe 3 (HITP) 2 , and (d)Co 3 (HITP) 2 , respectively. 

ergies of C-bonded or O-bonded intermediates are independent, 

the linear scaling relations of limiting potential derived from the 

reaction trend are quantitatively calculated, such as COOH 

∗→ CO 

∗

and CO 

∗→ CHO 

∗ reduction. To evaluate the catalytic efficiency of 

the selected catalyst, the theoretical overpotentials were compared 

by calculating limiting potentials combination analysis from scaling 

correlation [50] . It is an effective and easy method as for theoret- 

ical consideration. Fig. 8 illustrates the overpotentials in predict- 

ing the final product formation trends in CO 2 RR mechanism path- 

way selectivity. After screening enough number of 2D M 3 (HITP) 2 
MOF materials, which could be used as potential high-efficient 

catalysts in CO 2 RR applications, linear scaling relationships could 

potentially be established between the different elementary re- 

action steps. Those relationships can be applied for the descrip- 

tion of the relative stability of a final product. Theoretical lim- 

iting potential is relative to the catalytic activity and is used to 

create volcano plots onset. These relations only describe the elec- 

tronic effects of the system, and the corrections for such effects 

should be considered in the future. Under CO 2 /CO reducing condi- 

tions, as was shown in Fig. 8 b, the M 3 (HITP) 2 (M = Cr, Mn Ir, and 

Fe) surfaces are more suitable for CO formation. The high limit- 

ing potentials close to the top of the volcano implies that these 
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Fig. 6. Gibbs free energy diagram for the reduction of CO 2 to CO on M 3 (HITP) 2 sheets at 0 V (a, c) and −0.11 V (b, d) (equilibrium potential) versus RHE, and the reduction of 

CO 2 to HCOOH at 0 V (e, g) and −0.25 V (f, h) (equilibrium potential) versus RHE, respectively. the rate determining steps of proton electron transfer have been highlighted 

under different colors. 

catalysts have a correlation between their catalytic activity and 

stability. 

The theoretically predicted limiting potentials of some main 

reaction steps (shown in Fig. 9 ) in the process of electroreduc- 

tion CO 2 corresponds to different products (CH 4 , CO, HCOOH, 

and CH 3 OH) [51-52] . The RDS [53] is determined by the 

most negative U L . In Fig. 7 c, there are two downhill limit- 

ing potential lines corresponding to ∗CO 2 + H 

+ + e −→ 

∗COOH and 

∗HCOOH + H 

+ + e −→ 

∗CHO + H 2 O for producing HCOOH as the final 

product, representing how 

∗COOH is easier to be formed. Ob- 

viously, the formation of ∗HCHO on Cu 3 (HITP) 2 and Au 3 (HITP) 2 
are generally difficult due to the high limiting potential of PDS 

for the ∗CHO + H 

+ + e −→ 

∗HCHO overall CO 2 RR, as they have to 

overcome a large barrier energy. ∗CH 4 is favorably desorb from 

M 3 (HITP) 2 (M = Ni, Au, and Pt) because of the smaller binding en- 

ergy than the other intermediates. The bottom left corner sites 

on Cu 3 (HITP) 2 (M = Cr, Mn, and Ir) have a large �G( ∗CH 4 ), rang- 

ing from −0.45 to 0.54 eV. It is close to the 0.58 eV of Cu(211), 

the ∗H 3 CO and 

∗O to form 

∗H 2 O, the PDS are ∗O + H 

+ + e −→ 

∗OH 

and 

∗OH + H 

+ + e −→ 

∗H 2 O due to the strong binding of M 3 (HITP) 2 
(M = Co, Cu, Ni, and Au). Overall, for CO 2 reduction, the small lim- 

iting potential is usually accompanied by a low reaction barrier 

and overpotential [ 54 , 55 ]. This provides further evidence that scal- 

ing relations is an effective approach to obtain lower reaction en- 

ergy. We evaluated the catalytic performance of M 3 (HITP) 2 for the 

CO 2 RR by calculating the limiting potential profiles diagram of the 

entire pathways towards different products, such as: CO, HCOOH, 

HCHO, CH 3 OH, and CH 4 . The production mechanism of CO occurs 

through the path 

∗CO 2 → 

∗COOH → 

∗CO accompanied by two proton- 

electron pairs transferred, while the desorption of CO is found to 

be difficult because it is strongly bound to metal atoms. Mean- 

while, the HCOOH production, CO 2, is hydrogenated by the first 

proton-electron pair forming ∗COOH, and then a second proton- 

electron pair transfers generate to ∗HCOOH. The rate limiting step 

is the ∗COOH → 

∗HCOOH because of uphill limiting potential lines 

( Fig. 7 c). Furthermore, the RDSs in the formation of beyond re- 
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Fig. 7. Theoretical volcano plot of catalytic activity from different final products, each line is for one electron proton transfer pair step, volcano plot of limiting potential as 

a function of formation energy of different final products (a) ∗CO, (b) ∗CH 4 , (c) ∗HCOOH and (d) CH 3 OH, respectively. The symbols match the different colors of data points 

represent different catalysts. 

duction hydrocarbon products (HCHO, CH 3 OH, and CH 4 ) with more 

than four proton-electron pair transfers usually is the hydrogena- 

tion of the ∗CO to form 

∗CHO [56] . However, due to the strength 

of ∗H 2 COH → 

∗CH 3 OH is uphill limiting potential lines, the hydro- 

genation of ∗CO to ∗CHO is not always the rate limiting step from 

thermodynamic limiting potentials. The M 3 (HITP) 2 (M = Cr, Mn, Rh 

and It) exhibit much lower required potential towards CH 4 , indicat- 

ing higher efficiency and selectivity in generating CH 4 . The uphill 

limiting potential lines toward H 2 O products of ∗H 3 CO → CH 4 + 

∗O 

is relatively low. The similar limiting potentials towards different 

products suggest complex selectivity, and the competition relation 

between the CO 2 RR and HER is further analyzed using the dif- 

ference in the limiting potentials, and was shown in Figure S1b 

by using the change of U L (CO 2 )-U L (H 2 ). The higher the U L (CO 2 )- 

U L (H 2 ), the higher the selectivity for CO 2 reduction over H 2 

evolution [57] . 

Microscopic thermodynamic simulations are useful to pre- 

dict reaction kinetic activity on a complex reaction mecha- 

nism. M 3 (HITP) 2 (M = Cr, Mn and It) surfaces are suitable for 
∗CO 2 → 

∗HCO 2 as the first hydrogenation step, reaching limiting po- 

tentials of more than 0.17 V (equilibrium potential). This step is 

usually taken as the RDS for most M 3 (HITP) 2 catalysts. Any data 

points reveal a linear relation for each elementary reaction step on 

the activity map. When two different chemical reactions are com- 

pared, such as ∗CO 2 → 

∗COOH vs. ∗CO 2 → 

∗HCO 2, they are identi- 

cal to the activity with the strong binding towards weaker bind- 

ing due to the energy of hydrogen ion interactions. [58] theoreti- 

cal calculations are carried out for a deeper insight into the kinet- 

ics of these reactions, the role of proton-electron (H 

+ /e −) transfer 

reduction reactions, and the reduction of CO 2 . Theoretical predic- 

tion is used to define surfaces that will provide an understand- 

ing of the atomic-scale phenomena involved in chemical interac- 

tion. In general, the smaller limiting potentials (only up to 0.17 V) 

shows the high activity for CO 2 reduction to CH 4 . Linear scaling 

relations of reaction kinetic activity illustrates the variation ten- 

dency between the intermediates, and the lines describing the re- 

action energy change between two continuous intermediates in the 

electrocatalytic process. This implies that the increase of bonding 

strength reduces limiting potential and increases catalytic activ- 

ity, it binds substrates ∗OH → 

∗H 2 O is potential determining (wine 

line) and when substrates are strongly under ∗H 3 CO → 

∗O is RDS for 

M 3 (HITP) 2 without Pt and Ir, the RDSs are usually defined as the 

strong binding interaction. 

As illustrated in Fig. 9 , several M 3 (HITP) 2 ( M = Cr, Mn, Fe, or Rh) 

catalysts were proposed via the minimum energy path for CO 2 re- 

duction to methane. The overpotentials are 0.62 V (Cr 3 (HITP) 2 ) and 

0.69 V (Mn 3 (HITP) 2 ), corresponding to the RDSs of ∗CO → 

∗CHO, re- 

spectively. Meanwhile, the RDS for forming CO is ∗COOH → 

∗CO and 

the corresponding overpotentials are only −0.91 V (Cr 3 (HITP) 2 ), 

−0.77 V (Mn 3 (HITP) 2 ) and −0.87 V (Os 3 (HITP) 2 ), which are much 

lower than the other M 3 (HITP) 2 catalysts. Furthermore, when CO 2 

is reduced to methanol, the overpotentials are the same to form 

methane [59] , In general, the maximum value of limiting poten- 

tials is determined by the energy barrier which must be over- 

come during the rate-limiting reaction, The overpotential is used 

as a crucial indicator of catalytic performance [60] . It is investi- 

gated according to the change in equilibrium potential and limit- 

ing potential versus the computational hydrogen electrode (CHE) 

are listed in table S3. The equilibrium potential of the reaction 

∗CO 2 → 

∗CH 4 is about 0.17 V, ∗CO 2 → 

∗CH 3 OH is about 0.01 V, and 

∗CO 2 → 

∗HCOOH and 

∗CO 2 → 

∗CO are −0.25 V and −0.11 V, respec- 

tively. Generally, a lower overpotential indicates a better catalytic 

performance for the CO 2 RR. The overpotentials of CO forming are 

in the range from −1.32 V (Cu 3 (HITP) 2 ) to 1.50 V (Ni 3 (HITP) 2 ), the 

overpotentials of CH 3 OH forming are in the range from 0.47 V to 

1.63 V, respectively. The proposed mechanism of product selectiv- 
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Fig. 8. Illustration for combined volcano plot correspond to different final products depend on thermodynamic analysis, the calculated CO 2 RR overpotentials versus the RHE. 

Fig. 9. Side views of the intermediates at each hydrogenation step via the minimum energy path mechanisms of the CO 2 RR. The RDS and their corresponding overpotential 

are labeled in different color boxes with red number text, respectively. ∗ represents the chemisorbed species. 

ity shown in Fig. 10 can be explained from the trend of strong 

or weak bound by the M −C and M −O coupling. If the intermedi- 

ates were observed at small overpotential, this demonstrates a C- 

bound configuration, such as ∗COOH, ∗CO and 

∗COH. This suggests 

that M-C bound are hydrogenated to oxygen form 

∗CO, ∗COH and 

∗C, respectively. However, we can estimate the final product from 

the intermediate species (M-O bound vs M-C bound); O-bound in- 

termediates generally produce HCO 2 , CHO, HCHO, H 3 CO, CH 4 and 

CH 3 OH hydrocarbons, whereas the hydrogenation process with M- 

O bound is more likely to happen with an oxygen atom, while C- 

bound intermediates are easier to produce. The CO intermediates 

have been deserved to be C-bound intermediates which can be fur- 

ther reduced to CHO via two subsequent hydrogenation processes. 

Moreover, we found it difficult to form COH due to the strong M-O 

coupling, which indicated that the COH is difficult to form from CO 

reduction with hydrogenation. The coupling of C-bound intermedi- 

ates in the weaker binding indicates M-O rather than M-C cou- 

pling, which further supports O-bound intermediates. Therefore, 

HCOOH and CH 3 OH may be hard to form via our proposed reac- 

tion pathways. 
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Fig. 10. A proposed reaction network for intermediates selectivity determineed by the strength of the C-bound and O-bound species. 

Conclusions 

In this work, 2D M 3 (HITP) 2 MOF as the catalysts for efficient 

electroreduction of CO 2 were systemically studied by DFT calcula- 

tions. Through high throughput screening of catalytic performance 

based on the linear scaling relations of formation energy for differ- 

ent intermediates, there are eleven stable candidates that are con- 

sidered for electroreduction of CO 2 to different final products, such 

as CO, HCHO, HCOOH CH 3 OH, and CH 4 . The free energy diagram 

of all the reduction mechanisms toward CH 4 at zero and equilib- 

rium potential were considered, the RDSs were also highlighted. 

Cr 3 (HITP) 2 and Mn 3 (HITP) 2 exhibit the best catalytic performance 

with very low overpotentials (0.62 V and 0.69 V, respectively) to- 

ward to CH 4 production. Authors examined whether these differ- 

ent M 3 (HITP) 2 MOF have different bounds for M-C bound and M- 

O bound adsorbates, which plays an important role in the forma- 

tion of intermediates during the CO 2 RR process. DFT calculations 

were applied to establish final product selectivity for the CO 2 RR. 

M 3 (HITP) 2 (M = Cr or Mn) are found to produce CO with low over- 

potentials ( −0.24 V and −0.38 V, for Cr and Mn, respectively), 

as well as production of CH 3 OH with potentials of 0.47 V and 

0.54 V, respectively. Furthermore, HCHO is produced during CO 2 RR 

on M 3 (HITP) 2 (M = Cr, Mn, Fe or Os) with potentials of 0.38 V, 

0.45 V, 0.34 V and 0.38 V, respectively. Those products are accom- 

panied by the coupling strength of O-bound or C-bound. Product 

selectivity depends on whether C-bound or O-bound intermediates 

were stronger. The metallic 2D M 3 (HITP) 2 MOF can be used as an 

efficient catalyst for the CO 2 RR with low overpotential and small 

energy barrier for future energy storage and conversion applica- 

tions. 
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High throughput screening of M3C2 MXenes
for efficient CO2 reduction conversion into
hydrocarbon fuels†

Yi Xiao *a and Weibin Zhangb

The electrocatalytic reduction conversion of CO2 to produce methane (CH4) as a fuel has attracted inten-

sive attention for renewable energy. Density functional theory (DFT) calculations with a computational

hydrogen electrode (CHE) model are applied to study the hydrogenation of CO2 on the two-dimensional

(2D) M3C2 transition metal carbide (MXenes) surface. It is demonstrated that the adsorbed CO2 is activated

and can combine with surface hydrogen to form bicarbonate species, thus leading to more competitive

selectivity for the CO2RR than the HER. All possible conversion pathways for carbon dioxide to methane

are explored, and it is found that the formation of the bicarbonate (HCO2) species is energetically the

most favourable reaction pathway, whereas the main intermediate of the CO2RR is HCHO. Detailed

characterization of the initial activation, scaling relationships, protonation steps and electrode overpoten-

tial, together with the evaluation of the limiting potentials for several reaction mechanisms, reveals that

MXene M3C2 exhibits a high catalytic performance for CO2, providing novel fuel cells.

Introduction

Over the past few years, increasing attention has been paid to
fuel cells for energy storage and conversion due to their high
efficiency, high power density, and low pollution.1,2 To develop
and explore highly efficient and low-cost components, a
cathode catalyst is a novel concept.3,4 For example, 2D
materials such as titanium-based (TiO2) semiconductors,5

functionalized graphene oxide,6 and graphite-like carbon
nitride (g-C3N4)

7,8 are good candidates for the application of
renewable energy sources.9 The carbon dioxide reduction reac-
tion (CO2RR) into high-value hydrocarbons (e.g., CH4, CH3OH
or HCHO) is an appealing approach to generate fuels.10,11 It
presents a viable approach to CO2 mitigation with great
promise due to its excellent chemical reaction rate and stabi-
lity. Recently, 2D transition metal carbide materials (MXenes)
have been used to gain insights into the CO2 capture and
energy conversion. Such systems can be obtained by etching
from the MAX phases,12,13 and they possess excellent chemical
activity and electronic conductivity for the electrocatalytic CO2

reduction reaction (CO2RR) as catalysts. MXenes have also

been thought to be excellent candidates for high efficiency
catalysts.14,15

However, carbon dioxide is chemically inert, and there is a
weak interaction that exists between it and the catalyst carrier.
In particular, the CO2RR reaction mechanism under standard
conditions can be a complicated process, and it requires a
large number of elementary reactions along with coupled
proton–electron pairs to be transferred for producing diverse
products. In addition, the reaction intermediates generated
can lead to the determination of various products by different
limiting potentials, indicating that it is difficult to obtain a
single product. Moreover, the reversible reduction potential of
products in the CO2RR is close to 0 V, which means that the
reaction potential of 2H+ + 2e− → H2 is set to zero (E° = 0 V),
and the hydrogen evolution reaction (HER)19 is the most com-
petitive secondary reaction during the entire CO2RR process.20

Due to these issues, the electrocatalytic reduction of CO2 can
be fundamentally challenging. The most favourable pathway of
the subsequent protonation steps for producing methane
alone is *CO2 → *HCO2 → *H2CO2 → *H2COOH → *HCHO →
*CH3OH → *O → *OH → *H2O, and it is found that *H2COOH
+ H+ + e− → *HCHO + H2O is the potential determining step
(PDS). According to previous theoretical studies by Li et al.21

indicating that 2D transition-metal carbides with the formula
M3C2 (MXenes) can catalyse the reduction of CO2 into a variety
of hydrocarbons, the results and methods for the study of the
CO2RR catalytic mechanism with M3C2 (MXenes) are reviewed.
In addition, Siahrostami S et al.22 theoretically studied the
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CO2RR with single atom catalysts (SAC) on carbon-based
materials and demonstrated that metallic carbon-based
materials can significantly enhance the catalytic activity of the
CO2RR towards the CO formation. Furthermore, C2N–gra-
phene-supported single-atom catalysts have also been widely
applied as an efficient cathode catalytic material for the
CO2RR,

23 and they have been regarded as efficient, selective
and competitive cathode catalysts. The reaction mechanism
and activity scale relationships have also been systematically
expounded. However, for many catalysts used as CO2RR cath-
odes, the HER catalytic activity is more facile than that of the
CO2RR, thus resulting in the inefficiency of the selectivity
towards the CO2RR and the target product, as well as requiring
a lower overpotential.24 The distribution of the intermediate
species and final products of the CO2RR is greatly influenced
by the catalytic material. Therefore, scientific researchers have
performed a great deal of theoretical exploration and experi-
mental studies on them to find the optimal catalyst for the
reduction of CO2. For example, when the selectivity of a cata-
lyst for the HER is higher than that for the CO2RR and the
main product is H2, this means that it needs a higher overpo-
tential for the CO2RR. According to the reaction thermo-
dynamics of each elementary reaction, diverse intermediates
and products should be formed under different potentials.24,25

Inspired by both previous experimental and theoretical
studies, we performed DFT calculations together with compu-
tational hydrogen electrode (CHE) model16,17 analysis to study
the CO2 reduction and energy conversion. According to each
step of the transfer of H+/e− couples throughout the reaction, a
series of intermediate species and diverse hydrocarbon com-
pound products were generated, such as formic acid
(HCOOH), methanol (CH3OH), carbon monoxide (CO), formal-
dehyde (HCHO), and methane (CH4).

18 Among all of the tran-
sition metals screened, we discovered that M3C2, with M = Sc,
V, Mn, Zr, Nb, Hf, Hf, Mo, and W, is strongly bonded with
CO2. Mo3C2 and Zr3C2 were identified as the best candidates
for catalysing the CO2RR. Due to their superior catalytic
activity, selectivity and stability, they were regarded as efficient
catalysts and exhibited a distinct selectivity for the CO2RR.
Here, to further explore these issues, we have systematically
investigated the electroreduction of CO2 to CH4 by using DFT
calculations for investigation on M3C2 MXenes. We performed
high throughput calculation approach26–28 investigations on
stable structures, elementary reaction pathways, CO2RR kine-
tics and reaction mechanisms, and the most favourable path-
ways and free-energy diagrams of the CO2RR have also been
considered. We found that there are five possible reaction con-
version products (CO, HCOOH, HCHO, CH3OH, and CH4). In
addition, there are four favourable reaction mechanism path-
ways by which the CO2RR can proceed through on MXenes
that have been investigated, and transition-metal carbide
(MXene) compounds have been shown to be very highly
efficient catalysts for the electroreduction of CO2. Thus, they
have emerged as an excellent platform for enhancing the cata-
lytic performance not only for the ORR, but also for the
CO2RR.

29 On the basis of these results, we used transition-

metal carbides with the formula of M3C2 as CO2 capture
agents for electroreduction conversion. In our plan, a very
reliable scaling relationship was established for different inter-
mediates bound to the MXene surface, and the first protona-
tion state of either *COOH or through *HCO2 plays a very
important role. Unlike carbon-based materials for single atom
catalysts (SAC)30 and precious metals,31 the limiting potential
of the MXene catalyst is determined by the binding energy of
*COOH or *HCOOH, which can be independently regulated.
Comparing the limiting potential of UL(CO2) with the UL(H2) of
the reversible hydrogen electrode (RHE),32 the theoretical over-
potentials for the CO2RR are significantly lower than those for
the HER. In this work, we studied the electrocatalytic HER on
MXenes by studying the adsorption properties of hydrogen on
supported MXene surfaces, and the most favourable configur-
ation for each MXene was identified by placing hydrogen
atoms on the MXene surface.

Computational details

All of the DFT calculations and hydrogen electrode compu-
tations were performed using the Vienna ab initio simulation
package (VASP).33,34 The exchange correlation interactions
were described by the generalized gradient approximation
(GGA) parameterized by the Perdew–Burke–Ernzerhof (PBE)
method.35 The van der Waals (vdW) interactions are accounted
for by using the DFT-D3 schemes.36,37 The energy cut-off for
the plane-wave basis was set to 500 eV, and a 5 × 5 × 1 k-point
mesh was sampled by the Monkhorst–Pack method,38 which
can provide sufficient accuracy for the Brillouin zone inte-
gration. All structures were fully relaxed until the forces were
smaller than 0.005 eV Å−1 and the energy change was less than
10−6 eV by using the conjugate gradient (CG) algorithm. To
model MXene (M3C2), where M = Sc, Ti, V, Cr, Mn, Y, Zr, Nb,
Mo, MoTi, Hf, Ta, and W, we employed 3 × 3 × 1 monolayer
supercells (Fig. 1a), and a vacuum region in the z-direction was
set to 20 Å to avoid interactions between the layers. All of the
free energies of the CO2RR intermediate species in electro-
chemical reaction pathways were calculated by using the com-
putational hydrogen electrode (CHE) model proposed by
Nørskov et al.39 The Gibbs free energy of the reaction for each
elementary step involving the transfer of the H+/e− pair was
calculated to evaluate the zero point energy (ZPE) and the
thermal correction terms (TS). For each elementary step, the
reaction Gibbs free energy of intermediates at zero potential is
calculated using ΔG = ΔEDFT + ΔH + ΔZPE − TΔS + ΔGU +
ΔGpH, where ΔEDFT is the change in the total energy between
reactants and products obtained by calculation and ΔZPE and
ΔH are the zero-point energy correction (1/2hΔv) and the
thermal correction, respectively. TΔS is the vibrational entropy
change at a certain temperature. ΔGU = −eU, where e is the
elementary charge and U is the electrode overpotential, and
ΔGpH is the correction of the H+ free energy. For correcting the
Gibbs free energy data, we needed additional calculations at
the Γ point, and they were carried out in the VASPKIT code.40
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The limiting potential (UL) of each reaction mechanism
pathway was obtained from the maximum free energy change
(ΔGmax) among each elementary step along the most favour-
able energy pathway by using the relation UL = −ΔGmax/e.

41 In
addition, the overpotential can be evaluated from the Gibbs
free energy differences of each step by the formula η = Max
{ΔG1, ΔG2, ΔG3, ΔG4, ΔG5, ΔG6, ΔG7, ΔG8}/e − 0.17, where
ΔGn (n = 1, 2, … 8) are the Gibbs free energies of each elemen-
tary reaction.42,43 The reaction energy (ΔE = EFS − EIS) was set
to the difference between the reactants and products. The
energy barrier (ΔE = ETS − EIS) was calculated by using the
climbing-image nudged elastic band (CI-NEB) method,44 and
it is also employed to search the transition states (TS) for each
elementary reaction of the CO2RR on the surfaces of both
Mo3C2 and Mo2TiC2 catalysts. All of the forces were converged
to less than 0.005 eV Å−1 on the climbing image, and the cut-
off energy, functional, and calculator parameters were the
same as those used in adsorbate structure optimizations.

Results and discussion
Various species involved in the CO2RR

We first studied the various CO2RR mechanism pathways invol-
ving diverse intermediate species of the electrocatalytic CO2RR
on the M3C2 MXenes. The most favourable reaction pathway
and all involved species for each MXene were considered. After
fully relaxing the structure, we found that transition metal
carbide (MXene) materials can capture CO2 and reduce it to
hydrocarbons. We first study the factors that affect the reaction
mechanism with regards to the kinetic analysis of the CO2RR,
and the result indicates that the adsorption of CO2 and CH4 on
MXenes is physisorption by the spontaneous binding ener-
gies,45 suggesting that it is promising for CO2 capture.

Our simulation system has shown a strong competitiveness
and overcome some major secondary reactions such as H+/H2

(HER) conversion, thus showing promising applications in
catalysis for the CO2RR. As summarized in Fig. 1d, the limit-
ing potential of the HER reaction mechanism is characterized
as being between −1.12 and 0.42 eV, which means that the
MXenes of M3C2 (here M = Y, Sc, Ti and Ta) seem to be more
active towards the CO2RR than the HER, showing that the
small overpotential for the CO2RR originates from the corre-
lation between different mechanistic pathways and intermedi-
ate species. The simulation results show that the dispersion
interaction has a great impact on the catalytic efficiency
through our calculations by considering the van der Waals
(vdW) interactions via the PBE/DFT-D3 method.37 It is shown
that the catalytic selectivity of the structure for the CO2RR is
higher than that for the HER, as the selectivity between the
CO2RR and HER is crucial and depends on the catalytic
efficiency of the catalyst. In this regard, our calculations
employing the free energy profiles are presented to explore
the feasibility of the formation of the intermediate hydro-
carbons. In addition, the limiting overpotential for the HER is
usually lower than that for the CO2RR through weakly binding
hydrogen under the same conditions.46 Nevertheless, we
cannot come to the conclusion that these MXenes are good
candidates for the CO2RR, as the reduction of CO2 and the
evolution of +H jointly determine the selectivity in the electro-
reduction process. The change in the limiting potential (UL)
between the CO2RR and HER means that UL(CO2)–UL(H2)
plays an important role in the trend in selectivity towards car-
bonaceous products for reducing CO2 catalysts. A higher
UL(CO2) − UL(H2) implies a higher selectivity for the CO2RR
over the HER. Our DFT calculations putting forward the poss-
ible reaction mechanism path and the intermediate product
of each reaction mechanism (see Fig. 2) are discussed. The

Fig. 1 (a) Schematic structure of type M3C2 MXene, (b) a local area of hexagonal unit and lattice parameter, (c) Brillouin region and k-point path of
two-dimensional materials, a1 and a2 are the unit vectors of real space and b1 and b2 are the reciprocal lattice vectors. (d) HER at zero electrode
potential at the top of the transition metal site on the M3C2 MXene surface, it means the binding energy change (ΔE) of atomic H to the surface, n
represents the number of proton electron pairs transferred during the HER process.
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potential determining steps (PDS), limiting potentials (UL)
and overpotentials (η) for the production of CH4 and CH3OH
are also considered.47

Furthermore, during the electrocatalysis of fuel cells, the
adsorption and desorption of reactants and products from the
surface of the catalyst is an important step for the entire
chemical process, and the different mechanistic pathway for
the elecrocatalytic reduction of CO2 to CH4 is examined by
first-principles DFT calculations. In summary, there are four
alternative reaction paths leading to a slightly smaller overall
reaction energy, and mechanism I (red line in Fig. 2) was set to
go along with the intermediate species of CO2 → HCO2 →
H2CO2 → H2COOH → H2CO → H3CO → O → OH → H2O as the
most favourable pathway in our current work. In addition,
mechanism II (blue line in Fig. 2) went along CO2 → COOH →
HCOOH → HCO → H2CO → H2COH → H3COH → CH3 → CH4.
For mechanism III, the different reaction steps compared to
mechanism I are CH3O → CH3OH → CH3 → CH4 (cyan line in
Fig. 2), and the last reaction mechanistic path is similar to the
first mechanism CO2 → COOH → CO → HCO → H2CO →
H2COH → H3COH → CH3 → CH4 (black line in Fig. 2).48 The
other alternative paths have much higher reaction energies
than the previous step, and the lowest free energy path for CO2

reduction is the primary concern in this work. It would make
the energies of all intermediate steps more negative so that it
can occur more easily. In all cases, the kinetic energy for CO2

adsorption is negative at the applied zero potential (U = 0 eV).
It occurs in the elementary step of H2CO formation and corres-
ponds to the potential determining steps (PDS) for the CO2RR
process on the M3C2 (MXene) surface. It demands the
minimum energy path and can provide the best CO2RR cata-
lytic performance. The CO2 can be reduced to the following
five substances: HCHO, CH3OH, CH4, CO, and HCOOH pro-

ducts, and the catalytic activity of MXene has higher selectivity
for the CO2RR than for the HER.49

The overall kinetic energies required to carry out a reac-
tion step for the hydrogenation of CO2 to CH4 along mecha-
nism I on the Sc3C2 and Ti3C2 (Fig. 3a and b) are highly
favourable with values of 1.82 eV (H2COOH → H2CO) and
1.88 eV (H2CO2 → H2COOH) for the potential determining
steps (PDS),50 respectively. In addition, the calculated reac-
tion energies (Fig. 3e and f ) imply that the Mo3C2 (0.47 eV)
and W3C2 (0.63 eV) are more easily capable of spontaneously
reducing CO2 than the other MXene catalysts. Our calcu-
lations indicate that the Mo3C2 MXene capture energy of
H2O is −0.10 eV and predict that it is a slightly endothermic
process. In addition, it is always less negative than those for
CO2 reaction kinetics (Fig. 3e) with CO2 over H2O. Our
system appears to be able to overcome some secondary reac-
tions of CO2 conversion into CH4 via the transfer of 8 e−/H+

electron pairs from the MXene surface. In the following
experiment, we use the configurations of W3C2 resulting
from the conversion of CO2 to CH4 to study the adsorption
performance and mechanism of MXene. For example, the
first structure represents the configuration of CO2 adsorp-
tion on the W3C2 surface, and the last structure represents
the configuration of H2O adsorption on the W3C2 surface.
Adsorbed CO2 (Eads = −0.06 eV) on the top of the transition
metal is in the form of carbonate (HCO2) with a formation
energy −1.40 eV, and then, carbonate (H2CO2) and
(H2COOH) form with formation energies of −0.30 eV and
−0.22 eV, respectively. The corresponding potential deter-
mining step (PDS) is (H2COOH → H2CO), and it resulted in
very different adsorption structures and energies, with a 0.63
eV energy nonspontaneously formed by reactions, which is
higher than the other steps.

Fig. 2 Proposed CO2RR possible mechanism pathways to different products on transition-metal carbides (MXenes) with the formula M3 C2 as high
efficiency catalysts, the blue colored numbers are formation energy (in eV) of CO2RR intermediates.
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To provide a desire for us to further study the CO2RR path-
ways and free-energy diagrams, our calculations showed that
the relative free energy profile for the most favourable CO2RR
is energetically preferred for intermediate carbonate atoms
(shown in Fig. 4). It is demonstrated that the CO2RR includes
an eight (H+ + e−) pair transfer step in the CO2 reduction
pathway, and it induces the production of a CO2 intermediate
in an acid environment. In the free energy diagram of the
CO2RR at the zero potential (U = 0 V),51 the free energies of all
elementary reaction steps are downhill (exothermic) except for
the third and fourth (endothermic) steps (shown in Fig. 4a
and b), which are the endothermic steps associated with the
high reaction energies of the H2COOH and H2CO formation.
These exothermic steps can arise from the stability of carbon-
ate intermediate species on the MXene surface. In addition, in

the free-energy diagrams of mechanism II, the adsorption
energy of *COOH is much higher than that of *CO2, indicating
that it is an endothermic process with a weak interaction
between *COOH and the surface. It corresponds to the
maximum thermodynamic pathway (shown in Fig. 4c and d) of
the MXene electrode applied in a fuel cell, and the free energy
in the (H+ + e−) transfer step 4 (*HCO → *HCHO) is uphill for
the (H+ + e−) pair transfer step.52 The rate-determining step
lies in the middle (H+ + e−) transfer step with high energy
changes of 1.33 eV and 0.51 eV for *HCO → *HCHO or
*H2COOH → *HCHO, respectively; it is defined as the
maximum energy required for the CO2RR on the Cr3C2

surface. The preceding results indicate the strong binding of
HCHO intermediates for CO2 activation in the fourth reaction
process. As shown in Fig. 4e and f, CO2 prefers to bind on the

Fig. 3 Side view of the most favorable reaction path followed for CO2 conversion into CH4 and H2O. The change in energy of CO2RR intermediates
for the mechanism I on (a) Sc3C2, (b) Ti3C2, (c) Zr3C2, (b) Hf3C2, (e) Mo3C2, and (f ) W3C2 MXene, respectively. The blue colored numbers represent
the reaction energy for each elementary step (in eV).
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top of the metal, and CH4 also easily releases from the catalyst
surface with a small adsorption energy. The adsorption energy
of CH4 is 0.48 eV for Cr3C2, which is higher than that of 0.33
eV on Nb3C2, and it is also 2.46 eV and 2.18 eV higher than
that of *COOH on Sc3C2 and Y3C2. However, the reaction step
of *H3CO → *H3COH for path 3 with 3.026 eV on the Sc3C2

surface is mostly the same as that for Hf3C2 with a value of
3.027 eV. The energy comparison indicates that *CO2 is −2.63
eV for Sc3C2, which is higher than −2.86 eV for Hf3C2, respect-
ively. Furthermore, we predicted that for obtaining CO and
CHO, *COOH → *CO → *CHO is the primary reaction pathway
(shown in Fig. 4g and h), supplemented by *HCHO → *H2COH
as the secondary pathway in comparison with path 2, and they
mainly lead to CH4 as the final product at zero potential. Our
results suggest that the *CO → *CHO rather than *CO → *COH
step is the primary reaction step in the fourth path for all
MXenes, and thus, *CO → *CHO protonation is most likely the
rate-determining step (RDS) for both path 2 and path 4.

As shown in Fig. 5, according to the subsequent protona-
tion steps towards HCOOH, CH3OH, CO and the final CH4 pro-
duction, using different electrode potentials showed that
either the reduction of *CO2 to *COOH or the reduction of
*CO2 to HCO2 is likely to be a competitive relationship.53 The
linear relationships of the changes in the limiting potential
(UL) for the primary elementary reactions are a strong corre-
lation between various surface reactions catalysed by M3C2-
type MXenes, and they have imposed the ultimate deciding
role in enhancing the catalytic activity and selectivity for either
the CO2RR or HER process. To obtain high-efficiency catalysts
in catalysing the CO2RR, it is desirable to describe the limiting
potential (UL) relationships of hydrogenated derivatives. We
examined the linear relationships of *CO2 → *COOH, *HCO →
*HCHO, *COOH → *CO and *CO2 → *HCO2 in Fig. 5a and
*H3CO → *H3COH, *H3CO → *CH4 + *O in Fig. 5b. Clearly, the
formation of *CO2 → *HCO2 over *CO2 → *COOH is generally
the potential determining step (PDS) for the overall CO2RR in

Fig. 4 Free energy diagrams of the overall CO2RR for different reaction mechanisms on M3C2 (MXene) at 0 V vs. the RHE, n is the number of proto-
nation steps during the CO2RR. (a–b) Path 1 (c–d) path 2 (e–f ) path 3 and (g–h) path 4 of all possible reaction mechanisms, respectively.
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Fig. 5a. Considering that *CH3O → *CH4 + *O is the primary
PDS for all mechanism I studies, as shown in Fig. 5, it is
implied that the similarity of detailed configurations of the
adsorbed intermediates determines the scaling relationships
between the binding energies of the CO2RR adsorbates,54 and
this suggests that altering the selectivity reaction mechanism
of *COOH and *HCO2 intermediates can be challenging for all
MXene catalysts. The linearity difference can be attributed to
the discrepancies in the reaction mechanism of *CH4 + *O or
*CH3OH, which leads to some overlapping elementary reaction
steps between path 1 and path 3 or path 2 and path 4, respect-
ively. Furthermore, the predicted trend of CO2RR activity based
on calculated thermodynamics is expected to be valid for all
M3C2 (M = Sc, V, Mn, Zr, Nb, Mo, Hf, Ta, and W) MXenes. The
first protonation step of the CO2RR can form either carboxyl
(*COOH) or formate (*OCHO), which played a crucial role in
the overall reaction, followed by further reduction steps
towards the products HCOOH, HCHO, CH3OH and the final
product CH4. According to the criterion, the more negative
reaction energy (ΔE) values are more favoured, and thus, we
examined the reaction thermodynamics for each protonation
step via *HCO2 and *COOH intermediates to form the final
product of CH4(g). For example, when one elementary reaction
step over another is mainly determined by their limiting
potential, it then forms more reduced intermediates, such as
*OCHO vs. *COOH, *CO vs. *CH2O vs. *HCOH and *HCOOH,
and *CHO vs. *COH.1 However, it should be noted that in
addition to the formed *CO, *HCOOH, and *CH2O, we also
took into account the distribution of the final products in the
gas and liquid phases. It is for this reason that gas molecules
CO(g), HCOOH(g), CH3OH(g) and HCHO(g) have their weak
binding strengths with the catalyst surface, indicating that
*CO and *HCHO can also act as intermediates for further pro-
tonation steps to *CHO and *H2COH. In addition, *CH3OH (l)
is likely to weakly desorb as a liquid product and then undergo
further protonation steps to *CH4 with weaker binding
strengths (ΔE: −0.13 eV to −0.41 eV) on the M3C2 MXene
studied. According to the linear correlation plot of thermo-
dynamic analysis shown in Fig. 6, it exhibited a linear relation-

ship by representing the Gibbs free energies of each elemen-
tary reaction step in the lowest energy pathway, and the upper
equilibrium potential for the CO2RR (at −0.17 V) results from
the main text, as we have considered. The lowest CO2RR over-
potentials are achieved with highly active catalysts containing
Cr3C2, Sc3C2, Ti3C2, Hf3C2, Y3C2, and Zr3C2 for the first proto-
nation step, whereas the lowest reaction Gibbs free energies,
similar to the second protonation step, of Mo2TiC2, V3C2 and
Mo3C2 are not beneficial for the (H+ + e−) pair being trans-
ferred. In addition, the third protonation step *H2CO2 →
*H2COOH is difficult to spontaneously react through the same
active sites of MXenes.

The free energies of ΔE*CO and *CO for hydrocarbon inter-
mediate species from the scaling relationships for different
M3C2 MXene surfaces can be seen, indicating that Sc3C2 and
Y3C2 candidates have much lower limiting potential (UL)
values for the potential determining steps (PDS), which is
shown in Fig. 6a. All limiting potentials included in CO2

reduction are lower than those of the HER. In addition,
Mo2TiC2 and Ta3C2 candidates have low limiting potentials
(UL) vs. RHE for the potential determining step (*CHO →
*HCHO), as shown in Fig. 6b. We expected these surfaces to be
selective for CO2 reduction, as the same ΔE*CO with much
lower *CO2 → *COOH could be covered by hydrogen. Fig. 7
indicates the ΔE*CO activity for binding critical intermediates
in the PDS on M3C2 (M = Sc, V, Mn, Zr, Nb, Mo, Hf, Ta, and
W). Generally, the smaller ΔE*CO corresponds to the more
efficient activity for these potential determining steps in the
process of CO2 protonation, and the smaller *CO favours the
further protonation of *CHO to produce HCHO to CH3OH,
while *CH4 is more stable. Along the potential determining
steps of path 2, the PDS for Sc3C2 and W3C2 is *CO → *CHO
instead of *CO → *COH. The calculated UL of this PDS for
Sc3C2 (−0.47 V) is smaller than that for Hf3C2 (−0.23 V), indi-
cating that Sc3C2 not only has high catalytic activity for the
CO2RR but also lowers the overpotential required for further
reduction, as shown in Fig. 6d.

As shown in Fig. 8, according to the dashed diagonal line,
which mostly lies on the diagonal line, this is predicted to be

Fig. 5 Schematic illustration of the primary protonation steps of CO2RR by predicted limiting potentials (UL) for binding energy of the intermediate
as a function through (a) EB(*CO) and (b) EB(*OH).

Paper Nanoscale

7666 | Nanoscale, 2020, 12, 7660–7673 This journal is © The Royal Society of Chemistry 2020

Pu
bl

is
he

d 
on

 1
6 

M
ar

ch
 2

02
0.

 D
ow

nl
oa

de
d 

by
 T

ec
hn

is
ch

e 
U

ni
ve

rs
ita

t D
ar

m
st

ad
t o

n 
5/

29
/2

02
0 

4:
21

:5
8 

PM
. 

View Article Online

https://doi.org/10.1039/c9nr10598k


Fig. 7 The limiting potential (UL) vs. RHE relationship of hydrocarbon derivatives, the UL vs. RHE vs ΔE*CO binding energy were obtained with
different catalysts under the same conditions. The potential determining steps (PDS) for the overall CO2RR. Considering that (a) *COOH → *CO + *O
(b) *CHO → *HCHO (c) *CO2 → *COOH (d) *CO → *CHO are the primary PDS mechanisms in this work for the CO2RR.

Fig. 6 Combined volcano plot of the catalytic activity for each intermediate reaction step of CO2RR (up) (equilibrium potential: −0.17 V), resulting
from the thermodynamic analysis, ΔGn (n = 1, 2, 3, 4, 5, 6, 7, 8) corresponding to 8 (H+ + e−) transferred, respectively.
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more selective preferring the CO2RR rather than the HER and
forming *HCO2 rather than *COOH along mechanism I at the
applied zero potential (U = 0 eV) in Fig. 8a. In addition, it is
more selective for *CH3O → *CH4 + *O rather than *CH3O →
*CH3OH as shown in Fig. 8b, demonstrating their feasibility as
cathodes for forming *CH4 + *O rather than *CH3OH along
the favourable pathway. The calculated ΔE values of *HCO2

range from −0.74 eV to −2.01 eV, and those for *COOH are
−0.16 eV to −1.07 eV, respectively. As shown in Fig. 3, the
changes in difference adsorbate substrate configurations along
mechanism I can be clearly seen on Sc3C2, Ti3C2, Zr3C2, Hf3C2,
Mo3C2, and W3C2 MXenes. Those below the dashed diagonal
except for Nb3C2 have the potential limiting step determined
by *CO2 → *HCO2. Both *CO2 → *HCO2 and *CH3O → CH4 +
*O are more selective for the CO2RR compared to the HER
below the dashed diagonal area, and as the potential deter-
mining steps (PDS) of mechanism I, they are more favourably
reduced at the zero applied potential. On the other hand, in
Fig. 8 below the diagonal, such as for Zr3C2, Hf3C2 Cr3C2,
V3C2, Ta3C2, and Ti3C2, the *CO2 → *HCO2 and *CH3O → CH4

+ *O are the thermodynamic limiting steps. This indicates that
more negative potentials are required to reduce the CO2RR
compared with that of OH reduction, and it is unlikely for OH
reduction to H2O to form below the CO2RR potentials.54 These
six candidate MXenes are taken into account in the next
section to further investigate the CO2RR reaction kinetics. As
shown in Fig. 8, the first hydrogenation step of CO2 is binding
with an energy of −2.01 eV in Zr3C2. The different colour solid
lines have a linear relationship with a series of intermediates,
with the slope and coefficient marked on the plot place, produ-
cing a mixture of products. M3C2 MXenes, as extremely valu-
able candidates for the CO2RR, should exhibit high catalytic
activity and selectively at a low overpotential, and has a low
activity towards competing processes with the HER under the
reaction conditions. In contrast to hydrocarbon formation, the
CO2 reduction to CO only requires the transfer of two electrons
with two protons,9 and *HCHO is formed in the next protona-
tion of *CHO for all MXene surfaces that have been studied.
The competitive binding between C–M and O–M may result in

the formation of *CH3O through O–M binding or *CH2OH
through C–M binding, and this is associated with the relative
strengths of carbophilicity or oxophilicity on top of the
different transition metals. This has further implications for
the primary intermediates to the two possible products,
*CH3O for CH4 and *CH2OH for *CH3OH and finally forming
CH4.

55

As shown in Fig. 9, we predicted the rate-determining step
(RDS) with limiting potentials (UL = −ΔEmax/e), and the overpo-
tential (η) was deduced using the formula η = U0 − UL. Here U0

is the equilibrium potential (0.17 V for methane formation) of
a specific reaction (see Table S5†).56 It is based on these calcu-
lated results from the primary potential rate-determining step
for different reaction mechanisms. Then, it is predicted that
the overpotential along mechanism I for CH4 formation is in
the order of Mo2TiC2 (η = 0.18 V) and Hf3C2 (η = 2.91 V) (shown
in Fig. 9c). In addition, the overpotentials of CH3OH formation
are in the order of Mo2TiC2 (η = 0.32 V) < Fe (η = 1.56 V) >
Nb3C2 (η = 1.02 V) < Ta3C2 (η = 1.19 V) < Cr3C2 (η = 0.89 V), as
shown in Fig. 8a. We noted that our calculated overpotential
(η) of Mo2TiC2 is −0.38 V and that with Cr3C2 is −0.13 V for CO
formation, where *COOH → *CO + H2O is predicted to be the
potential determining step (PDS) (in Fig. 8b). In addition,
these results agree reasonably well with those (η = 0.11 V, PDS:
*COOH → *CO) obtained from the CO2RR on the Nb3C2

surface and (η = 0.23 V, *COOH → *CO) those obtained from
the CO2RR on the Ta3C2 surface, which is shown in Fig. 8b.
Another observed reaction mechanism path is that *CO2 →
*COOH → *HCOOH is the primary competitive relationship
with *CO2 → *HCO2 → *H2CO2 for the overall CO2RR.
Furthermore, Ti3C2 encounters an overpotential (η) of 0.66 V
more from the PDS *COOH → *HCOOH compared with those
(0.37 V and 0.59 V) from the PDS *CO2 → *COOH on Cr3C2

and V3C2, respectively. Hf3C2 and Mo3C2 are predicted to be
excellent in catalysing the CO2RR from PDS, and *CHO →
*HCHO encounters overpotentials (η) of 0.80 V and 0.62 V
along mechanism IV. Nevertheless, the most stable intermedi-
ates (*HCHO or *CH2OH) on Mo3C2 and Mo2TiC2 free reaction
energies and reaction energy barriers will decide the catalytic

Fig. 8 Binding energy changes (ΔEB) for (a) the first protonation step of *CO2 → *HCO2 and *CO2 → *COOH vs. HER, (b) the protonation step of
*CH3O → *CH3OH and *CH3O → *CH4 + *O vs. HER. Data points lie below the dashed diagonal are more selective towards the CO2RR than the HER
or OH formation at U = 0 V (vs. RHE).
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activity of the catalyst, and they contributed to the observed
CO2RR activity. Our calculations observed that for obtaining
the final product CH4, *CO2 → *HCO2 → *H2CO2 → *H2COOH
→ *H2CO → *H3CO → *H4C + *O → *O → *OH → *H2O is the
most favourable overall reaction pathway. In addition, for *CO2

→ *COOH → *HCOOH → *CHO → *H2CO → *H2COH →
*CH3OH → *CH3 → *CH4 as the secondary reaction pathway,
these two reaction mechanisms mainly lead to liquid HCHO
as the key intermediate product at a zero potential, as mecha-
nism II suggests that *CHO is more stable than *COH as the
primary intermediate in the third protonation step for all
M3C2-type MXenes that have been studied. We also compared
the competition between *CH2O → *CH3O and *CH2O →
*H2COH, and *CH2O → *CH3O may be more likely to occur
under low potentials. Our calculations show that the CO2RR is
favoured over *H3CO → H4C + *O on M3C2 MXenes. Actually,
the first hydrogenation of CO2 to form HCO2 demands a large
energy output, and in this case for MXenes, we observed
exothermic reaction energies of −0.91 eV for Mo3C2 and −0.87
eV for Mo2TiC2. In addition, much more exothermic reaction
energies of −2.65 eV for Sc3C2 and −2.45 eV for Ti3C2 were
observed.

Our work has also identified the barrier of activation57 for
each intermediate reaction by searching for transition states
(TSs) and their reaction energies58 (shown in Fig. 10 and
Fig. S10†), indicating a reaction energy of −0.05 eV for the first
transition state in the representative candidate and an acti-
vation barrier of 0.06 eV for the first transition state (TS) in
Zr3C2, where the first hydrogenation step of CO2 is from CO2

adsorption to the HCO2 form. For example, the transition state
(TS) of the second hydrogenation step of the CO2RR leading to
the H2CO2 intermediate species forms with a reaction energy
of 0.05 and an activation barrier of 0.36 eV. It exhibits a high
activation barrier of 0.36 eV and is an endothermic process. In
addition, the third hydrogenation step for which the reduction
reaction is H2CO2 to H2COOH is interesting and it was found
to have an increased energy barrier (0.11 eV), and then, it
spontaneously transformed into H2CO with an energy barrier
of 0.01 eV. However, *CO2 → *COOH would exhibit a higher
activation barrier of 0.24 eV than *CO2 → *HCO2 for the first
hydrogenation step. Through simulation for transition-metal
carbides M3C2,

59 we predicted that Mo3C2 and Zr3C2 are the
two best candidates for reducing CO2 into CH4, as high activi-
ties are obtained under the same conditions. Based on our

Fig. 9 Volcano relation of overpotentials as a function of binding energy (ΔE) for different intermediate species, (a) EB(*CH3OH) (b) EB(*CO), (c)
EB(*CH4), (d) EB(*HCOOH), and (e) EB(*HCHO), open symbols are for M = Sc, Mn, Zr, V, Mo, Nb, Hf, Ta, and W in M3C2 for production of CH4, CO,
HCHO, HCOOH, and CH3OH.
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data, we hypothesize that a good catalytic activity for the
CO2RR can be obtained, and the catalytic mechanism was also
described for M3C2 (M = Sc, V, Mn, Zr, Nb, Mo, Hf, Ta, and W)
MXenes. They exhibited a common route along the minimum
energy path involving successive hydrogenation steps.60,61 On
the basis of Fig. 10, there are four reduced intermediate pro-
ducts, HCHO, CO, CH3OH, and HCHO, which exhibit weak
binding. Since the CH3O radical is more thermodynamically
stable than the H2COH along mechanism III with one H+/e−

pair, our results have also shown that the route towards the
formation of CH3OH and HCHO as the final products is not

favoured. As happened in the different reaction mechanism
pathway of HCHO formation, we observed that producing
O⋯CH4 is the preferred spontaneous process from H3CO.
Finally, the *O moiety on the surface appears to be highly reac-
tive after CH4 release from the surface, and it corresponds to
energy barriers of 0.02 eV and −0.05 eV for CH4 release,
respectively. As shown in Fig. 10b, a highly spontaneous reac-
tion occurs in the seventh hydrogenation step from *O to *OH
and further generation of H2O, which has the lowest release of
energy of all of the elementary reactions, even less than the
earlier CO2 adsorption process. M3C2-type MXenes, as a new
material, have been increasing significantly in fuel cells,62,63

and the rate-determining step64 is usually imposed by the first
hydrogenation step. However, our analysis presented different
conclusions; the limiting step may be the release of H2O or
CH4, as the final H+/e− transfer plays an important role, which
is hypothesized as the best alternative for the catalytic
reduction of CO2 based on transition-metal carbides (MXenes)
in this work.65,66

Conclusions

In summary, the systematically investigated 2D M3C2-type
MXenes (M = Sc, V, Cr, Mn, Zr, Nb, Mo, Mo2Ti, Hf, Ta, and W)
towards the CO2 reduction reaction to CH4 with combined
electrocatalytic technologies are discussed. We found that the
transition metal plays an important role in the active site of
the CO2RR for each protonation step, producing diverse hydro-
carbon products, such as CO, CH3OH, HCHO and HCOOH,
along the different mechanistic pathways of CO2 conversion
into hydrocarbons (CH4). By analysing the changes in the lim-
iting potential (UL) between the CO2RR and HER, it indicates
that the CO2RR is the dominant competing reaction over the
HER, and it is predicted to be more selective for the CO2RR
forming HCO2 than COOH as the first protonation step. This
indicates that formic acid (HCOOH) is unlikely to be
implemented as the intermediate product for the successive
protonation steps because it may easily desorb as a liquid
product from the MXene surface under the standard con-
ditions. To produce methane as the final product, *HCO2 →
*H2CO2 → *H2CO2 → *H2COOH → *H2CO → *H3CO → *O →
*OH → *H2O (mechanism I) is predicted to be the primary
pathway except for Ta3C2 and W3C2, and they are sup-
plemented with *COOH → *HCOOH → *CHO → *HCHO →
*H2COH → *H3COH → *CH3 → *CH4 (mechanism II) as the
most favourable pathway, resulting in *HCHO → *H2COH
being the potential determining step with limiting potentials
of −2.10 eV and −0.89 eV, which are much lower than those of
mechanism I (−1.43 eV and −0.74 eV) for the majority of the
Ta3C2 and W3C2 studied, respectively. We identified the
scaling relationships of the limiting potential (UL) vs. RHE and
the CO2RR selectivity compared to the HER. The *HCO2 and
*COOH binding features may be determined by the intermedi-
ates, such as M–O–C and M–C–O binding, which are compar-
able to the relative strengths of the carbophilicity or oxophili-

Fig. 10 All energy reaction mechanism paths for CO2 conversion into
*CH4 in catalysis on the Zr3C2 MXene surface by using the DFT-D3
scheme. (a) Path 1, (b) path 2, (c) path 3, and (d) path 4. The intermedi-
ates and transition state (TS) are observed. Free energies for reaction
(blue number) and activation (black number) are shown in eV for each
reaction.
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city with the transition metal, and this plays an important role
in determining the primary pathway to the two major reaction
mechanisms, not only *HCO2 → *H2CO2 but also *COOH →
*HCOOH. Among all of the transition metal carbides (MXenes)
considered, Ti3C2, Ta3C2 and Sc3C2 can greatly reduce CO2

to CH4. This work is likely to further guide the design
of CO2RR catalysts to produce high efficiency fuel cells, and
V3C2, Mo3C2, Mo2TiC2 and W3C2 are certainly predicted to be
promising CO2RR catalysts for reducing methane (CH4) under
lower overpotentials of 0.74 V, 0.45 V, 0.17 V and 0.41 V,
respectively.
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ABSTRACT: In this work, we propose a new family of two-dimensional (2D) transition metal borides
(MBenes) to design and explore new high-efficiency catalysts for CO2 electroreduction according to the
Density Functional Theory (DFT) approach. The recently reported MBenes have been synthesized
experimentally and have been found to have high electrical conductivities and stability, so they are
promising candidates for the development of CO2 electrocatalytic reduction (RR) catalysts. However,
tuning the reaction mechanism such that the production of hydrocarbon species occurs at a low
overpotential remains a challenge. Only C1 hydrocarbon products such as CH4, CH3OH, HCHO, CO, and
HCOOH were identified, indicating that these MBenes have high stability, catalytic activity, and selectivity
toward CO2 reduction and overcome the competing hydrogen evolution reaction (HER). These MBenes
possess a metallic feature that can be tuned as a new catalyst for CO2RR, depending on the ability to
control their selectivity and catalytic activity.

Carbon dioxide storage and recycling is a process involving the
capture of CO2. Researchers have devoted increasing amounts
of attention to this process because of the sharp increase in
greenhouse gas emissions from fossil fuels, which leads to
serious global environmental problems.1 Thus, CO2 electro-
catalytic reduction (CO2RR) to useful hydrocarbon fuels,
which have economic benefits, occurs via renewable sources,
such as sunlight and electricity.2−4 Transition metal borides
(MBenes) are a new family of unique metallic character
materials generated in the formula of MxBy, where x:y ratios
can be set to 1:1, 1:2, 2:1, 3:4, and 5:2, and M denotes
transition metals such as V, Fe, Mo, Ru, Os, Au, Ta, Nb, and
Hf atoms. MBenes feature a mix of metallic and covalent
bonding between the transition metal and boron. This new
type of two-dimensional (2D) MBene material has been
synthesized experimentally.5,6 High-throughput screening was
executed by Jiang et al.,7 who reported 11 MBenes, Zr2B2,
Hf2B2, Au2B, Mo2B,

9 Fe2B4,
15 Ru2B4, Os2B4, V3B4, Ta3B4,

Nb3B4, and Nb4B10, with MXene-like family derivatives. This
new type of 2D MBene material demonstrates excellent
electronic, mechanical, and magnetic properties. The common
MBenes are usually obtained by selective etching from the Al-
containing group from the MAB phase under acidic solution
conditions of HF or HCl, suggesting that they can be exfoliated
into the 2D MBene layered structure. Recently, by using
topochemical deintercalation from MoAlB phase crystals with
NaOH alkaline solution under room-temperature conditions, a
stable 2D Mo2B2 MBene monolayer was identified.8 The given
MBene monolayers exhibited high stability and selectivity for
carbon dioxide electroreduction; however, the reaction
mechanism and catalytic activity of MBenes remain unknown.

Their electronic and chemical reactivity properties are
implemented in first-principles calculations, and promising
applications of MBenes as a high-efficiency catalyst to CO2RR
and the hydrogen evolution reaction (HER) have been
proposed. As far as we know, some 2D MBene materials
applied in CO2 electrocatalytic reduction have been reported
either experimentally or theoretically. Guo et al.9 reported that
2D Mo2B2 and Fe2B2 MBenes are suitable for use in lithium-
ion batteries and HER electrocatalysis applications due to their
excellent metallic features and electronic conductivity. Yuan et
al.10 proposed MB2 MBene monolayers with high catalytic
activity for selective production of CO2 to CH4, Fe2B4, and
Mn2B4 monolayers with very low limiting potential for CH4
production in practical applications. Moreover, a type of Ti2B2
monolayer with electronic metallic properties and excellent
catalytic activity has been applied in HER,11 and Mo2B as a
new type of MBene material has been proven to be applicable
in lithium-ion batteries because of its high electrical and
thermal conductivities.12 Furthermore, Fe2B2 has been
reported to be a promising candidate catalyst for hydrogen
evolution through theoretical study and experimental analysis,
and Ti2B2 may be a candidate anode material for LIBs and
SIBs.13 Recently, Zhang et al. reported that HCl solution can
selectively etch Al layers from Cr2Al2B2 to obtain 2D Cr2B2.
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The electrochemical performance of Cr2B2 and Mo2B2 has
been further explored to contribute to the design of a novel
catalyst for CO2 reduction.

15

In this work, we explore this new family of MBenes, which
have been proven to have a stable structure by a theoretical
approach16 and can be exfoliated from layered MAB phases.8

Here, we investigate 11 new kinds of MBenes from ref 7 for a
catalytic platform of CO2 reduction to C1 product within ab
initio calculations. Furthermore, we find that 2D Au2B and
V3B4 MBenes are more suitable for applications as a platform
in electrocatalysts for CO2 electroreduction to a CH4 product
with a relatively low working potential among these MBenes.
Moreover, Au2B, Os2B4, and Ru2B4 are more suitable for the
production of CH3OH with small overpotentials of 0.31, 0.48,
and 0.35 V than are other MBenes, respectively. Moreover,
these novel 2D compound materials have unique advantages
for electrocatalysis, including large surface area and excellent
electrical conductivity. The reaction mechanism and catalytic
activity in CO2RR on different types of MBene surfaces and
the selectivity related to the competitive reaction of HER were

also fully considered. The binding energies of *OH and *CO
are two valuable descriptors for the catalytic performance of
MBenes. Volcano plots related to limiting potential and
overpotential were also used to explore the catalytic properties.
The electronic structure and density of states of MBenes were
calculated, and the 2D MBene layer structure with a metallic
character showed promising electronic conductivity. These
theoretical results provide an effective method to design and
screen high-performance catalysts based on MBenes for CO2
electroreduction applications.

■ COMPUTATIONAL METHODS
All density functional theory (DFT) calculations were executed
within application code using the Vienna ab initio simulation
package (VASP).16 A first-principles approach was used to
screen 11 2D MBenes as promising candidate electrocatalysts
for CO2RR. The reaction mechanism and catalytic activity of
CO2 electroreduction to C1 hydrocarbon products were
explored on several periodic supercells of the 2D MBene
surface. The supercells were generated by a 2 × 2 MBene unit

Figure 1. (a) Eleven transition metals in the periodic table of the elements are taken into account in this work. (b) Top views (upper) and side
views (lower) of different types of MBene structures, the red circles represent the active sites for CO2 adsorption and intermediate production. (c)
The differential charge density distribution of the most stable CO2 molecules adsorption configurations Hf2B2, Ta3B4, Nb3B4, and V3B4, surfaces,
respectively. Side views on configuration (left): top views (right). The yellow and cyan colors represent electron accumulation and depletion
regions, respectively, with an isosurface value of 0.001 e/Å3. (d) Gibbs free energy diagrams for HER at zero electrode potential. (e) Difference of
UL(CO2) − UL (H2) plotted as a descriptor of UL(CO2) at 0 V vs RHE on various models surfaces, respectively.
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cell with a vacuum space set to 20 Å to avoid interactions
between periodic boundaries. The GGA-PBE exchange-
correlation functional method was used to describe the
electron exchange-correlation with a cutoff energy set to 500
eV.17,18 The Monkhorst−Pack mesh of 5 × 5 × 1 k-points was
applied within the sampled Brillouin zone to optimize the
geometric structure, and 10 × 10 × 1 k-points were chosen for
electronic property calculations. The convergence tolerance
was set to 10−6/eV in energy and −0.02 eV/Å in force for both
geometric optimization and electronic calculations. To
consider the van der Waals interactions between CO2
reduction intermediates and catalysts, the DFT+D3 correction
within Grimme’s scheme was executed in all calculations.19 It is
important to point out that the GGA-PBE method might not
agree with real experimental results and even compared to
other computational methods, such as the PBE+D3 method
which has been verified, tends to overestimate the binding
energy in contrast to PBE+D3; thus, it might be more suitable
to study surface phenomena in electrochemistry reactions.
However, due to the computational limitations, our GGA-PBE
method is without inevitable errors, but the overall trend
between the two methods is similar.20 The formation energy of
the CO2RR intermediates was obtained from the computa-
tional hydrogen electrode model (CHE). The standard
hydrogen electrode (SHE) was used as a reference electrode
for all proton−electron pair transfer processes and was defined
as zero (2H + 2e− → H2). The chemical potential of each
proton−electron step contribution was determined under zero
potential, pH = 0, T = 298.15 K, and 1 atm. The applied
potential with URHE = USHE + kBTpH = USHE + 0.059 pH was
measured at room temperature (kB is the Boltzmann
constant).21 The binding energies of CO2RR intermediates
were calculated according to the chemical reaction (* + CO2 +
nH+ + ne− → *CHnO2). Thus, ΔE = Etotal − Ecatalyst − Eadsorbate
− n/2EH2, where Etotal, Ecatalyst, and Eadsorbate are the total
energies of the adsorbate configurations, catalyst, and isolated
CO2RR species (such as CO2, H2, and CH4),

22 respectively.
Thus, the Gibbs free energy change (ΔG) could be obtained
from the binding energies according to the formula ΔG = ΔE
+ ΔZPE + ΔH − TΔS + ΔGU + ΔGpH, where ΔE is the
binding energy obtained directly from DFT calculations,
ΔZPE is the zero-point energy, ΔH is the enthalpy change,
ΔS is the entropy change under applied temperature, ΔGU is
the contribution of the applied electrode potential (U), which
is equal to neU with the number of electrons transferred. ΔGpH
= kBT ln[H+] was determined by the concentration of H+.
ΔZPE and ΔS of the CO2RR intermediate species were
calculated depending on the vibrational frequencies within the
fixed slabs.23,24 The vibrational frequency calculations of
adsorbate configurations were performed using the VASPKIT
code.25 According to the depiction of the volcano curve of
limiting potential (UL) and overpotential proposed by Nørskov
et al., UL was obtained from the equilibrium potential as UL =
−max[ΔG1, ΔG2, ΔG3, ΔG4, ΔG5, ΔG6, ΔG7, ΔG8]/e, ηCORR
= Ueq − UL, where ΔGn (n = 2, 4, 6, or 8) is the reaction
energy of each elementary reaction step during the CO2
electroreduction process.26,27

A high-throughput scanning approach has been executed to
explore the candidate stable and high-efficiency catalysts from
the 2D MBenes (MxBy) phase, where M denotes transition
metals, and the x:y ratios can be defined as 2:2, 2:4, 1:2, 3:4,
and 10:4. In this study, we considered 11 2D MBenes that have
been successfully theoretically studied or synthesized exper-

imentally (Supporting Information, Figure S1a. Depending on
the ratio of metal and B atoms, these MBenes can be divided
into four types: Zr2B2/Hf2B2, Au2B/Mo2B, Fe2B4/Ru2B4/
Os2B4, and V3B4/Ta3B4/Nb3B4. Their geometric structures
after full structure relaxations are displayed in Figure 1b. The
stability structure of the M3B4 MBene monolayer consists of
three atomic metal layers with four atomic boron layers,
resembling a sandwich. Each metal atom is coordinated to
eight boron atoms, and each boron atom is bonded to four
metal atoms. The unit cell of the M2B4 structural framework
contains three M-B bonds of each metal atom, and two atomic
metal layers are coordinated with two atomic boron layers (see
Figure 1b). The M2B configurations are similar to those of 2D
transition metal carbides (MXenes), as shown in Figure 1d,
which can be generated by two metal atomic layers interleaved
with one boron atomic layer, forming a rhomboid structure.
Similarly, as a CO2 electrochemical reduction catalyst, the type
of M2B2 single-layer MBene with exposed metal atomic layers
on the surface (Figure 1c) is expected to have high surface
state reactivity. In this work, several derivative final products
(such as CO, HCOOH, HCHO, CH3OH, and CH4)

28 are
considered, depending on the overpotential on these MBene
single layers. We considered only the most energy-preferred
adsorption sites, which are marked in red circles in Figure 1b
(red circle), including the top sites of both metal and boron
layers. The most stable adsorption energies are listed in Table
S3. Because of the electron deficiency of boron, the M−B
bonds are slightly weaker than the M−C and M−N bonds.29,30

The proposed 2D MBenes are similar to MXenes and exhibit
superior electrochemical properties for electroreduction of
CO2. To gain further insight into the adsorption of carbon
dioxide, we calculated the charge density difference under an
isosurface value of 0.001 e/Å3. The electron accumulation and
depletion regions are represented in different colors in Figure
1c. The charge transfer to CO2 from the MBene surface and
the electron transfer from transition metal to boron further
contribute to the stability of the adsorption configurations.31,32

For the M3B4-type MBene substrate, the favorable adsorption
site is on top of the metal atom with adsorption energies of
−0.06 eV, −0.25 eV, and −0.05 eV, corresponding to Nb3B4,
Ta3B4, and V3B4, respectively. Furthermore, for Hf2B2 and
Zr2B2, the sites of boron also provide an energetically preferred
adsorption energy for CO2 reduction. The adsorption energies
of Hf2B2 are lower (−4.29 eV) than those of Zr2B2(0.08 eV),
suggesting a strong chemical interaction on Hf2B2, while the
CO2 can easily bind onto the Ti2B2 surface of −3.22 eV. The
metal atom is also the preferred adsorption site for CO2 on the
Os2B4 and Ru2B4 substrate, and its corresponding adsorption
energies are 0.80 and 0.72 eV, respectively. In addition, the
secondary reaction HER has much higher overpotential than
that of CO2RR in the vast majority of catalysts, indicating that
the CO2 electroreduction can overcome HER during
competitive reactions (Figure 1d,e).43

To explore the interaction mechanism of CO2 molecules on
MBene surfaces, we calculated the charge density difference
and charge density between the absorbed CO2 molecule and
the catalysts, which are shown in Figure 1c and Figure S13,
respectively. The charge density of the CO2 molecule closest to
the MBene surface indicates a charge gain (yellow regions) of
the CO2 molecule and a charge reduction on the catalyst. The
transfers of charge are determined by the size of the charge
cloud and can be quantified depending on the binding strength
of CO2 with the MBene surfaces. The top of the metal
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adsorption site configuration has the most obvious charge
exchange due to the strong interaction with the MBene
surfaces. The energetically high negativity leads to strong
activation on Hf2B2, and the CO2 molecule forms a highly bent
O−C−O angle of 118.71° on the hollow site. The carbon
atom is located above the boron atom on the subsurface, and
the two oxygen atoms are bonded to the surface Hf atoms, as
shown in Figure 1e. The stable adsorption configurations of all
CO2RR intermediate configurations and the Gibbs free-energy
diagram of the most favorable pathway of CO2 electro-
reduction to CH4 on the Au2B subsurface are displayed in
Figure 2a,b. First, the CO2 adsorbed on Au2B demonstrates a
nonspontaneous physical absorption process of Gibbs free
energy at 298.15 K of 1.20 eV, which is larger than that on
Hf2B2 (−4.29 eV) and Ta3B4 (−0.25 eV). This implies that on
Hf2B2 and Ta3B4, MBenes will exhibit CO2 chemisorption. In
Figure 2a, the first protonation step (*CO2 → HCO2) reveals
a nonspontaneous reaction energy of −0.28 eV on the Au2B
surface, which is smaller than that on Hf2B2 (−1.02 eV). The
first hydrogenation step is the rate-determining step,
corresponding to the largest step ΔGmax in the free energy
diagram of −0.29 eV. The applied potential is shown in Figure
2b. The reaction energies of *HCOOH, *CH2OH, *CH2,
*CH3, and CH4 exhibit a spontaneous process with 0.13, 0.16,
0.67, 0.46, and 0.63 eV, respectively. Once the CO2 molecule is
adsorbed, the formation energies of some final products such
as *HCOOH, *CO, *CH3OH, *HCHO, and *CH4 along the
subsequent hydrogenation reaction step are 1.26, 1.05, 0.88,
1.57, and 0.35 eV, respectively. The final product is CH4 after
the eighth hydrogenation step with desorption energy of 0.59
eV. Moreover, for Hf2B2, a CO2 molecule is adsorbed with
adsorption energy of −3.26 eV to form *COOH during the
first hydrogenation step (Figure S2c). Furthermore, the energy
profile change indicates that the most favorable path of
CO2(g) → *COOH → *CO → *CHO → *HCHO →
*H3CO → *O → *OH → *H2O(l) was energetically

favorable for the CO2RR. The formation of intermediate
products, such as *CO, *HCHO, *CH4, and *H2O along the
second, fourth, and sixth steps, are all exothermic processes.
The second hydrogenation step of the production of *CO was
the rate-determining step with a Gibbs free energy change of
1.20 eV. Moreover, Ru2B4 can also be a promising candidate
for CO2RR The rate-determining step located at the reaction
of *CH3 → *CH4 with a Gibbs free energy change of 0.70 eV
(Figure S2h) reveals a much lower overpotential (0.87 V) than
that on Hf2B2 (1.37 V) and a much higher one on Au2B (0.46
V) (Figure 2c). In summary, Au2B (0.46 V), V3B4(0.76 V),
Ru2B2(0.87 V), and Fe2B4(1.02 V) reveal a capability to
produce methane from CO2 due to their relatively low
overpotential. A histogram plotted with overpotential33 as a
function of CH4 binding energy is shown in Figure 2c. This
demonstrates the feasibility of CO2RR on our proposed Au2B
and Hf2B2 MBene catalysts. For the other MBenes, the first
hydrogenation step of *CO2 on the catalysts is always the rate-
determining step of CO2 electroreduction. Under general
conditions, CO2 can be activated by electron transfer from the
MBene slab surface, which is always accompanied by the
decrease in the O−C−O bond angle and forms chemical
bonds between the metal and the oxygen. Figure 2d illustrates
an entire reaction route for CO2RR to C1 products (CO,
HCOOH, HCHO, CH3OH, and CH4). The possible final
products are shown in red, and the arrows in different colors
denote a single proton−electron transfer.
The theoretical predictions of the proposed branching and

competing reaction in CO2RR on the 2D MBene surface are
shown in Figure 3e−h, which has great significance in
confirming the reaction pathway depending on the inter-
mediates species during the hydrogenation process. The
intermediate species and reaction mechanism path of CO2RR
on MBene are very complicated processes. As mentioned
above, the reaction pathway of CO2RR is determined by the
binding strength of the MBene surface with various

Figure 2. (a) Side view of the minimum reaction energy path for the CO2 reduction to *CH4 catalyzed by Au2B MBene with PBE (DFT-D3)
calculations, (b) Gibbs free energy diagrams of the CO2 reduction to CH4 under different applied potentials along with the most favorable pathway
via Au2B. (c) Summary of overpotentials on MBenes for CO2RR via the most favorable pathway at 0 V vs RHE, (d) A entire reaction route for
CO2RR to C1 products. The possible final products are shown in red and arrows in different colors denote a single proton−electron transferred.
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intermediates. Thus, we are designing a high-performance
electrocatalyst for CO2 reduction depending on the formation
energy of intermediates. For example, Au2B, Nb4B10, and V3B4

MBenes are more favorable for producing the energy of
*HCO2 and are suitable for producing HCOOH or H2CO2.
The other MBenes are preferred to form *COOH and further
generate CO. In addition, C−H coupling or O−H coupling
can determine the intermediates species of CO2 reduction to
methane.34,35 The third proton-coupled electron transfer step
is the reduction to *CHO or *COH from *CO, which should
be considered (Figure 3e) (*CO + H+ + e− → *CHO/
*COH). If the catalyst could stabilize O, the formation of
*CHO or *COH could be adjusted. The *COH pathway is

favored over *CHO on Mo2B, indicating that the binding
strengthens *COH over *CHO. The next successive hydro-
genations on the C or O atoms of *COH form HCOH or *C,
and *CHO can transform to *HCHO and *H2COH following
a sequential hydrogenation step. Since the *CH3O species is
preferred over H2COH during the fifth H+/e− pair transferred,
the route toward the formation of the CH4 on Hf2B2 as a
product is favored over other MBenes during the sixth
hydrogenation step. It is established that the third hydro-
genation step on the HCOOH* species will produce *CHO or
H2COOH and further protonate to *HCHO. Furthermore,
once the *HCHO reduction proceeds along the *CH3O
pathway, it may be hydrogenated to *CH3OH or *O. As

Figure 3. (a) Side view of geometric configurations along the lowest energy path followed for the CO2 conversion into CH3OH catalyzed by V3B4,
the red numbers represent an energy exothermic process, while the dark blue numbers represent the endothermic process for a reaction step,
respectively. (b) Some promising candidates for producing CH3OH with a relative small overpotential; black numbers are the formation energy of
CH3OH; dark red numbers are overpotentials and bond length of M-O in Å, respectively. (c) Gibbs free energy diagrams of the CO2 reduction to
CH3OH under applied potentials along with the most favorable pathway via V3B4. (d) Summary of overpotentials on MBenes for CO2RR
reduction to CH3OH via the most favorable pathway. (e−h) Schematic illustration of possible electrochemical branch reaction steps during the
hydrogenation of CO2 to CH4 on M2B4: (e) *CO2 to *HCOOH; (f) *CO to *HCOH; (g) *H3CO to *CH3OH or *O; and (h) *COOH to
HCHO on Os2B4, respectively.
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shown in Figure S2c, Hf2B2 has obvious spontaneous reactions
during the seventh hydrogenation to form the *OH species.
Finally, the rate-determining step becomes the formation of
*H2O, which has the largest energy barrier of 0.97 eV among
all elementary reactions and is a relatively strongly adsorbed
H2O molecule of 2.18 eV once released from the surface.
These hydrogenation steps should be further investigated for
producing various hydrocarbon products to determine the
most favorable pathway and confirm the final product. The
favorable reaction pathway, intermediate species, and final
products were determined by the Gibbs free energy profile and
their limiting potential of each elementary reaction step. The

theoretical overpotentials are very large for the Nb4B10 and
Zr2B2 catalysts, and the calculated overpotentials are 1.48 and
1.30 V, respectively. In addition, the overpotentials of Au2B,
Ru2B4, and V3B4 are 0.46, 0.87, and 0.76 V, respectively,
indicating that the catalytic performance of CO2RR on these
MBene catalysts are more favorable than those of other
MBenes.9

Figure 3 shows the CO2 reduction to CH3OH along with six
hydrogenation steps on the catalyst. The formation of *HCHO
is the crucial intermediate species to determine the entire
reaction pathways. It can be formed from *H2COOH or
*CHO in the fourth hydrogenation step. For the *CH3OH

Figure 4. (a,b) Side view of geometric configurations along the lowest energy path followed for the CO2 conversion into HCHO catalyzed by Au2B
and Ru2B4, respectively. Here, the red numbers represent an energy exothermic process, while the dark blue numbers represent the endothermic
process for a specific reaction step. (c,d) Gibbs free energy diagrams of the CO2 reduction to HCHO under applied potentials along with the most
favorable pathway via Au2B and Ru2B MBenes, respectively. (e) Some promising candidates for producing HCHO with a relative small
overpotential, black numbers are the formation energy of HCHO, dark red numbers are overpotentials, respectively. (f) Summary of overpotentials
on MBenes for CO2RR reduction to HCHO via the most favorable pathway. (g,h) Gibbs free energy diagrams of the CO2 reduction to CO under
zero potentials, and Gibbs free energy diagrams of the CO2 reduction to HCOOH under zero potentials via MBenes, respectively. (i,j) Summary of
overpotentials on MBenes for CO2RR reduction to *CO and *HCOOH via the reaction pathway, respectively.
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species on Zr2B2 displayed in Figure 3a, the following pathway
is preferred: *CO2 → *COOH → *CO → *CHO →
*HCHO → *H2COH → *H3COH. The CH3OH molecule
prefers physisorptions with a release energy of 0.29 eV. The
*COOH formation is an exothermic process of −1.13 eV,
while the *CO formation is endothermic by −0.42 eV,
suggesting that the formation of *COOH is favorable to that of
HCO2, and the formation of *CO is also favorable to that of
HCOOH in the second hydrogenation step, indicating that the
*CO species can be hydrogenated to form the CHO* species,
and the *HCHO species can be hydrogenated to form the
*CH2OH species with an electron proton pair transferred.
*CHO + H+ + e− → *HCHO and *CH2OH + H+ + e− →
*CH3OH are exothermic processes that are uphill in the free
energy profile by 0.05 and 0.41 eV, respectively. In Figure 3b,
Au2B, Fe2B4, Os2B4, and Ru2B4 are energetically favorable
formations of *CH3OH, corresponding to overpotentials of
0.61, 0.68, 0.48, and 0.35 V, respectively. In Figure S3, the rate-
limiting step is the reduction of the first hydrogenation step
*CO2 →*COOH/*HCO2, while the reduction of *H2COOH
to *HCHO on Fe2B4 and V3B4 is against the other MBene
systems. For the Hf2B2, the kinetic activity of the reaction is
determined by *COOH → *CO. For V3B4, the limiting
potential step located at *H2COOH → *HCHO makes all
reaction steps downhill under an applied potential of −0.59 V
on this step (Figure 3c). This indicates that smaller
overpotentials are required to reduce *CHO than that of
*COH reduction. For Ru2B4, the first transfer of H+/e−

coupling to the *CO2 intermediate to form *COOH is
defined as the rate-determining step, because this step is the
most exergonic with a value of 0.74 eV downhill in the free
energy profile diagram. After a potential of −0.46 V is applied,
the energy profile change of all elementary reaction steps are
downhill, and CO2RR occurs more easily than under zero
electrode potential. Figure 3d shows that the overpotential was
described by the binding energy of ΔG(*CH3OH), and the
rate-determining step was determined by the highest over-
potentials of Au2B (0.31 V), Os2B4 (0.48 V), Ru2B4 (0.45 V),
and V3B4 (0.61 V) located on the bottom left corner of the
volcano. This means that these MBene catalysts require
relatively high reaction energy to overcome the limiting
potential of the rate-determining step. Previously studied 2D
materials, such as Cr3C2 (−1.05 V) and Mo3C2 (−1.31 V)
MXenes,37,38 based on Mn2B4 and Fe2B4 also exhibit a limiting
potential of 0.59 and 0.76 eV, respectively;39,40 this is
comparable to the limiting potential of 0.74 V on Cu.41

In the next section, we will examine the formation of the
HCHO reaction pathway along with the 4(H+ + e−) coupling
on the MBene surface to identify the minimum energy path
followed for the CO2 conversion mechanism into *HCHO
catalyzed by Au2B and Ru2B4, as shown in Figure 4 panels a
and b, respectively. Furthermore, we examine the three
branched reaction pathways *HCOOH → *CHO, *CO2 →
*COOH, and *COOH → *HCOOH,36 which require lower
limiting potentials than *CO2 → *HCO2 and *HCO2 →
*H2CO2 steps because of the stronger formation of O−H
bound intermediates. In Au2B and Ru2B4, the maximum
limiting potentials (UL) are determined by the reaction steps
*CO2 → *HCO2 and *COOH → *HCOOH corresponding
to −0.29 eV and −0.33 eV, respectively. Thus, under applied
potentials of −0.29 V and −0.33 V, the Gibbs energy profile
diagram of all elementary reaction steps are downhill. This
means that the CO2 electroreduction can happen sponta-

neously under the applied electrode potential. According to the
Gibbs free energy profile change of each elementary step at
zero potential, our results revealed that the *CO2 → *HCO2
→ *HCOOH → *H2COOH → *HCHO path is the most
favorable for Au2B with a small overpotential of 0.22 V (Figure
4e), and the pathway CO2 → *COOH → *HCOOH →
*CHO → *HCHO is the most favorable for Au2B with the
smallest overpotential of 0.26 V among all MBenes. The
catalytic performance of these MBene catalysts depends on the
volcano plot of the overpotential as a descriptor of the
formation energy of *HCHO (Figure 4f). Taking Nb4B10 and
Zr2B2 as examples, the limiting potentials of −0.88 eV and
−1.13 eV are so negative that the formation of *HCHO is
difficult, leading to high overpotentials corresponding to 0.81
and 1.07 V, respectively. This indicates that they are not
suitable for CO2 electroreduction under normal conditions.
Similarly, *HCHO and *CH3OH share the same intermediate
species during the reduction reaction. The volcano plots of
overpotential for all MBenes are the same except for the
equilibrium potential, which shifts to −0.07 V for *HCHO
from 0.02 V for *CH3OH.
For the whole 2H+/e− transfer process, the final products are

*CO and *HCOOH, which share the first hydrogenation step
of *CO2 → *COOH in Figure 4g,h. The preferential reaction
pathways for the formation of both *CO and *HCHO are the
same on all MBene surfaces via the following pathway: *CO2
→ *COOH → *CO or *HCOOH, and the formation of the
*COOH species is the rate-determining step for Au2B, Nb3B4,
and Ta3B4. For both *CO and *HCHO production, the Gibbs
free energy diagram of each elementary reaction step becomes
downhill under an applied potential. As shown in Figures S7
and S8, the entire reaction step is exothermic. The smaller
overpotential means a lower energy expenditure. Therefore,
Fe2B4 exhibits higher catalytic activity for CO2 reduction to
CO than on the Au2B surface. On the MBene surface, the
obvious strong binding *O makes M−O breakage more
difficult and leads to HCOOH formation, while the M−C
bond strong coupling leads to CO formation.42 We considered
the free energy of the hydrogenation of *COOH to *CO since
it is the rate-determining step on Mo2B, Hf2B2, and Zr2B2. The
overpotentials of these MBene catalysts are 0.61, 1.08, and 1.01
V, respectively, which are all larger than those on Ru2B4
(−0.57 V), Os2B4 (−0.54 V), and Fe2B4 (−0.65 V) (see
Figure 4i). This means that the formation of CO can
spontaneously generate without external voltage on these
MBene catalysts. Furthermore, the overpotential for the
production of CO is much higher than that for the production
of HCOOH, with ηCO of 0.20 V and ηHCOOH of 0.07 V on
Au2B. The catalytic activity is comparable to that of Pd, 0.15
V,43 and the overpotential of V3B4 for producing HCOOH is
0.46 V, which is comparable to that of the CuSn3 topological
insulator catalysts (0.39 V).44

To further explore the catalytic activity and product
selectivity of the CO2RR on MBene catalysts, we computed
the binding energies of all possible intermediates for producing
CO2 to CH4 and found that a scaling linear correlation forms
between the binding energies of two adjacent intermediates
(Figures S10 and S11). Recently, the CHE model was used to
study the linear correlation between different intermediates. A
series of calculations shows that the production of *CO to
form *CHO or *COH is the rate-determining step in CO2RR.
Thus, the linear correlations of ΔG*CO vs ΔG*COOH, ΔG*CO vs
ΔG*CHO, and ΔG*CO vs ΔG*HCHO have been verified. The

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://doi.org/10.1021/acs.jpclett.1c01499
J. Phys. Chem. Lett. 2021, 12, 6370−6382

6376

https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c01499/suppl_file/jz1c01499_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c01499/suppl_file/jz1c01499_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c01499/suppl_file/jz1c01499_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c01499/suppl_file/jz1c01499_si_001.pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.1c01499?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


colored lines represent the linear regressions of line correlation.
We find that ΔG*O vs ΔG*OH, ΔG*H3CO vs ΔG*OH, and
ΔG*CH3OH vs ΔG*OH on these MBene surfaces are highly
correlated, so their binding energies are highly correlated to
catalytic activity and selectivity for CO2RR, when the *O binds
too strongly to the MBene surfaces, it leads to the formation of

*CH4 rather than reduction to *CH3OH. We note that the
scaling linear correlation between ΔG*H3CO and ΔG*OH is
sensitive to the binding free energy of *OH. The linear fitting
line of ΔG*H3CO vs ΔG*OH has a slope 0.99, indicating that the
binding of *OH and the binding of *H3CO intermediate
species exhibited an ideal correlation among these MBene

Figure 5. (a−c) Gibbs free energy diagrams for CO2 reduction through the most favorable mechanisms paths on Au2B, V3B4, and Ru2B4 at a zero
potential (green line) and under an applied potential (red line). (d−f) The structures of each intermediate via the reaction paths. (g,h) Limiting
potentials for each elementary reaction step as a function depending on the formation energy of ΔG*CO and ΔG*OH, respectively.
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surfaces. Regarding the linear relations for each final product,
such as H2, HCOOH, CO, CH3OH, and CH4, it shows the
binding energy of ΔG*HCOOH that scales with ΔG*COOH,
ΔG*HCHO, and ΔG*H2COH, which reveals the elementary steps
that scale with HCOOH and CO reduction. Scaling linear
relationships among CO2RR intermediates can help guide us in
the exploration and design of new high-efficiency CO2
reduction catalysts. As shown in Figure S10, the linear
correlations for the binding energy of key intermediates are
investigated; ΔG*HCHO = 1.08ΔG*CO + 0.64, and ΔG*H3CO =
0.99ΔG*OH + 1.98 (Figure S10c,e). The coefficients of
determination (R2) are 0.93 and 0.99, respectively, which
reveals that there is a strong linear relationship between these
intermediate species. Moreover, there are also strong scaling
relationships between ΔG*HCHO and ΔG*HCOOH and between
ΔG*H3COH and ΔG*HCOOH: ΔG*HCHO = 1.09ΔG*OH − 0.18,
with an R2 of 0.96 (Figure S11d), and ΔG*H3COH = 0.97ΔG*OH
− 0.45, with an R2 of 0.98 (Figure S11e), respectively. To
describe the correlation of catalytic activity on different MBene
catalysts, the limiting potential relationship is displayed on
volcano plots, which can visualize the evolution relationship of
the catalytic activity on various MBene catalysts. Norskov et al.
proposed that the binding energy of *OH is a key descriptor
for catalytic activity of MBene catalysts. Thus, the volcano
plots were generated by limiting the potential of each

elementary reaction based on the *OH species as the
descriptors. The descriptors of *OH are shown in Figures
S10d−f, indicating the bonding strength of the final products’
interaction with the catalyst. The negative values of CO and
OH (in the left leg) indicate stronger interaction, and positive
values (right side of the volcano plot) indicate weaker
interaction between the intermediate product and catalyst.45

The volcano plot of the limiting potential shows the smallest
reaction energy required to drive the entire reaction reduction
to form our desired product. According to this principle, the
ideal catalysts are located at the peak of the volcano plot. Their
binding energy corresponds to the value along the x-axis,
which represents the perfect bond strength depending on the
descriptor and gives the maximum reaction rate.
The screening strategy can be seen in Figure 5c, for example:

At first (1) CO2 should be activated (ΔEads < 0 eV), (2) at a
higher selectivity of CO2RR process than that of the competing
HER. (3) To guarantee low energy cost, the limiting steps
should be as low as possible with −0.60 V < UL < −0.29 V (the
best catalyst Au2B). Finally a guarantee that the overpotential
is less than 0.80 V finds that Au2B and V3B4 MBenes are ideal
candidate catalysts for the CO2RR process. The volcano plots
were determined by limiting the potential of each elementary
reaction step as a function of ΔG*OH. The negative value of the
limiting potential point region means the rate of reaction and

Figure 6. (a) Electronic band structure of Hf2B2. (b) Total density of states of Hf2B2. (c) Partial density of states (PDOS) of Hf 5d and B 2p
contribution. (d) Side views of the charge density distribution of the most stable CO2 molecules adsorption configurations for Hf2B2. (e) Side views
of the charge density distribution on Hf2B2 clean surface with the Brillouin region K point path. The yellow and light blue colors represent positive
and negative charge regions with an isosurface value of 0.001 e/Å3. The Fermi level is set to zero, K presents the high symmetry k-points (1/3, 1/3,
0) were generated by VASPKIT in the Brillouin zone. Inset figure is charge density of Hf2B2 with an isosurface value of 0.001 e/Å3. (f) Schematic
illustration of the interaction mechanism of CO2 adsorption on MBenes. (g) The atomic and hybrid orbitals and molecular orbital energy level
diagram of CO2 molecule.
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overpotential of these candidate materials can be determined.
There are two types of bonds: one is the C−O bond, the
corresponding intermediate species of which are *CO, *CHO,
and *COOH with MBene materials, and the other is the O−C
bond, the corresponding intermediate species of which are
*OH, *CH3O, *CH3OH, *HCHO, *HCOOH, and
*H2COOH. When we focus only on the overpotential for
CO2 reduction, it seems that Au2B and V3B4 electrocatalysts
are suitable for CO2 reduction to CH4, while Au2B, Fe2B4,
Ru2B4, and V3B4 are all good for producing CO2 to CH3OH.
However, when we consider the competitive HER reaction, the
different limiting potential (UL) change between UL(CO2RR)
and UL(HER) on these MBene catalysts can be used to explore
their catalytic performance during CO2 reduction (Figure 1e).
The more positive value of UL(CO2RR)−UL(HER)

45 means
greater selectivity and activity of CO2RR than of the HER
process, which allows the CO2 to more easily form *HCO2 or
*COOH and means that the formation of the final product is
more favorable on the MBenes electrode. An example is shown
in Figure 5h. At first, the protonation of *CO2 to *COOH has
a low saddle point until a crossover occurs at 0.12 V with the
binding energy of *CO. The next protonation is *COOH
reduction to *CO with higher limiting potentials than for
*COOH + H+ + e− → *HCOOH, which means that is much
easier to reach the respective reactants. For *CO + H+ + e− →
*CHO, an intersection occurs at ΔG*HCOOH of 0.89 eV for
CO2 reduction to HCOOH. In Figure 5g, the evolution of
rate-determining steps is determined by ΔG*OH. When ΔG*OH
reaches −3.47 eV, the rate-determining steps change into
*CH3O + H+ + e− → *O + CH4 from *HCHO + H+ + e− →
*CH3O as an intersection point appears on the peaks, and the
optimum catalytic activity for CO2RR appears. Au2B and Mo2B
are clearly the candidates with the limiting potential of −0.11
and 0.60 eV. For a strong binding of *CH4 (ΔG*CH4 < −0.41
eV), the rate-determining step is *HCHO + H+ + e− →
*CH2OH, while it changes to *H2COH + H+ + e− →
*CH3OH with relatively weak *CH4 bonds. As the ΔG*OH and
ΔG*CO increase, the limiting potential decreases at the
beginning and then increases upon reaching the intersections
of lines and forces the overpotential to the lowest value.
Compared with MXene single-atom catalysts, the MBene
catalysts show better catalytic activity due to their relatively
low overpotentials.46,47

We investigated the electronic properties of these 2D single-
layer MBene catalysts. The band structures are shown in
Figure 6 and Figure S14 (Supporting Information). Figure 6a
shows an obvious occupied energy band from the conduction
band across the Fermi level to the valence band in Hf2B2,
indicating the metallic character of the Hf2B2 monolayer. The
projected density of states (PDOS) is also demonstrated,
which comprises mainly states contributed by the d electrons
of transition metals. The occupied states around the Fermi
level are clearly driven by the surface Hf 5d to the electronic
properties of the Hf2B2 layer, while the unoccupied states in
the valence band below the Fermi level are mainly attributed to
the orbital hybridization of Hf 5d and B 2p states.47 This
means the formation of strong Hf−B chemical bonds, which
make the Hf2B2 layer more stable. In addition, the charge
density distribution map (Figure S13) shows that the charge
cloud is delocalized above the surface and the CO2 activated
molecule on the Hf2B2, Nb3B4, Ta3B4 and V3B4 monolayer.
This may be caused by the p−d orbital coupling between metal
and boron atoms. The free state charge is usually located in an

unoccupied state and must shift to the Fermi level to achieve
charge transfer to adsorbates. In particular, the charge transfer
is rather easy between the surface Hf atom and the CO2
because of their strong Hf−O bond on the surface. These
results may help explain the high catalytic activity of the Hf2B2
for CO2 electroreduction to hydrocarbon products. Figure 6f
presents the occupied and unoccupied orbital states between
metal and CO2 molecule adsorption, the unoccupied orbitals
can accept the lone pair electrons from the s orbital of C and O
atoms, while the occupied orbitals act as back-donate electrons
to the antibonding orbital of CO2.

48 Figure 6g shows a 2sp2

hybrid orbital on O1 combined with a 2sp orbital on C to
make a sigma bonding and a sigma antibonding molecular
orbital. The other 2sp orbital on C combines with a 2sp2

orbital on O2 to make another set of sigma bonding and sigma
antibonding molecular orbitals.49 The 2py of O

2 combines with
the 2py of C to make another set of π bonding and π
antibonding molecular orbitals. The remaining 2sp2 from the
oxygen atoms become nonbonding molecular orbitals. The O1

2px combines with the C 2px to make a π bonding and π
antibonding molecular orbital.
Figure S14 displays the band structures and PDOS of

various 2D MBene materials, such as the electronic structures
of Ta3V4 compared with V3B4 (Figure S14g,h), which have a
similar structure. The two materials have a metallic character
with bands across the Fermi level at the K and M points in the
Brillouin zone. However, the band structures are quite different
between Ta3V4 and V3B4. The Os2B4 and Ru2B4 exhibit
metallic features, and their band structures are similar. To
further probe into the band structures and their density-of-
states contribution to each MBene system,50,51 we also present
the band structures of Au2B and Mo2B monolayer sheets.
Figure S14 shows that these also demonstrate metallic features
with significant contributions to states at the Fermi level. Their
good electrical conductivity is critical to the promising mobility
of electron transfer during the CO2 reduction process.52−54 It
is necessary to point out that the boron site at the catalytic
active surfaces, such as Fe2B4, Ru2B4, and Os2B4 MBenes, is
due to the exposed B atom surface and leads to a substantial
DOS contribution to the Fermi level. There obviously are
several bands crossing the Fermi levels that form some sharp
peaks near the Fermi level,55 and there is significant
hybridization between M-d and B-p orbitals in the ranges of
−4 to −3 eV for Fe2B4, −5 to −3 eV for Nb3B4, and −6 to −4
eV for Os2B4 and Ru2B4 in the valence band. This indicates a
strong hybridization of orbital interaction between metal and B
atoms at this energy level range. Analysis of the PDOS near the
Fermi level site clearly shows that the main DOS comprises the
d electrons of metal, while the p electrons of B 2p make a small
contribution to the Fermi levels in the range of −1 to 2 eV in
most of the MBene materials. Several slight peaks can be seen
in the conduction band.56 The excellent conductivity of the
MBene materials can provide advantages in CO2 electro-
reduction catalysts.
In this work, we used DFT methods to study the stability

and electronic properties of MBenes. We considered a series of
MBenes with the formula of M3B4 (M = V, Ta, and Nb), MB2
(M = Fe, Ru, and Os), and M2B (M = Au and Mo), which
were synthesized by experiment. These materials exhibited
promising CO2RR catalytic activity. The competition with
HER was also studied on the basis of the change in UL(CO2)−
UL(H2). This work extends the family of MBene applications
in the field of catalysis and offers highly promising candidates
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for CO2 electroreduction catalysts. We focused on the catalytic
properties for producing CO2 to C1 hydrocarbon products,
such as CH4, CH3OH, HCHO, CO, and HCOOH. Full
optimization of these structures showed that our considered
MBenes were stable and demonstrated a moderate binding of
CO2RR intermediate species. All possible reaction mechanism
paths were determined by the binding energy of intermediates
on these MBene catalysts. When the most favorable reaction
pathway was constructed on the basis of the Gibbs energy
profile diagram, the applied potential was set depending on the
minimum limiting potential, which required that all reaction
steps be made downhill in the free energy profile. Linear
scaling appeared between the binding energies of the
intermediate species, which provided guidance to obtain the
target product. The binding energies of ΔG*OH and ΔG*CO
were two key descriptors used to determine the catalytic
activity of MBene catalysts, and an activity volcano plot of
limiting potential was presented between different elementary
reaction steps. Au2B had a higher overpotential production of
CH4 (0.46 V) than CH3OH (0.31 V), and the first
hydrogenation of *CO2 to *HCO2 was identified as the rate-
determining step with the limiting potential of −0.29 V. We
identified Au2B and V3B4 as promising candidates with high
catalytic activity and selectivity for the reduction of CH4, while
Au2B, Fe2B4, Ru2B4, and V3B4 are expected to be promising
candidates for the reduction of CH3OH with lower over-
potential along six proton−electron transfers. Fe2B4 and Ru2B4
were identified as promising catalysts for the reduction of CO
with a lower overpotential of 0.15 and 0.14 eV, respectively.
The 2D MBene monolayers exhibited metallic features depend
on the band structure and PDOS, with the main density-of-
state contribution from the p−d orbital coupling between
metal and boron atoms. Charge transfer mainly occurred
within the adsorbates and the catalyst, which featured strong
mobility, conductivity, and thermal kinetic stabilities. The
electronic performance of MBenes exhibited a prominent
metallic character. Our results provide a guide to extend 2D
MBene system applications in CO2 electroreduction catalysts
with a theoretical approach and promote the development of
2D materials in the design and development of new high-
performance catalysts for CO2RR in the future.
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ABSTRACT: Electrochemical nitrogen reduction reactions
(NRRs) produce ammonia under ambient conditions, and it is
necessary and efficient to explore a high-activity and -selectivity
catalyst for NRR activity from the view of the energy change profile
and electrical structure. Herein, we utilized a theoretical screening
approach to systematically design two-dimensional (2D) tran-
sition-metal borides (MBenes) as promising electrocatalysts for
NRRs. Density functional theory (DFT) calculation results reveal
that Ta3B4, Nb3B4, CrMnB2, Mo2B2, Ti2B2, and W2B2 MBenes have
an excellent catalytic activity to reduce N2 to NH3 under ambient
conditions. These materials strongly attract N2 and H around the
metal activity center, while the competing hydrogen evolution reaction (HER) can be well suppressed. NRRs occur along the
favorite pathway with a low limiting potential of −0.24 V on W2B2, indicating that the W2B2 monolayer provides a new candidate
catalyst for NRRs. In addition, the low limiting potentials of Nb3B4 (0.50 eV), Ta3B4 (0.39 eV), and Ti2B2 (0.37 V) are suitable for
NRRs due to strong backdonation between the hybridized d orbital of the metal atom and the 2p orbital in N2. The improved
catalytic activity of NRRs, with limiting potentials ranging from −0.7 V < UL < −0.2 V, depends on theoretical screening criteria: the
descriptor ΔG*N is proposed to establish the relationship between the different NRR intermediates, and the rate-determining step
(PDS) was confirmed by the limiting potential of the volcano plot. The energy barrier for reducing O*/OH* to *H2O is defined as
the redox potential, and the difference in UR − UL values acts as a descriptor to study the catalytic activity. Theoretical screening
work can provide a highly effective approach to investigate the reaction mechanism and can aid in designing novel catalysts for the
reduction of N2 to NH3 on MBenes.

■ INTRODUCTION

Currently, ammonia is one of the most important feedstocks
for synthesizing chemicals and fertilizers,1,2 and the synthesis
of ammonia has enormous significance for both industrial
development and global agricultural production.3 In nature, the
nitrogenase of rhizobia can efficiently convert N2 into NH3
under ambient conditions using adenosine triphosphate, and
this process is called biological nitrogen fixation.4,5 However,
industrial nitrogen fixation depends on the Haber−Bosch
process6,7 under high temperatures and high pressures (500 °C
and 20 MPa), which is an energy-intensive and inefficient
process. Therefore, the exploration of more efficient catalysts
or the development of new alternative technologies is urgently
demanded,8 so the nitrogen reduction reaction (NRR) via
electrochemical reduction could be a promising strategy to
replace the traditional Haber−Bosch process, as it can be
carried out under ambient environmental conditions powered
by renewable wind and solar energy.9,10 However, this
electrochemical process is commonly limited by poor reaction
kinetics and high overpotential due to the slow activation of
chemically inert NN triple bonds.11 Furthermore, the poor

selectivity of current electrocatalysts is another bottleneck of
NRR due to the competing hydrogen evolution reaction
(HER) process under aqueous conditions, and efficient
electrocatalysts should have high activity and selectivity toward
NRR.12 To date, large amounts of 2D materials have been used
as electrocatalytic platforms for HER,13 O2 reduction
(ORR),14 CO2 reduction,15 and N2 reduction.16 Recently, a
series of 2D transition-metal borides, which are boron
analogues of MXenes and termed as “MBenes”, have been
discovered and synthesized experimentally.16 In 2017, Sun and
co-workers reported that Mo2B2 and Fe2B2 MBenes are
suitable for Li-ion battery electrodes,17 which attracted
intensive attention for this novel 2D transition-metal borides.
After that, Jiang et al.18 reported 12 MBenes, MnB, HfB, ZrB,
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Au2B, Mo2B, Nb5B2, Nb3B4, Ta3B4, V3B4, Os2B4, Fe2B4, and
Ru2B4, based on systematic high-throughput screening. These
theoretical studies encouraged extensive experimental evalua-
tions; among them, 2D MoB and CrB were successfully
fabricated by exfoliation of the aluminum layer from their bulk
phases.19

To systematically study the physical and chemical properties
of these MBenes toward nitrogen electroreduction, it is
important to identify the catalytic activity and selectivity.
Theoretical screening of different MBenes could provide broad
prospects in the search for candidate materials for NRR
electrocatalysts. Therefore, to find reliable descriptors to
evaluate the catalytic performance of MBenes, a valid
descriptor is needed as a criterion for judging the activity
and selectivity of the catalyst. In this regard, we propose the
following strategy: (i) MBenes should possess thermodynamic
stability and feasibility; (ii) N2 can be sufficiently adsorbed;
(iii) to achieve low energy cost, the limiting potential of likely
rate-determining steps (RDSs) should be as low as possible;
and (iv) there should be high selectivity between NRR and
HER, and the limiting potential for N2 adsorption should be
much greater than that of H2.

20 Therefore, are these MBenes
suitable for NRR catalysts? What is the difference between
MBenes and MXenes? What descriptor can be used to evaluate
the catalytic performance of these MBene catalysts for NRR?
To settle these questions, we carried out theoretical establish-
ment and screening using a density functional theory (DFT)
approach to evaluate the energy change profile of intermediates
during the NRR process. By considering stability, activity, and
selectivity, we find that some MBenes can effectively activate
N2 molecules and hydrogenate, while the competing HER
process can be suppressed.21 Encouragingly, the common
surface oxidation problem that has a great influence on the
catalytic performance of catalysts for NRR can be resolved by
the potential difference between the redox potential (UR)

22

and the limiting potential (UL)
23 in this work. In particular,

W2B2, Mo2B2, and Ta3B4 act as promising candidate catalysts
for the NRR with limiting potentials of −0.24, −0.43, and
−0.39 V, respectively. This theoretical screening work not only
provides compelling evidence for acting as NRR electro-
catalysts but also provides principles and guidance to further
design high-performance catalysts for some common electro-
chemical reaction processes.

■ COMPUTATIONAL DETAILS
All structure relaxations and electronic property calculations
within spin-polarized density functional theory (DFT) were
executed in the Vienna ab initio simulation package
(VASP).24,25 The electron exchange−correlation interactions
were described by the Perdew−Burke−Ernzerhof (PBE)
functional within the generalized gradient approximation
(GGA).26 A cutoff energy of 500 eV was adopted for the
Perdew−Burke−Ernzerhof (PBE) exchange−correlation func-
tional, and27 this functional was performed to consider the van
der Waals (vdW) interactions.28 To avoid the interlayer
interaction introduced by the periodic boundary condition, a
sufficient 20 Å vacuum was applied in the z direction.29 The
Brillouin zone was sampled by a 5 × 5 × 1 Monkhorst−Pack
(MP) grid for structural relaxation, and a denser 10 × 10 × 1
MP grid was used for electronic property calculations. The
convergence criteria for energy and force were set to 10−5 eV
and 0.02 eV/Å, respectively. Visualization of the charge density
difference distribution and Bader charge transfer between NRR
adsorbates and MBenes was executed in the VESTA code.30

Charge transfer and quantitative descriptions are effective
approaches to investigate the interaction mechanism and can
obtain the electron flow between two fragments. The HSE06
hybrid functional31 was executed to calculate the band
structures and the partial density of states (PDOS) for pristine
MBenes, the crystal orbital Hamilton population (COHP) was
applied to analyze the bonding/antibonding population
between metal active centers and intermediates within the
LOBSTER code.32 According to the computational hydrogen
electrode (CHE) model, which was proposed by Nørskov et
al.,33 the formation energy of the NRR intermediate species
was determined using the concept of the electron−proton pair
(H+ + e−). The change in free energy for each elementary step
can be calculated as follows: ΔG = ΔEDFT + ΔZPE − TΔS +
ΔGU + ΔGpH, where ΔEDFT is the energy change that can be
obtained from DFT calculations, ΔZPE and TΔS represent the
zero-point energy and enthalpy correction terms at a specific
temperature (T = 298.15 K). The ΔZPE and TΔS correction
terms were obtained from vibration analysis using the
VASPKIT code.34 The energies of gas molecules (such as
H2, N2, and NH3) were taken from the NIST database,35 and
the computational methods are given in detail in the
Supporting Information.

Figure 1. (a) All MBenes for which both experimental and theoretical studies have been proposed are listed in the periodic table of elements. The
stable structural prototypes of MBenes are indicated in different colors. (b) Top and side views of calculation models for different MBene structural
prototypes that were built.
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■ RESULTS AND DISCUSSION

The current study suggested that many transition-metal atoms
can combine with boron atoms to form a rather large number
of monolayer 2D materials. Through systematic evaluation,
catalytic performance and theoretical screening of all possible
MBenes is possible. We focus on investigating the catalytic

activity for producing nitrogen to ammonia on MBenes. The
reliability and stability of MBenes can be verified by theoretical
screening tests. Using the five target prototypes, all the
transition metals including 3d,4d, and 5d periods (as shown in
Figure 1a) are considered in this work. Our results reveal that
19 stable MBenes are considered for N2 electroreduction

Figure 2. (a) Schematic illustration of NRR mechanisms, including the distal, alternating, and mixed pathways, is also considered for NRR for
different MBene structural prototypes. (b) Side view of initial calculation models of M2B MBene structural prototypes is presented according to the
hypothesized NRR intermediate species.

Figure 3. (a) Adsorption energy of end-on and side-on binding configurations of N2 on the Mbene surfaces. (b) Adsorption energies of N2 and
NH3 on our consideration MBene surfaces. (c) Volcano plots for the binding Gibbs energy of H+ vs the number of d electrons of metal on various
MBene model surfaces at zero electrode potential (U = 0 V) vs RHE. (d) Limiting potentials difference [UL(N2) − UL(H2)] between the N2RR
and HER as a function of UL(N2) on various MBene model surfaces.
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catalysts, as shown in Figure 1b. These MBene structures are
stable without an imaginary frequency and depend on the
phonon spectrum calculation, as summarized in Figure S7.
Herein, 19 stable MBene structures with different metal/boron
ratios were selected as N2 reduction to NH3 electroreduction
catalysts, including M2B (M = Mo and Au), M2B2 (M = Ti, Cr,
Mn, Fe, Zr, Mo, Hf, W, CrMn, and CrFe), M2B4 (M = Fe, Ru,
and Os), M3B4 (M = V, Nb, and Ta), and the inner layer of
Nb5B2 (Figure 1b).

36 Due to the high kinetic energy required
to drive N2 dissociation under ambient conditions, we
excluded the dissociative pathway. Depending on the
calculated adsorption energies of different activation sites,
the top sites of both metal and boron atoms via the side-on

binding mode for N2 are more favorable than other sites. To
explore reaction mechanisms during the production of N2 to
NH3, the two different binding configurations of N2 (end on
and side on) and all possible reaction pathways of NRR are
considered, as seen in Figure 2a, because N2 can be activated
more efficiently via the end-on than side-on pattern on MBene
surfaces, as seen in Figure 3a. Therefore, N2 activation and
production of NH3 via an end-on pattern are considered in the
next section. It includes distal, alternating, and mixed reaction
paths (Figure 2a). Depending on the end-on binding
configurations, N2 can be reduced to NH3 either through
distal, alternating or following a mixed mechanism with a six-
electron-transfer reaction (N2 + 6H+ + 6e− → 2NH3) in the

Figure 4. Gibbs free energy profile diagrams of NORR via the end-on binding configuration on Au2B (a) and Fe2B4 (b). The minimum energy
reaction pathways are highlighted with a red solid line, and the lowest energy barrier (dark blue solid line) pathway are also highlighted with arrows.
All of the energy barriers during each elementary reaction step (in eV) are also plotted for comparison. (c) Possible branch reaction of N2
electroreduction reaction to confirm the selectivity and priority of chemical reactions. (d, e) Scaling linear relation between binding energies of
intermediate species and ΔG*N as a key descriptor.

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.1c00424
Chem. Mater. 2021, 33, 4023−4034

4026

https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c00424/suppl_file/cm1c00424_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c00424?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c00424?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c00424?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c00424?fig=fig4&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.1c00424?rel=cite-as&ref=PDF&jav=VoR


subsequent hydrogenation steps.38 To obtain the most
favorable NRR pathway on our candidate MBene surfaces,
the initial adsorption configurations of different NRR
intermediate species are listed in Figure 2b. The calculated
energy change of each elementary step is listed in the
Supporting Information.
Next, we investigated the adsorption energy difference

between the end-on and side-on configurations on the 19
kinetically stable MBenes, which can be divided into three
periods, 3d, 4d, and 5d, depending on the d orbital of the
transition metal. N2 can be adsorbed on Au2B after overcoming
an adsorption energy of −0.18 eV via end-on and side-on
configurations, and 0.50 eV is not absorbed. Two MBenes,
Cr2B2 and Fe2B2, are identified to be promising NRR catalysts
with limiting potentials ΔG(*N2) of −1.81 and −0.60 V,
respectively. Furthermore, the comparison for adsorption
energies of *NH3 and *N2 on MBenes is shown in Figure
3a,b. Gibbs free energy range of −1.81 to −0.12 eV is observed
for the adsorption energy of *N2, while for the adsorption
energy range of *NH3, the free energy range is from −2.66 to
−0.09 eV. The ΔG*NH3 values are more negative than
ΔG*N2 for most MBene surfaces except Cr2B2, suggesting that
the ammonia oxidation reaction (NOR) is a more favorable
competitor with NRR. However, acid electrolytes can be
beneficial to dissolve *NH3 species (*NH3/[NH4]

+) and make
the final product NH3 readily desorb from these catalyst
surfaces.37 In addition, the adsorption energy (0.16 eV) of
nitrogen on Mo2B is very small. Actually, the catalytic activity
of MBenes for N2 electroreduction to NH3 would be
determined based on the hydrogenated ability instead of
NH3 desorption. It is necessary to point out that the
adsorption strength of N2 becomes lower under an applied
electrode potential, while the binding energy of *H becomes
more negative. The adsorption energies of *H are summarized
in Figure 3c, and the binding energies of H* (ΔG*H) were
applied to evaluate the HER activity. Negative ΔG*H values
were observed for all MBenes, and a volcano plot was
established between the binding energy and d electrons of the
transition metal, as shown in Figure 3c. The ΔG*H values for
Mn2B2 (−0.07 eV) and CrMnB2 (−0.06 eV) indicated that the
top of the volcano plot was closer to that of the highly efficient
Pt catalyst (−0.09 eV), indicating that these MBenes preferred
the HER process. We compared the limiting potential (UL)
difference between HER and NRR, as plotted in Figure 3d.
The values of UL(*N2) − UL(*H2) are observed to be positive
for most metals excluding Ti2B2 and Fe2B2, indicating that the
hydrogen evolution reaction (HER) can be suppressed on
MBenes. Thus, the NRR selectivity is significantly enhanced by
suppressing HER, while some indication of greater NRR
activity can be obtained from UL(*N2) values. UL(*N2) −
UL(*H2) can be a valid descriptor of the selectivity of NRR vs
HER: a more positive value indicates a more selective catalyst
toward NRR. In this regard, the limiting potential of N2
[UL(*N2)] is found to remain stronger than that of HER on
Mo2B2, and Ta3B4 and Hf2B2 exhibit good selectivity between
the HER and NRR with UL(*N2) − UL(*H2) values of 0.73.

38

Thus, high-selectivity NRR toward NH3 can be confirmed on
Mo2B2, Ta3B4, and Hf2B2 MBenes. Although the selectivity
requires consideration of reaction kinetic barriers, the differ-
ence in the limiting potentials has been confirmed to be
consistent with trends in NRR vs HER selectivity on MBene
surfaces. The promising candidates for NRR catalysts are
observed the top right-hand corner of Figure 3d, and these

catalysts were identified as having greater UL(*N2) and
UL(*H2) values, which means that NRR activity is more
positive than the HER activity. In this case, the selectivity of
MBenes can be evaluated by the UL difference, and MBenes
with more positive UL(*N2) − UL(*H2) values suggest higher
selectivity for NRR.
To explore the optimum reaction path toward NRR in our

19 MBene candidate catalysts, we systematically calculated the
energy change profile diagram associated with all four reaction
mechanisms. Based on the free energy diagrams shown in
Figures 4a,b, S1, and S2 (Supporting Information), N2 fixation
is the initial step of N2 adsorption. Due to the highly
delocalized free electrons of transition-metal atoms on MBene
surfaces, N2 can be activated and adsorbed on the MBene with
adsorption energies between −1.81 eV (Cr2B2) and −0.06 eV
(CrMnB2), and there is no additional energy input for N2
adsorption on MBenes with the exception of Mo2B (0.16 eV).
For the whole reaction, the first hydrogenation step can
proceed on N atoms via an end-on pattern to form *NNH,
which binds to MBene via one N atom. *NNH is preferred
with negative binding energy values of −0.06, −1.11, and
−0.30 eV on the Ta3B4, Cr2B2, and W2B2 surfaces, respectively,
with an energy barrier of at least 0.2 eV for the first
hydrogenation step on all MBenes. After *NNH, the second
hydrogenation step can occur on either N to form *NNH2 or
*NHNH, as shown in Figure 4c. *NNH2 binds to MBenes via
one N atom, while *NHNH may bind via one or two of the N
atoms (Figure S8). *NNH2 will produce the first *NH3 and
then release one NH3 molecule. The remaining *N atom will
be further produced via three consecutive hydrogenation steps
to form the final NH3 molecule (distal path), which is the most
favorable N2 to NH3 pathway. However, the *NHNH reacts
with the third (H+ + e−) pair to form *NHNH2, and the next
hydrogenation step can react either on two N atoms to form
*NH2NH2 (alternating) or *NH to form *NH2 (mixed 4)
(Figure 4c). Then, via two consecutive hydrogenations to form
final *NH3 on the MBenes surfaces, the free energy profile
diagram in each hydrogenation step is nether uphill or
downhill, and the most favorable reaction pathway of reducing
N2 to NH3 on different MBenes may be different. In Figure
4a,b, we focus on Au2B and Fe2B4 as an example to verify the
binding energy of all possible NRR intermediates. As shown in
Figure 4a, in the first hydrogenation step, which leads to a large
uphill in the free energy (1.68 eV), the energy barrier of
*NHNH will lead to a downhill of −0.51 eV, and the next
hydrogenation of *NHNH2 forms is an exothermic process of
0.48 eV. Compared with the energy barrier of *NNH2
formation (−0.34 eV) and because *N via the distal path is
less favorable than the alternating path (−0.51 eV), the third
hydrogenation step occurs on the end N atom to form
*NHNH2, which leads to a downhill of the free energy profile
by 1.29 eV, while the formation of *NH will lead to a free
energy uphill of 0.53 eV. The formation of *NH2 and *NH3
are both exothermic processes of 0.24 and 1.51 eV,
respectively. Compared with the energy increase (0.97 eV)
of the *NNH form and energy decrease (−0.68 eV) for the
*NNH2 formation, as shown in Figure 4b, the formation of the
first *NH3 molecule in the fourth hydrogenation step is
thermodynamically more favorable (−1.41 eV) than *NHNH2
formation (−0.67 eV). This molecule can be further reduced
to *NH2NH2 with a free energy downhill profile of −0.59 eV
or to *NH2 (−1.31 eV). Both Au2B and Fe2B4 have a chance
to produce *NH3 with energy reductions of −1.51 and −0.35
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eV during the last hydrogenation steps. Considering all of these
intermediates, the most favorable pathway for producing NH3

from N2 is via the alternating path on both Au2B and Fe2B4:
the limiting potentials are −1.68 V and −0.97 eV in the first
protonation step during the whole process, respectively. Next,
we studied the relationships between ΔG*N and the Gibbs
free energy change (ΔG) of the NRR intermediate species, as
shown in Figure 4d,e. All of the ΔG values are strongly linearly
related to ΔG*N, which can be a descriptor of the catalytic
activity for different MBene catalysts. A simple correlation of
the catalytic performance between various MBene structures
was observed, and a strong linear correlation existed between
the binding energies of these intermediates, leading to a low
overpotential.39 The interactions between the d-orbitals of the
metal and p-orbitals of nitrogen are reliable for the formation
of *N; thus, ΔG*N is assumed to connect to the strength of
the binding interaction. The value of ΔG*N for the right side
is related to weak interactions. To obtain a promising
candidate catalyst for NRR, linear relationships were also

found between ΔG*NNH, ΔG*NNH2, ΔG*NH, and
ΔG*NH2, as shown in Figure 4d,e. We examined the
connection between ΔG*N and the free energy changes of
N2 hydrogenation ΔG(*NNH) and desorption ΔG(*N) for
most MBenes.
As an important descriptor of NRR catalytic performance,

the maximum Gibbs free energy change ΔGmax can be obtained
from the rate-determining step, and the limiting potential (UL)
can be calculated by UL = −ΔGmax/e. In Figure 5d, for the
Nb3B4 surface (UL = −0.50 V), which has the highest activity
among the four MBene catalysts, our goal is to find MBenes
with a limiting potential value range of −0.7 < UL < −0.2. In
this regard, we found that six MBenes, namely, Nb3B4, Ta3B4,
CrMnB2, Mo2B2, Ti2B2, and W2B2, exceeded the metal-based
catalyst criterion for NRR with UL values ranging from −0.70
to −0.20. Furthermore, we considered the solvation effect on
these MBene surfaces. The solvation-induced energy difference
in the potential limiting step is rather small (0.15 eV), which is
similar to 3D systems and is much smaller for 2D systems.

Figure 5. Gibbs free energy profiles for the most favorable reaction mechanism for NRR on MBenes. The colored solid line represents the
minimum free energy electrochemical reaction pathway for zero potential (U = 0) (blue) and for an applied bias (red). (a) Fe2B4, (b) Hf2B2, (c)
Mo2B, and (d) Nb3B4. The binding configurations (top view) of the corresponding NRR intermediates on (e) Fe2B4, (f) Hf2B2, (g) Mo2B, and (h)
Nb3B4. The H, B, and N atoms are shown in white, pink, blue, respectively, and the other colors represent metal atoms. The symbol * denotes
adsorbed states on the MBenes.

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.1c00424
Chem. Mater. 2021, 33, 4023−4034

4028

https://pubs.acs.org/doi/10.1021/acs.chemmater.1c00424?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c00424?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c00424?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c00424?fig=fig5&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.1c00424?rel=cite-as&ref=PDF&jav=VoR


Solution effects appear to strongly depend on the thickness of
the 2D materials, so there are almost no contributions to the
2D materials studied in this work due to their relatively high
thickness.40 In Figure 5, the Gibbs free energy profile diagrams
for N2 electroreduction to NH3 on Fe2B4, Hf2B2, Mo2B, and
Nb3B4 surfaces at zero potential and under an applied potential
(UL) are denoted by blue and red solid lines, respectively.
Details of the free energy change of each elementary step on
the MBenes are shown in Figures S1 and S2 (Supporting
Information).
It is necessary to point out that *NH3 can be further

hydrogenated to NH4
+ in an acidic environment; because the

explicit solvation model has a large amount of calculation, it is
difficult to obtain the reaction free energy for further
hydrogenation of *NH3 to be released to solution in the
form of NH4

+. Thus, suggesting that *NH3 on the MBene
surface may also be considered easily by forming NH4

+ in
solution, the experiments under acidic media would be helpful
to production of *NH3 to NH4

+. Thus, NH3 desorption may
not be a problematic obstacle in NRR and it is not considered
in our DFT calculations. The initial state (zero value) of the
free energy profile is referenced to N2 and H2 in the gas phase,
and the final state is referenced to NH3 in the gas phase. The
rate of the protonation step can be obviously influenced by the
applied electrode potential due to electron−proton pair
transfer. Thus, after potential is applied to the electrode, the
Gibbs free energy change profile will significantly decrease,

while the *N2 and *NH3 adsorption energies have no influence
on the applied potential due to the lack of charge transfer in
this process. In Figure 5, presenting the most favorable
pathway on Fe2B4, Hf2B2, Mo2B, and Nb3B4 as examples, the
limiting potentials in the free energy diagram are −0.97 V,
−0.77 eV, −0.78 V, and −0.50 eV, respectively. For Hf2B2, the
*N2 is adsorbed via a side-on binding configuration, the N−N
bond is broken during the fourth protonation step (*NH−
NH2), and the *NH intermediate, the Hf2B2 MBene with an
Hf metal active center, is formed. The RDS is the
hydrogenation of *N2 → *NNH. For Mo2B2, Ti2B2, W2B2,
and Nb3B4 with metal active centers, the limiting potentials are
−0.43 V, −0.37 eV, −0.24 V, and −0.50 eV, respectively. For
Mo2B2, Ti2B2, and Nb3B4, the rate-determining step is the first
protonation step, and the protonation of *NNH2 to yield
*NHNH2 for W2B2. Figure S3c,h illustrates an alternating
pathway on Ru2B4 and CrFeB2 as representatives. The
breaking of the N−N bond occurs during the protonation of
the *NH2−NH2 intermediate, and the rate-determining step is
located at the first protonation step producing *NNH,
involving limiting potentials of −1.15 and −0.99 V for
TRu2B4 and CrFeB2, respectively. The geometric structures
(top views) of the corresponding NRR intermediates on Fe2B4,
Hf2B2, Mo2B, and Nb3B4 are displayed in Figure 5e−h.
Figure 6 presents a volcano plot of the limiting potential of

the rate-determining step for the NRR,42 which depends on
the limiting potential of each elementary step as a descriptor of

Figure 6. (a, b) Volcano plot for the NRR limiting potential of each elementary step as a function of the binding energy of *N. Each colored line
denotes an elementary NRR reaction step. (c) Summary of limiting potentials on different MBenes for N2 electroreduction to NH3 along the most
favorable reaction pathway. (d) NRR volcano plot of MBenes with a descriptor of ΔG*N via the distal path, (e) NRR volcano plot of MBenes with a
descriptor of ΔG*N via the alternating path; the data points that stand near the top of the volcano plot are highlighted. The arrows to left presented
strong adsorption of *N, and the arrows to right mean weak adsorption of *N.
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ΔG*N on all of the MBene systems. Fe2B4, Ru2B4, and Os2B4
MBenes with active boron centers have high limiting potentials
(UL) of −0.97 to −1.15 V and −0.88, while the other MBenes
with active metal centers have larger UL values of −0.78 to
−0.20 V. In particular, CrFeB2 and Au2B have a UL of less than
−0.90 V. For comparison, previous work proposed single-atom
catalysts, such as Mo atoms anchored on an h-BN monolayer
(−0.35 V)41 and the interfacing of graphene with hexagonal
boron-nitride (h-BN) possessed with the low overpotential of
0.42 V for the NRR.42 Herein, a volcano plot between the
limiting potential of each elementary step and ΔG*N can be
established, as shown in Figure 6a,b. The different colored
lines denote an elementary NRR, and the lowest lines (dark
yellow) represent that this elementary step is the rate-
determining step of the NRR process. Thus, this provides a
clear explanation for the first hydrogenation step (*N2 →
*NNH) or the third hydrogenation step (*N or *NHNH2
formation) always being the rate-determining step for NRR.
The optimal ΔG*N is approximately −0.52 eV, where the
liming potential is approximately −0.69 V, which indicates that
NRR activity may be evaluated by ΔG*N, and ΔG*N can
further provide a new route to design catalysts. Cr2B2 (−0.69
V), Mo2B2 (0.43 V), Ta3B4 (−0.39 V), and Zr2B2 (0.84 V) are
close to the top of the volcano plot, and such low limiting
potentials suggest that these MBenes can be promising
candidates for NRR. As seen in Figure 6c, the UL maximum
values from the left to right in 3d period V3B4 (−0.54 V), 4d
period Mo2B2 (−0.43 V), and 5d period W2B2 (−0.24 V)
exhibit high catalytic activity for NRR. In addition, a volcano
plot of the limiting potential on MBenes is established in
Figure 6d (distal) and Figure 6e (alternating), where Mo2B2,
V3B4, and W2B2 stand near the top of the volcano peak via the
distal path, while CrMnB2, V3B4, and Ta3B4 are located on top
of the volcano peak via the alternating path. Furthermore, the
excessively strong binding of *N leads to the large limiting
potential for the step from *N2 to *NNH, whereas weak
binding leads to a rate-determining step (PDS) from *NH2 to
*NH3, and the candidates are located near the promising zone
(−0.70 V < UL < 0.20 V). As a result, the weak adsorption of
*N (ΔG*N > 1.20 eV) leads to the PDS of *NNH2 + H+ + e−

→ *N + *NH3 (green line) with low limiting potentials, the

excessively strong binding of *N (ΔG*N < −2.10 eV) leads to
the PDS of *NH + H+ + e− → *NH2 (cyan line) with low
limiting potentials, and the moderate ΔG*N value of (−0.90 V
< UL < 0.58 V) can guarantee that the binding strength of *N
is neither too strong nor too weak and helps obtain high
activity toward NRR on the MBene surfaces. Among these 19
MBenes, W2B2 has the highest limiting potential.
In Figure 7a, under an applied electrode potential, the water

oxidation reaction (WOR) is gradually favorable on the anode
(taking RuO2 as the reference electrode), and the redox
potential (UR) is defined as the potential required to remove
the surface O*/OH* species, which suggests the following
order: Au2B > Os2B4 > Ru2B4 > Zr2B2 > Fe2B4 > Nb4B10 >
Nb3B4 > Hf2B2 > Mo2B2 > Ta3B4 > Ti2B2 > Cr2B2 > W2B2 >
Fe2B2 > CrMnB2 > Cr2B2 > Mo2B > V3B4 > CrFeB2. Thus,
when considering the redox potential in the reaction potential,
the potential difference between UR(+) and UL(−) can be used
as a descriptor to evaluate the N2 reduction activity of these 19
MBenes. A more positive value of UR − UL suggests a higher
ability to promote surface reduction. The computed UR − UL
values for all MBene monolayers are positive without V3B4,
suggesting that our candidate MBenes could facilitate surface
reduction. The desired NRR with the MBene cathode in the
whole electrochemical cell is illustrated in Figure 7b. NRR
occurs at the cathode and is accompanied by OER at the
anode. A fully theoretical screening workflow process (Figure
7c) depends on the following three criteria: (i) structural
stability (ΔG < 0 eV), (ii) selectivity (ΔGNRR < ΔGHER), and
(iii) limiting potential (RDS). Nineteen MBene materials with
negative formation energies, which were confirmed by phonon
band structures, are shown in Figure S7 and should possess
high thermodynamic stability and feasibility. The next criterion
is ΔGNRR < ΔGHER, which guarantees the suppression of HER
during the NRR process with the high selectivity of NRR, and
the ΔG(*N2) values should be much lower than the ΔG(*H)
values of the competing hydrogen evolution reaction (HER),
and N2 should be sufficiently activated with ΔG(*N2) < −0.20
eV. By examining the 19 MBenes, Fe2B4, Mo2B, Ru2B4, Os2B4,
Zr2B2, and Ti2B2 have negative (ΔGNRR − ΔGHER) values,
indicating their low selectivity toward NRR, whereas the other
12 MBenes have positive (ΔGNRR − ΔGHER) values.

Figure 7. (a) Energy levels and their energy differences between the limiting potential (UL) and redox potential (UR) among 19 MBenes. (b)
Illustration of the full electrochemical cell for NRR (cathode: MBenes) and OER (anode: RuO2, as a reference electrode). (c) Illustration of the
fully theoretical scanning process to search for high-activity and -selectivity catalysts for the NRR process. (d) Atomic structure schematic of the
reaction process during N2 reduction to NH3.
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Furthermore, the last criterion is the limiting RDS potential.
With a greater limiting potential and better catalytic activity
(−0.7 V < UL < −0.2 V), to guarantee low energy cost, the UL
of the rate-determining step should be as low as possible (the
best catalyst is W2B2 MBene). Based on these criteria, Nb3B4,
Ta3B4, CrMnB2, Mo2B2, Ti2B2, and W2B2 are singled out as
candidate catalysts for NRR. Figure 7d suggests that the Ta3B4
monolayer has promising catalytic activity to reduce N2 to
NH3 with a limiting potential value of −0.39 eV. The Ta
transition-metal atom is the catalytic activity center and acts as
a reaction generator, and the Ta metal atom exchanges
electrons with N2 as the acceptance−donation pattern.43

The interaction mechanism between MBenes and N2 can be
evaluated depending on the differential charge density
distribution shown in Figures 8a and S5 (Supporting
Information). The differential charge density is calculated
using the following equation44

ρ ρ ρ ρΔ = − −(MBene@N ) (MBene) (N )2 2

the yellow color indicates electron accumulation on the
MBene, and the cyan color represents electron depletion of
the N2 molecule, which means electron transfer (donation)
from the s orbital of N2 to the d orbital of metal on MBenes,
while electrons are transferred from the s orbital of the MBene
metal to the antibonding p* orbital of N2 (backdonation),
exhibiting electron accumulation on the N2 molecule and
depletion on the catalytic active sites (Au2B). By Bader charge
analysis, 0.09e− is transferred from Au2B to *N2, and Au atoms
exhibit a positive charge, which leads to N2 adsorption being
preferred. Bader charge analysis revealed that the positive
charges were +0.14e− and +0.16e− for Ru2B4 and Os2B4,
respectively. However, the active boron surface induces a
significant charge transfer between the adjacent metal atoms
and the active catalytic active site (B) upon N2 adsorption
(Fe2B4 and Os2B4), and the amount and direction of charge
transfer between the nitrogen and MBenes in the N2
adsorption process are also shown in Figures 8a and S5. The

electron-transfer processes would be more favorable on active
boron surfaces than active metal surfaces, and the outermost B
and metal atoms can cooperatively act as electron donors,
which enhances the adaptability for accepting or donating with
the NRR intermediates. It is beneficial to reduce the applied
potential of the NRR. In Figure 8b, taking *N as an example,
the d orbital of the transition metals interacts with the 2p
orbital of *N intermediates, and the d orbital of the transition-
metal energy levels split into two groups with the 2p orbital of
*N: one group is the antibonding orbital (above the Fermi
level) and the other group is the s bonding orbital (below the
Fermi level) with the bonding states occupied below the Fermi
level (EF) and the antibonding orbital above EF.

46 *N interacts
with the MBenes via the so-called acceptance−donation
process, the unoccupied d orbitals of the metal atom accept
the lone-pair electrons from the *N intermediate, and the
occupied d orbitals of the metal atoms simultaneously
backdonate electrons into the π* antibonding orbitals of N2,
which is termed as π backdonation. Generally, a greater degree
of electron transfer from active sites to N2 results in better N2
activation, and strong d−π* coupling can activate the adsorbed
N2 for hydrogenation. The lone-pair electrons of the N atom
lead to special orbital occupation overlap between the N2 and
d orbitals of the metal, which leads to strong head-to-head
overlap on the MBene, as shown in Figure 8c. For the side-on
N2 adsorption configuration, the occupied σ bonding orbital of
N2 molecules interacts with the empty d−d orbital of the metal
and then forms π bonds between N2 and metal to act as π
donations. In general, π bonding is stronger than σ bonding
such that π bonding between N2 and MBene can activate the
NN triple bond.45 For the end-on N2 binding configuration,
only one N atom interacts with transition-metal atoms to form
a strong σ bond that acts as σ donation. Because the σ bond is
stronger than the π bond, N2 end-on adsorption is stronger
than N2 side-on adsorption.
To further explore the reaction mechanism, we established

the electronic structure and PDOS of the MBenes, and these

Figure 8. (a) Charge density differences and the values of Bader charge transfer of N2 adsorbed on Au2B, Fe2B4, and Os2B4 via the end-on pattern.
The isosurface value is set to 0.005 e/Å3. (b) Schematic illustrating the transition-metal centers of MBenes how interact with *N. (c) Schematic of
the N2 molecule activation mechanism to transition metals for both side-on and end-on binding configurations.
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are shown in Figures 9 and S6 (Supporting Information).46 We
present the electronic band structures and corresponding
partial density of states (PDOS) of the four MBene ground
states that were used to investigate the electronic structure in
more detail. Our calculations demonstrate that all MBenes
have metallic features without band gaps, the band structures
are significantly different, and the major contributions are
dominated by the d orbital band states of transition-metal
atoms.47 In Figure 9d, the contribution of B 2p orbitals
between −2 and 2 eV is very small for Os2B4, which shows that
the metallic feature is derived from metal d states and boron p
states overlapped by orbital hybridization near the Fermi
energy. In more detail, the valence band below the Fermi level
is mainly attributed to the hybridization of the occupied metal
d orbital with unoccupied B p orbital states and represents the
formation of TM-B chemical bonds. While the conduction
bands above the Fermi level are primarily composed of
unoccupied M s states and occupied B p orbital states, an
antibonding orbital (π* orbital) is formed, and the metallic and
strong electron donation features of MBene are beneficial for
designing electrocatalysts for NRR.48 The PDOS of Au2B in
Figure 9a shows that the bonding combinations of hybridized
B 2p orbitals overlapped with Au 5d orbitals is very small,
which leads to a weak polar covalent. These orbitals contribute
weakly to the π orbital of *N2. The band structures and partial
density of states (PDOS) suggest that the chemical bonding
between metal and boron atoms is a mixture of covalent and
metallic features.49 The superior conductivity of the catalyst
will be crucial to guarantee electron-transfer efficiency during
electrochemical reactions. In this case, the electronic properties
of Ta3B4 (Figure S6b) and V3B4 (Figure S6c) are shown. The
total density of states (TDOS) and projected density of states
(PDOS) of Ta3B4 and V3B4 exhibit metallic conductivity with a
continuum of energy states across the Fermi energy.50

Hybridized B 2p states overlap with Ta 4d states dramatically

in the Fermi level, leading to a strong polar covalent, which
contributes weakly to the π orbital of *N2 by Eads of 0.45 eV.
Furthermore, Mo2B, Ru2B4, and V3B4 are metallic, and the
metallic conductivity of these studied MBene materials is
mainly contributed by the d orbitals of the transition metal
near the Fermi levels. Because the binding energy of the
intermediate is strongly dependent on the occupied and
unoccupied d band states of surface transition-metal atoms.
Thus, the density of states (DOS) combined with the crystal
orbital Hamilton population (COHP) analysis showed that
under *N2 adsorption, the strongly polarized d orbitals of the
metal atom can provide a great contribution to the binding
energy of *N2 (Figure S9), shifting the molecular orbitals of
*N2 to the lower energy level and resulting in strong bonding,
which leads to the different couplings with the NRR
intermediate species (Figure S10).35 So, as the d orbitals
shift toward the Fermi level, the metal atoms can provide more
unoccupied d band states to accept the electrons transferred
from *NNH, which facilitates the *NNH adsorption and
further hydrogenation. Furthermore, we also considered the
strong spin−orbit coupling (SOC) effect of 2D MBenes,
indicating that ΔG(*N2) with the SOC effect is greater than
the value without the SOC effect for some special 2D catalysts
that contain heavy elements and have less effect on the M−N
bond (Figure S11);51 this also provides some guidelines for the
further design of ideal 2D catalysts.

■ CONCLUSIONS

In summary, a theoretical screening approach was imple-
mented to evaluate the catalytic activity of transition-metal
boride (MBene) in electrochemical NRR, and the activity and
selectivity for NRR depend on a high positive UL (*N2−*H2)
value with a low limiting potential (UL) at PDS. Based on three
criteria for the screening strategy, Ta3B4, Nb3B4, CrMnB2,
Mo2B2, Ti2B2, and W2B2 exhibit the lowest limiting potential

Figure 9. Calculated band structure and PDOS of MBenes (a) Au2B, (b) Hf2B2, (c) Mo2B, and (d) Os2B4. The solid black and blue dashed lines
indicate the Fermi level and high-symmetry points in the Brillouin zone, respectively.
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among the 19 MBene systems, and N2 is more activated via the
end-on than side-on pattern, which suggests that these MBenes
can be promising candidate catalysts for NRR and can activate
N2 molecules to protonate. Furthermore, enzymatic and mixed
mechanism paths are found to be more favorable. The limiting
potential for NRR on MBenes ranges from −0.7 to −0.2 V,
which can guarantee low energy costs, such as in the case of
Nb3B4 (−0.50 V), Ta3B4 (0.39 V), and Mo2B2 (−0.43 V).
W2B2 has a low energy cost and high selectivity in the NRR/
HER competing process, and the limiting potential for NRR is
as low as −0.24 V. According to the volcano plot, the strong
binding energy of *N leads to an RDS from *N2 to *NNH,
while weak binding leads to an RDS from the last
hydrogenation step (*NH2 to *NH3). In this regard, moderate
binding of *N and interaction with MBenes act as electron
donation. The redox potential (UR) is defined as the potential
that reduces O*/OH* to H2O, which suggests that a more
positive UR − UL value results in a greater ability to arrest
surface oxidation, making NRR favorable on our considered
MBene surfaces. Analysis of the charge density difference
distribution and charge transfer indicated significant charge
transfer between the metal atoms (active site) and N2

molecules. According to the interaction mechanism between
MBene and *N, the bonding states occupy below the Fermi
level and the antibonding orbital occupy above the Fermi level,
making the bound N2 more favorable and leading to large
overlap states between the transition metal and *N2. Our study
provides an effective approach to design high-performance
catalysts for NRR under simulated environmental conditions
and provides guidance for experiments in designing and
developing catalysts for N2 fixation.
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1. Introduction

Recently, nitric oxide (NO) has been a common pollutant pro-
duced in the emitted waste gases of vehicles and fossil fuel 
combustion.[1,2] An increased concentration of nitrogen oxides 
in the atmosphere will lead to a series of serious environmental 
problems, including water pollution and air contamination, 
and cause severe human health problems.[3,4] Thus, limiting 
the emission of NO and environmental cleaning have become 
the most important tasks in contemporary society. The devel-
opment of highly efficient, economical, and environmentally 
friendly catalysts for NO conversion to pollution-free prod-
ucts has become increasingly urgent, and it has recently been 
confirmed that the efficient performance of ammonia forma-
tion can be achieved via the NO electroreduction reaction 
(NORR).[5,6] Moreover, the NORR is identified as an effective 

Here, the authors performed density functional theory calculations to study 
the catalytic performance of the nitric oxide reduction reaction (NORR) via 
a series of transition metal borides (MBenes). This work screened the M2B2 
type MBenes from the IVB to V transition metals from the periodic table 
and systematically probed the catalytic activity and selectivity for the NORR 
process. It has been reported that Fe2B2, Mn2B2, and Rh2B2 can be high-per-
formance catalysts for converting NO to NH3 with smaller limiting potentials 
than other MBenes, and Nb2B2 and Hf2B2 have low limiting potentials of 
−0.11 V and −0.17 V for the NO production of NH3. The binding energy of 
ΔG*N can be a good descriptor of catalytic performance and is determined 
by the volcano plot of the rate-determining step. The reaction mechanisms 
for NO reduction to NH3, N2, and N2O have been studied in detail, atomic 
*N can interact with another *N or one *NO molecule to form N2 and N2O 
via two successive hydrogenations. In this regard, *NO hydrogenation to 
*NOH has a lower formation energy than *HNO, and the MBenes have high 
selectivity for promoting the NORR and suppressing the hydrogen evolution 
reaction competition process.

method to convert NO into harmless 
(NH3) sources or pollution-free products 
(N2) during the nitrogen cycle.[7,8] Recently, 
Bo et  al.[9] expected that Ti2B2 MBene is 
thermally stable and has excellent elec-
tronic conductivity as an anode mate-
rial for Li-ion and Na-ion batteries. Yuan 
et al.[10] reported that FeB2 and MnB2 have 
a low limiting potential for the selective 
conversion of CO2 to CH4. Recent work 
reported that TiB monolayers have been 
synthesized experimentally, suggesting 
that TiB can be a promising catalyst for 
the hydrogen evolution reaction (HER).[11] 
A competitive route to the production 
of ammonia (NH3) from the NORR has 
been extensively studied. Currently, some 
renewable energy sources (such as NH3 or 
N2) are formed after five proton–electron 
pairs are transferred via new 2D MBene 
materials. These MBenes are constructed 
between the transition metal and boron 
because boron is an electron-deficient 

atom and can form a stabilized structure with transition metals 
via covalent bonds.[12,13] As an emerging new type of 2D mate-
rial, MBene is similar to transition metal carbide or nitride 
(MXene), but these MBenes have many unknown physical and 
chemical properties when used as efficient and highly selective 
NO electroreduction catalysts.[14] A high-throughput screening 
approach provides a high-efficiency and economical platform 
to study NO reduction to NH3 or N2 reaction pathways after 
the high-throughput screening of all transition metals and 
verification of twelve stable 2D M2B2 type MBenes.[15] All stable 
M2B2 monolayers display excellent activation of NO molecules 
and selectivity toward the production of NH3. Although some 
MBene compounds have not yet been synthesized experimen-
tally, theoretical predictions have verified that some MBenes 
can be electrochemical catalysts by theoretical studies.[16] There-
fore, a large number of theoretical studies have reported that 
Pt(100) is suitable for the reaction of NO reduction to NH3, 
which is more difficult than N2 and N2O formation.[17] However, 
NORR studies are mainly focused on metal-based catalysts and 
single atom catalysts, but these catalysts usually face poor sta-
bility and require a high working potential during the NORR 
process. To further explore the feasible catalytic mechanism of 
the NORR on M2B2 MBenes, density functional theory (DFT) 
calculations were carried out, and our study showed consider-
able feasibility for the NORR via the MBene surface.[18]
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Our theoretical calculation results reveal that a highly effi-
cient NORR toward NH3 can be achieved on Hf2B2, Nb2B2, 
Ta2B2, Ti2B2, and Zr2B2, with relatively low limiting potentials 
of −0.17, −0.11, −0.01, −0.16, and −0.25 eV, respectively. Further-
more, they also demonstrated small limiting potentials for the 
formation of byproducts (such as N2O and N2) on other MBene 
compounds. This work provides a new route to screening high-
efficiency catalysts for the development of NORR. A volcano 
plot provides an efficient approach to explore promising candi-
date catalysts and reaction mechanisms,[19,20] and volcano plots 
can be constructed by limiting the potential and determining 
the rate determining step (RDS). For example, the formation of 
different intermediates and establishment of the most prefer-
able reaction path have been obtained from DFT studies. Yao 
et al. reported that Re and Os embedded into Mo2B2O2 MBene 
for the electrocatalytic conversion of N2 to NH3 possess prom-
ising catalytic activity with relatively low potential determining 
steps (PDSs) of 0.29 and 0.32 eV, respectively.[21] First-principles 
DFT with a computational hydrogen electrode (CHE) model 
was executed to explore the catalytic activity and selectivity of 
transition metals for NORR.[22,23] These results indicate that 
the M2B2 MBene monolayer can efficiently promote NO activa-
tion and reduction to NH3 and N2 through distal, alternating, 
and enzymatic pathways. First, we assume the entire route 
reaction network, considering the detailed binding properties 
of intermediate species and the corresponding limiting poten-
tials of elementary reaction steps, and then, the most favorable 
pathway and RDS will be confirmed.[24] The competitive HER 
was also considered and compared on the MBene catalysts, and 
it was found that most of these MBene candidates have high 
selectivity for the NORR except for Ti2B2, V2B2, and Zr2B2. We 
also evaluated the electronic properties, studied the electron 
transfer processes of this new class of 2D materials for NORR 
and compared them with 2D MXenes.

2. Computational Details

All first principles DFT calculations were executed within the 
Vienna ab initio simulation package (VASP).[25,26] The projector 
augmented-wave (PAW) potentials were adopted to describe 
the electron correlation interactions,[27] and the Perdew, Burke, 
and Ernzerhof (PBE) within the generalized gradient approxi-
mation (GGA) approach was employed.[28] The MBene sur-
face was modeled by a supercell with a (2 × 2) unit cell, and 
a vacuum of 20 Å along the z-direction was used to avoid the 
interactions between the periodic boundary conditions. The 
stabilities of the M2B2 monolayers were authenticated by their 
phonon band structures within the Phonopy code.[29] On the 
plane-wave basis of electron convergence with an energy cutoff 
of 500 eV, the convergence criteria for force and energy were 
set to 0.02 eV Å−1 and 10−6 eV of the total energy with respect 
to the calculation accuracy, respectively.[30] The Brillouin zone 
(BZ) of the supercell was sampled with a 5 × 5 × 1 Monkhorst 
Pack and 10 × 10 × 1 k-point meshes for structure optimization 
self-consistency and electronic property calculations, respec-
tively.[31] Charge density differential distribution[32] analysis 
was applied to investigate the electron transfer between NORR 
adsorbates and MBenes, and the visualization of the charge 

density difference was executed in VESTA code.[33] To consider 
the van der Waals (vdW) interactions, the DFT-D3 approach 
was executed to correct the dispersion interaction.[34] The cor-
rection term of the Gibbs free energy change (ΔG) under 
standard conditions (298.15 K and 0.1 MPa) was employed 
in the computational hydrogen electrode (CHE) model sug-
gested by Nørskov et  al.[35,36] In this regard, the Gibbs free 
energy change of each NORR step was obtained by the equa-
tion: ΔG = ΔEDFT + ΔZPE + ΔH − TΔS + ΔGU + ΔGpH, where 
ΔEDFT is the free energy change that can be obtained from DFT 
calculations, ΔZPE and ΔH are zero-point energy and enthalpy 
correction terms, and TΔS represents the contribution of the 
entropy change under temperature T (T = 298.15 K). These cor-
rection terms can be obtained from vibration analysis of the 
NORR intermediate adsorbed species performed using the 
VASPKIT code.[37] For the computational procedure, the cata-
lyst slab was fixed, and only the adsorbate was allowed to relax. 
The vibration frequency contribution of the adsorbate is very 
likely to lead to free energy correction. ΔGU is the contribution 
of the applied electrode potential U, and ΔGpH is the correc-
tion of the H+ free energy calculated by using ΔGpH = 2.303 ×  
kBT × pH. kB is the Boltzmann constant, and this correction 
term was assumed to be zero in the DFT calculation.[38,39] The 
free energies of gas molecules, such as NO, NH3, H2, and N2, 
are obtained from the NIST database.[40] The applied potential 
(U) was defined as the maximum Gibbs free energy change 
(−ΔGmax/e) along the reaction path, and to ensure that each 
elementary reaction step was exergonic, it was determined by 
the RDS.[41]

3. Results and Discussion

All of our considered transition metal diboride (M2B2) mono-
layers are a square structure lattice containing two transi-
tion metal atoms and two boron atoms within a unit cell 
(Figure  1a). The BZ of these M2B2 systems is depicted in 
Figure 1b, clearly showing that a central unit cell (yellow area) 
is surrounded by the nearest neighbor unit cells in the periodic 
structure of a 2D square. Furthermore, the stabilities of these 
M2B2 monolayers have been verified by their phonon band 
structures (Figure 1c). Thirteen of the M2B2 (marked in green) 
are stable, as their phonon band structures have no imagi-
nary frequency. These stable and unstable M2B2 monolayer 
structures are summarized in a simple periodic table. The 
phonon band structures of our considered transition metal 
diboride (M2B2) monolayers have shown stability and excel-
lent capability to capture NO molecules due to their adsorption 
energy (≈−2 to −5 eV). We will focus on the NORR mechanism 
to investigate the production of final products (such as NH3, 
N2, and N2O) depending on the activity of the catalyst. Fur-
thermore, the adsorption energies of *NO, *NH3, and *H on 
MBenes are shown in Figure 1e. It is observed that the ΔG*NO 
values are more negative than the ΔG*NH3 and ΔG*H values on 
MBenes, except for Mn2B2, Fe2B2, and Rh2B2, suggesting that 
the NORR is more favorable than ammoxidation and the HER. 
Figure 1f illustrates the energy difference between ΔG*NOH and 
ΔG*HNO during the first hydrogenation step on the 12 stable 
MBenes. The corresponding competitor performance can be 
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easily predicted, as the ΔG*NOH − ΔG*HNO values are well above 
zero, indicating the more preferable competition of HNO over 
the NOH pathway except for V2B2 and Ru2B2 under ambient 
conditions. In this work, we focus on these stable MBene com-
pounds. NO electroreduction to ammonia involves the transfer 
of five successive (H+ + e−) pairs, and the entire reaction net-
work is presented in Figure 2a, including twelve intermediate 
species. All of the elementary reaction steps are summarized 
in the Supporting Information.[42] In general, there are three 
different reaction mechanism paths for producing NO to NH3 
that can be hydrogenated: the HNO-mediated path, NOH-
mediated path, and HNOH-mediated path mechanism of 
the ammonia formation pathway. We calculated the binding 
energies of all of the NORR intermediate species adsorption 
configurations along the different reaction mechanism paths 
mentioned previously, and their corresponding Gibbs free 
energy profile diagrams are shown in Figure 3 and Figure S2, 
Supporting information. In the NOH-mediated route, hydro-
genation always takes place preferentially on oxygen atoms 
during the transfer of the first two successive (H+ + e−) pairs 
until the formation of *N and then forms the final product 
(NH3).[43] The first hydrogenation step of NO is proposed to 
form two different intermediates, *HNO and *NOH, which 
are isomers between *HNO and *NOH. *HNO and *NOH 
have been reported in the presence of NO reduction reactions 
in experiments and have been suggested as possible rate deter-
mining reaction steps. For the alternative routes, the second 
hydrogenation step to form *HNOH after the first hydrogena-
tion step will occur along the NOH- or HNO-mediated path, 
respectively. We find that the adsorbed *NO molecule forms 
an M…NO bond, which is important for the activation of 
the NO bond, and thus, it is more favorable for the stable 

adsorption of NOH compared with HNO on the catalyst after 
the first hydrogenation occurs.

To further explore the stable configurations of all NORRs, 
intermediate species are catalyzed by M2B2 monolayers. In 
general, the NORR involves five electron–proton coupled pair 
transfer reactions, and it may proceed via enzymatic, distal, 
alternating, and hybrid mechanisms. Due to the strong M…N 
bound coupling between NO molecular orbitals and the metal, 
the electrons can ensure preferable electron transfer; thus, the 
N-end binding configuration is more likely to occur and further 
to form NH3 than other proceeding paths. Thus, we only con-
sidered the N-end path but not O-end binding configuration in 
which the NORR proceeds initially from the hydrogenation of 
gas-phase NO to form *NOH. Furthermore, N2 and N2O forma-
tion are also considered in this investigation with the transfer 
of two successive (H+ + e−) pairs (*NO → *NOH → *N), and 
then, the formation of N2 occurs from two atomic *N species, 
while the formation of N2O occurs between one atomic *N 
and one NO gas molecule. The reaction of *N + *N → *N2 is 
the most favorable and widely verified reaction mechanism by 
experiment. The reaction paths for the formation of N2 and N2O 
are very similar to each other. Meanwhile, we further explored 
some of the different possible reaction channels (Figure 3 and 
Figure S2, Supporting information) for the NORR to form 
NH3, depending on the ΔG profile, and ensured that the pri-
ority elementary reaction step was confirmed, as illustrated in 
Figure 3a, which shows the first hydrogenation elementary step 
selectivity between NOH or HNO. NOH and HNO can trans-
form, and we found that NOH is less preferable than HNO 
during the first hydrogenation step among most MBene mate-
rials. The first hydrogenation of NO to form NOH or HNO is 
the crucial step to influence the entire reaction pathway. It is 

Figure 1. a) Top views (upper) and side views (lower) of the M2B2 MBene monolayers. The metal and boron atoms are marked by cyan and orange 
spheres, respectively. b) Brillouin region in the periodic structure of the 2D square. c) Phonon structure of the Cr2B2 and Fe2B2 monolayers from left 
to right. d) Our screened M2B2 monolayers, including 3d, 4d, and 5d transition-metal boride compounds. Green and light blue represent stable and 
unstable M2B2, respectively, which were verified from phonon spectrum calculations. e) Comparison of the adsorption energies of NO, NH3, and H 
protons on M2B2 MBenes. f) Comparison of the Gibbs free energy changes (ΔG) for the formation of *NOH and *HNO on M2B2 MBenes.
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clearly established that the hydrogenation of *N species will 
produce *N2 or *NH within two reaction channels. In addi-
tion, the HNO-mediated path can be further protonated from 
*H2NO (enzymatic path) or *HNOH (hybrid path)/OH* (path 
1b) on the MBene catalyst surface. Once H2NO forms along the 
enzymatic pathway, the adsorbed H2NO species can be further 
hydrogenated to *H2NOH or dissociated atomic *O and form 
NH3 gas molecules because the NH3 gas molecule is more 
likely to desorb from the catalyst surface; thus, the H2NO disso-
ciation mechanism could be more likely to hydrogenate along 

the expected channel.[44] Comparing this Gibbs free energy 
change, we find that NO bond breaking becomes much easier 
in HNOH than in H2NOH. Taking Mo2B2 as an example, the 
first hydrogenation of *NOH formed has a reaction energy of 
−0.51 eV (endothermic process) along the distal path, which is 
in good agreement with a previously reported value of −0.50 eV  
on clean Pt(100), while the formation of *HNO has a reac-
tion energy of 0.65 eV with an exothermic reaction, indicating 
that the limiting potential of the distal path is as low as −0.51 
It is worth noting that the formation of H2NO and H2O with 

Figure 2. a) Proposed whole reaction network for NO reduction to ammonia with five hydrogenation steps indicated by atomic models (Mo2B2) (the 
numbers represent the reaction energy in eV). b) Schematic diagram of the reaction flow diagram for the electroreduction of NO corresponding to 
different reaction paths marked by different colored arrows on 2D M2B2 MBenes. The adsorbate species in red denote the final products of the NORR, 
and each intermediate was connected by proton–electron pair transfer. c) Summary of limiting potentials on M2B2 MBenes for NORR via the most 
favorable N-end mechanism. d) Gibbs free energy profile diagrams of the NORR on Cr2B2. The pathways to the formation of NH3, N2, and N2O are 
also considered for comparison. e) The difference limiting potentials between the first hydrogenation step of NORR and HER (UL(*NOH)-UL(*H)) 
versus as descriptor of UL(NOH). f) NORR volcano plot of M2B2 MBenes with a descriptor of ΔG*N.
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enzymatic paths are endothermic reactions of −0.80 and  
−0.16 eV, respectively.

We analyzed the NORR catalytic performance of MBene mono-
layers depending on the Gibbs free energy profile diagram of all 
possible intermediates to determine the reaction mechanism  
path. We assume that the NOH, H2NO, HNOH, and H2NOH 
paths in Figure  2a include distal, enzymatic, and alternate 
mechanisms. An atomic structure schematic display of the reac-
tion mechanism process during NO reduction to NH3 is shown 
in Figure  2b. We first considered the adsorption mode of NO 
on these MBene monolayers. The N atom bound to NO with 
the top transition-metal atom is the most stable mode, and the 
adsorption energies of NO on various MBenes range from −2.5 
to −5.5 eV; thus, we focused on the MO bond bound adsorp-
tion mode. Taking Cr2B2 as an example in Figure 2d, the calcu-
lated adsorption energy of *NO is −3.78 eV, which is very close 
to that calculated by Ge et al.[45,46] It can be clearly found that for 
the (ΔG) profile of the first step of hydrogenation, the change 
in the reaction free energy is 0.25 eV along the NOH path and  
0.18 eV along HNO. This means that the NOH path is more 
beneficial than the HNO path on Cr2B2 MBene. Then, the 
second H+ attacks the NOH intermediates and *N to form 
with a small upward energy change of −0.10 eV. The next two 
subsequent hydrogenations have downward energy changes 
until NH2 is formed. The last hydrogenation step is the forma-
tion of NH3. This step exhibits an upward energy change of 0.36, 
which means that this step is the RDS along the NOH path and 
makes the subsequent reaction much easier than other paths. 

For other reaction paths, we can find that *OH reduction to 
*H2O is the RDS of the entire alternating path, with the highest 
ΔG = −1.26 eV. A summary of the limiting potential is shown 
in Figure 2c. The UL values are negative in each period except 
for Fe2B2, Mn2B2, and Ru2B2, which exhibit UL values of 0.78, 
0.17, and 0.03 V, respectively. They are spontaneous processes 
for NO production to NH3. All of the UL values are greater than 
−0.5 V, while Rh2B2 demonstrates excellent electrocatalysts for 
the NORR to produce NH3 by a UL of −1.46. Meanwhile, the 
HER can jointly determine the selectivity in the process of NO 
reduction to NH3. The selectivity was described by the limiting 
potential (UL) between the NORR and HER, which depends on 
the difference of UL(*NO) − UL(H2). It is a valid descriptor to 
identify the catalytic performance and selectivity trend toward 
NO reduction to NH3 on MBene catalysts.[47] The primary 
competing reaction (HER) is also considered in Figure S1a, 
Supporting information, and Figure 2e shows it. The HER pro-
cedure includes two steps: one step is the adsorption of H+, and 
the other step is the formation of H2. The (ΔG) of the reaction is 
set to zero, starting from hydrogen atom adsorption on the cat-
alyst accompanied by charge transfer, and then, two adsorbed 
hydrogen atoms combine to form molecular hydrogen. ΔG*H is 
the key descriptor to evaluate the catalytic performance for HER 
catalysts. The better HER catalytic performance corresponds to 
a smaller absolute value of ΔG*H, which means a lower overpo-
tential (η) of the HER (η = ΔG*H/e).[48] In this regard, |ΔG*H/e| is 
smaller than 0.2 V and is suitable for HER catalysts; thus, Ti2B2 
and Zr2B2 lead to a positive ΔG*H/e less than 0.2 V, while for 

Figure 3. Gibbs free energy profile diagram for NO electroreduction to ammonia on the M2B2 (M = Cr, Fe, Hf, Mn, Mo, and Nb) monolayer. All possible 
reaction pathways for converting NO to ammonia are considered: a) Cr2B2, b) Fe2B2, c) Hf2B2, d) Mn2B2, e) Mo2B2, and f) Nb2B2.
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Hf2B2, Mn2B2, and Nb2B2, the ΔG*H/e values are negative, and 
their absolute values of ΔG*H are also less than 0.2 V. In theory, 
these 2D MBene materials can be used as HER catalysts.[49,50] 
By comparing their limiting potentials, we chose Nb2B2 as an 
outstanding candidate catalyst for the NORR and will discuss 
it in detail in Figure 4. The Gibbs energy profile diagram of the 
complete catalytic reaction pathway and that under an applied 
potential are shown in Figure 5 in the next section. Figure 2e 
shows the change of limiting potentials between the formation 
of NOH and HER (UL(*NOH) − UL(*H)) versus as function of 
UL(*NOH), showing a linear relationships among our consid-
eration MBene systems. Figure 2f shows the calculate volcano 
plots which created by the limiting potential for the RDS on 
each MBene. The data points are much closer to the top of the 
volcano plot, and the reaction activity of the NORR as a func-
tion of ΔG(*N) is more beneficial to this reaction mechanism. 
In this regard, it has been proposed that for the right side of 
the volcano plot, the second proton transfer process (*NO → 
*NOH) is the RDS for the distal mechanism. On the left side, 
*NH2 → *NH3 and *HNO → *HNOH are the rate determining 
reaction steps. A reasonable conclusion was obtained by the 
linear relationship of ΔG(*N) on MBene surfaces to verify the 
lowest energy barrier reaction path from Figure 6a.

We plotted the Gibbs free-energy profile diagram for all 
possible mechanisms to facilitate a clear explanation of the 
reaction mechanism. Here, we defined five paths (see the Sup-
porting Information), and their optimized configurations of 

each NORR intermediate on Nb2B2 are inset in Figure 5. Both 
M…O and M…N bond bounds of NO hydrogenated configura-
tions have been proposed. Our calculated adsorption energy 
on Nb2B2 is −3.05 eV, and the simulation results are basi-
cally anastomotic with a value of −2.04 eV obtained by Perez-
Ramirez et  al.[51] The binding energy of *NOH on Nb2B2 is 
−2.94 eV, while *HNO is −4.36 eV; it binds on top of the Nb 
atom site through M…O bonds. The reported binding energy 
of NOH* on Pt(100) is −1.76 eV. Furthermore, Yang et  al.[52] 
found binding energies of −3.91 and −4.14 eV for HNO* and 
NOH* on Pt(111), respectively. Our calculation revealed that the 
binding energies of *HNOH and *H2NO on Nb2B2 were −6.96 
and −3.63 eV, respectively. Therefore, in the second hydrogena-
tion step *HNOH is more stable than H2NO on Nb2B2, and 
ΔG*N, as a key descriptor to evaluate the catalytic performance 
for NORR catalysts, is −3.20 eV. The calculated binding energy 
of the final products of *NH3 on Nb2B2 is −5.91 eV. Similar to 
NH3, we find that when N2 and N2O are possible final products 
in NO reduction by protonation, the calculated binding ener-
gies of N2 and N2O are −8.37 and −5.74 eV, respectively. The for-
mation of *NOH is a small endothermic step (−0.11 eV), which 
is higher than the HNO* formation of a small exothermic step 
(1.32 eV), indicating that the hydrogenation of *NO to form 
*HNO is more energetically favorable than *NOH. Such a 
favorable reaction pathway due to such a small limiting poten-
tial (−0.11 V) of the RDS is different from other paths on the 
Nb2B2 surface (Figure 5b). *HNOH can further hydrogenate to 

Figure 4. Gibbs free energy diagram for the reduction of NO to NH3 on Nb2B2. a) Gibbs free energies of all intermediate binding energies were obtained 
by DFT calculations. Gibbs free energy profile diagrams via the different reaction mechanisms under their corresponding working potentials. b) The 
NOH pathway, c) H2NO pathway, d) HNOH direct dissociation and reduction to H2O pathway, e) H2NOH direct dissociation and reduction to H2O 
pathway, and f) H2NOH direct dissociation and production of NH3 pathway. The symbol * denotes an intermediate adsorbed on the MBene. Gibbs 
free energy profile diagrams with dashed lines in (a) and solid lines in (b–f) under zero applied potential. Inset: the optimized NORR intermediates 
with adsorbed atomic structures on Nb2B2 are shown.
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*H2NOH or break the NO bond to form H2O (path 3). The 
hydrogenation of *HNOH to *NH is the RDS because this step 
has the lowest limiting potential (UL = −1.94 Furthermore, the 
further hydrogenation of *H2NOH to *NH2 or *OH has energy 
barriers of 0.72 (Figure 5e) and 0.24 eV (Figure 5f), respectively. 
This indicates that *H2NOH further hydrogenation to NH3 and 
*OH is more preferable than the formation of H2O and *NH2.

To determine the most preferable NORR reaction pathway, 
we generated the lowest Gibbs free energy diagram for the 
NORR, which is shown in Figure 6 and Figure S3, Supporting 
Information. Here, we only focus on Cr2B2, Hf2B2, Mo2B2, and 
Nb2B2, and the optimized structures of the intermediates are 
also displayed in Figure 6. In the reaction, five hydrogenation 

steps are considered, and the formation of ammonia molecules 
occurs by NO + 5(H+ + e−) → NH3 + H2O, with uphill Gibbs 
free energies of 0.36, 0.17, and 0.51 eV for Cr2B2, HfB2, and 
Mo2B2, respectively. The comparison of the Gibbs free energies 
of *NOH and *HNO determines whether the hydrogenation 
step goes along the distal or enzymatic pathway. In Figure 4a, 
the free energy values of *NOH on Cr2B2 and Rh2B2 are higher 
than those of *HNO for other MBene compounds. The estab-
lished pathway is as follows: *NO → *HNO → *HNOH → 
*NH → *NH2 → *NH3; *NH2 → *NH3 is an endothermic step 
(0.36 eV) for the formation of NH3. This step is also the RDS 
of the reaction pathway on Cr2B2, while *NH → *NH2 is the 
RDS with an endothermic step of (1.46 eV) on Rh2B2. For the 

Figure 5. Gibbs free energy profile diagrams of NO reduction to NH3 via the most favorable reaction path under different applied potentials. a) Cr2B2, 
b) Hf2B2, c) Mo2B2, and d) Nb2B2. The symbol * denotes adsorbates on the MBene surfaces. Inset: the optimized structures (side view) of the cor-
responding reaction intermediates are shown.
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other MBenes, they prefer the formation of *NOH. This step 
is an endothermic process and RDS, and there is an energy 
hill for Hf2B2 of 0.17 eV, while for Mo2B2 and Ti2B2, it is 0.51 
and 0.16 eV, respectively. The next step is *NOH → *N + H2O 
with endothermic energy changes of 0.13, −0.41, and 2.07 eV for 

Ti2B2, V2B2, and Zr2B2, respectively. The energetically favorable 
pathway for these is considered to be *NO → *NOH → *N → 
*NH2  → *NH2  → *NH3. We can conclude that the RDS for 
Cr2B2, HfB2, Mo2B2, Ti2B2, V2B2, and Zr2B2 is the first hydro-
genation step *NO → *NOH, and for Cr2B2 and Rh2B2, the 

Figure 6. a) Volcano plot of the RDS in NO electroreduction to ammonia on transition-metal boride (MBene) surfaces depending on the limiting 
potentials plotted as a function of the ΔG*N descriptor. Some data points of promising MBene catalyst candidates for the NORR are presented.  
b) Schematic illustration of bifurcation reaction steps during the hydrogenation of NO to NH3 on V2B2 MBenes. c) Different theoretical limiting poten-
tial (UL) and redox potential (UR) values of 12 M2B2 MBenes. The calculated values of UR − UL are also presented. d) Computed binding energies of 
*NH3, N2O, and *N2 on 12 MBene surfaces. e) A schematic diagram of the desired electrochemical cell for the NORR (cathode: MBene) and OER 
(anode: RuO2, for reference electrode).
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last hydrogenation step *NH2  → *NH3 is the RDS with lim-
iting potentials of 0.36 and 1.46 V. As an example of concrete 
analysis, by comparison with other reaction paths on Zr2B2, 
the *NO → *HNO reaction step is an exothermic process by 
2.42 eV, while *HNO → *HNOH has a reaction energy of 
2.27 eV. The hybrid reaction path for *HNOH → *NH + H2O is 
endothermic by −2.78 eV, and *H2NOH → *NH2 + H2O is exo-
thermic by 2.65 eV. Furthermore, atomic N* can combine with 
another adsorbed *NO to form *N2O (Figure S6f, Supporting 
Information). The formation energy of *N + *NO → *N2O 
is −5.43 eV, while the formation energy of *N + *N → *N2 is 
−8.17 eV, which is ≈2.74 eV higher than that of N2 formation, 
and they are exothermic processes with limiting potentials of 
1.11 and 3.85 V, respectively. Their reaction mechanism paths 
for *N2O and *N2 formation are very similar as follows: *NO 
→ *NOH → *N → *N2 or *NO → *NOH → *N → *N2O with 
two subsequent hydrogenations, while all of the hydrogenation 
steps are exothermic. Only the final hydrogenation step is dif-
ferent from the two preceding hydrogenations.

In general, when enough of the same type of catalyst is 
screened for a particular reaction, it establishes linear scaling 
relationships depending on the binding energies of the inter-
mediates;[51] these scaling relationships can describe the relative 
catalytic activity and selectivity of a particular chemical reaction. 
Considering the most crucial *N intermediates for the entire 
NORR reaction pathway, it goes to determine the formation of 
the final product in the entire NORR reaction path, and both 
the formation of NH3 and N2 are investigated. The binding 
energy of ΔG*N can be used as the descriptor of the NORR 
catalytic activity on MBene monolayer catalysts, and a scaling 
relationship can be constructed between different NORR inter-
mediates depending on the ΔG*N. It revealed that most of the 
binding energies of NORR intermediates demonstrate reason-
able linear correlations as a function of ΔG*N, although the tran-
sition-metal borides (M2B2) are different systems. For the first 
hydrogenation step species, such as *NOH and *HNO, their 
linear scaling relationships are plotted separately in Figures S4a  
and S4f, Supporting Information. As shown in Figure S4, Sup-
porting Information, a strong linear scaling relationship exists 
between ΔG(*NOH) and ΔG(*NO) (R2  = 0.93); therefore, in 
terms of ΔG(*NOH) = 1.55ΔG(*NO) + 1.74, a linear scaling 
relationship exists between ΔG(*HNO) and ΔG(*NO) with 
a  correlation coefficient of (R2  = 0.83), which can explain the 
correlation of catalytic activity properties for different MBene 
catalysts. However, *NO → *NOH shows a stronger correlation 
with ΔG(*NO) than *NO → *HNO, which may indicate that 
the first hydrogenation is more beneficial for the formation of 
*NOH than *HNO, which also explains the binding strength 
of the TM…NO bond. The linear scaling relationships of the 
binding energies of different NORR intermediates are relative to 
the reaction path and final products.[52] In general, the slope of  
the linear fitting demonstrates similar bond patterns between 
the adsorbates and catalyst, and similar correlations are also 
shown between ΔG(*N) and ΔG(*NH) (Figure S4c, Sup-
porting Information, R2  = 0.92), ΔG(*NH) and ΔG(*NH2)  
(Figure S4d, Supporting Information, R2 = 0.92), and ΔG(*NH2) 
and ΔG(*NH3) (Figure S4e, Supporting Information, R2 = 0.95).

Based on the above scaling relationships of binding energies 
for NORR intermediates, we can also plot scaling relationships 

depending on the limiting potential (UL) as a descriptor of 
ΔG(*N), as shown in Figure 4a, which can determine the reaction 
path evolutionary trends and selectivity. ΔG(*N), as a descriptor, 
is based on the product stability and selectivity between NH3 
and N2 via a thermodynamic reaction under zero potential. 
Using linear scaling relationships between the limiting poten-
tial of the various elementary reaction steps of NO reduction 
and the NH3 or N2 mechanism, depending on the tendency to 
change of all elementary reaction steps, a volcano plot was built. 
These plots can describe the five proton electron transfer steps 
of the mechanism of NO reduction to NH3 from a full volcano 
plot. The values of ΔG(*N) are exothermic on all MBene sur-
faces, the binding energies of *N on Fe2B2 and Mn2B2 are −7.69 
and −7.18 eV, respectively, and the two reaction steps involve low 
energy barriers of 0.78 and 1.61 eV on those candidates. The 
effective selectivity of NO → *NOH and NO → *HNO was 
reported, as the correlation coefficients (R2) of NO → *NOH 
and NO → *HNO were 0.91 and 0.93 by exothermic processes, 
respectively. In general, ΔG*N values less than −5 eV indicate 
that the bonds between *N and the catalyst are too strong to 
desorb. The next hydrogenation step (*NOH → *N + H2O)  
may become the RDS, such as on Hf2B2, Mo2B2, V2B2, and 
Zr2B2, while ΔG*N values greater than −5 eV mean that *N is 
moderate and include the rest of the MBene candidate cata-
lysts. Furthermore, for the distal path NORR intermediates 
NH, NH2, and NH3, the correlation coefficients (R2) of the 
linear scaling relationships are 0.87, 0.93, and 0.93, the trend of 
linear fitting for *N → *NH is upward and the trends for *NH 
→ *NH2 and *NH2 → *NH3 are downward, which depend on 
the binding energies of *N. A scaling relationship between the 
limiting potential of *NO → *HNO along the H2NO (enzy-
matic) path for the NORR also exists, it can be seen that the 
RDS is determined by the lowest limiting potentials, and the 
catalytic activity of different MBene catalyst is be decided by 
the strength of linear correlation relationship. Most MBenes as 
NORR candidate catalysts fall in the range of −5 to −2 eV as a 
function of ΔG(*N), indicating a moderate energy barrier and 
relatively high kinetics for the NORR on these MBene surfaces. 
Figure 4b shows the two possible paths to break the NO bond 
in HNOH, and the other is further hydrogenated to H2NOH. 
Therefore, the NO bond breaking path between HNOH and 
H2NOH leads to *NH and *NH2  + *OH, and these channel 
paths are defined as hybrid paths. Figure  4c shows the selec-
tivity of the NORR evaluated by the Boltzmann distribution, 
which is defined as fNORR = 1/(1 + exp{−ΔG/kBT) and depends 
on the Gibbs free energy difference between the two competi-
tive reaction steps in Figure 4e. Herein, the potential difference 
between the redox potential (UR) anode and limiting potential 
(UL) cathode as a descriptor can be used to estimate the oxida-
tion trend on these 12 MBenes, and a more positive value of 
UR − UL suggests a stronger ability to promote surface reduc-
tion. The calculated UR  − UL values are positive for all of the 
MBene monolayers (Figure 4c), suggesting that these materials 
could suppress surface oxidation. In this work, we defined the 
redox potential (UR) as the anode electrode potential needed 
to suppress the ORR process. The redox potential is equal to 
the energy barrier of *OH formed and follows the order of 
Rh2B2  > Ru2B2  > Hf2B2  > Fe2B2  > Zr2B2  > Mn2B2  > Cr2B2  > 
V2B2  > Mo2B2  > Ti2B2  > Nb2B2  > Ta2B2. When the electrode 
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potential shifts to the redox potential, the surface ORR can 
be suppressed. As shown in Figure  4d, the ΔG*N2 values are 
more negative than those of ΔG*NH3 and ΔG*N2O on most 
of the MBene surfaces, except for Mn2B2, Fe2B2, and Rh2B2, 
suggesting that these three MBenes are more favorable for 
ammonia formation, thus revealing that the formation of *N2 
is a more favorable competitor product with *NH3 and *N2O.

For exploration and design of a high-performance catalyst 
for NO reduction to NH3 under ambient conditions, a high-
throughput screening approach could promote the discovery 
of a new type of transition metal boride (MBene) material for 
NORR depending on which volcano plot can confirm the RDS 
and how much limiting potential is required to be applied 
during the reaction path. Figure  4a shows the volcano plot of 
*NO → *NOH, *NOH → *N + H2O and *N → *NH as a func-
tional of ΔG(*N). The binding energy of *N is neither too strong 
nor too weak. When it has too strong of a binding strength, the 
strong interaction between the MBenes and *N is limited to *N 
reduction to *NH or *N2. Taking Fe2B2 as an example, it has a 
large binding energy of −6.91 eV for *NOH formation. Since 
the large spin-polarization 3d orbital of Fe could strongly bind 
Fe…NO, the unpaired electron of the nitrogen atom becomes 
more active for hydrogenation than other MBene systems. In 
this regard, Fe2B2 is identified as a promising candidate cata-
lyst for NO reduction to NH3. In recent years, a number of 
different types of 2D materials have been reported to interact 
with NORR adsorbates in a similar way, such as transition 
metal dichalcogenides, MXene, MBene, C3N4, and graphene. 
A high-throughput screening approach is beneficial to discover 
and design high-performance catalysts from fewer calculations 
and experimental work. High-throughput screening provides a 
model for the clustering and optimization of catalytic activity 
and selectivity trends depending on the parameters described, 
which is an essential prerequisite for customizing surfaces with 
specific catalytic properties. In general, some key parameters 
can be used to describe the reaction kinetics features for a given 
reaction, such as the binding energies of all possible interme-
diates and the limiting potential of each elementary reaction 
step. Since the reaction kinetics of the NORR are determined 
by multiple reaction paths and intermediates, the detailed reac-
tion mechanism and catalytic activity trends will be system-
atically evaluated, and the optimal reaction path and limiting 
potential will be identified during the entire reaction under 
an applied potential. All of the elementary steps of both distal 
and hybrid path pathways shown in Figure 2a were considered, 
and the Gibbs free energy profile change trend shows that 
NORR processes preferably adopt the distal pathway as follows: 
*NO → *NOH → *N → *NH → *NH2  → *NH3 for Cr2B2, 
Hf2B2, Mo2B2, Nb2B2, Rh2B2, Ti2B2, Ta2B2, V2B2, and Zr2B2. 
Meanwhile, Fe2B2 and Ru2B2 preferably adopt the alternating 
pathway as follows: *NO → *HNO → *HNOH → *H2NOH → 
*NH2 → *NH3. The last hydrogenation step is identified as the 
RDS of limiting potential at −0.89 and −0.99 eV, respectively, 
which is different from the other MBene catalysts displaying 
that the RDS is usually determined by the first hydrogenation 
step. Furthermore, the negative value limiting potential of the 
y-intercepts for the linear scaling relationships between *NO 
→ *HNO and *O → *OH as well as *HNO → *HNOH and 
*OH → *H2O indicate that these next hydrogenation steps 

have significantly lower reaction energies, which may drive 
the reaction toward completion. According to the Gibbs energy 
profile diagram, Fe2B2, Mn2B2, and Ru2B2 are expected to have 
no thermodynamic barrier through the distal reaction path 
because each step is an exothermic process. Volcano plots are 
used to determine the RDS, the value of the y-intercept with 
the most negative or least positive ΔG(RDS) is defined as the 
RDS, ΔG(RDS) is UL = −max (ΔG1, ΔG2, ΔG3, ΔG4, and ΔG5)/e 
with five successive (H+  + e−) transfers, and Nb2B2 and Zr2B2 
are located close to the peak of the volcano plot. In this regard, 
volcano plots based on linear scaling relationships of the lim-
iting potential could become a reliable and effective tool for 
high-performance catalyst screening.

4. Electronic Structures

Figure  7 displays the total density of states (TDOS) with and 
without NO adsorbed on the Hf2B2 single layer. Significant 
peaks are created in the TDOS after NO adsorption, which are 
mainly located in the energy level range from 0 to 4 eV below 
the Fermi level. The Fermi level is set to zero, as represented by 
the cyan dashed line. Compared to Hf2B2 without NO adsorp-
tion, Hf2B2 exhibits large differences. These differences mainly 
reflect the energy level shift of the peaks, and new peaks appear 
in the TDOS of Hf2B2. Furthermore, the changes in energy and 
peak shifts or the appearance in these state bands can signifi-
cantly influence the electron transport properties of the MBene 
catalyst,[53] which can be useful for designing and exploring 
high-performance catalysts in NO electroreduction to NH3 
processes. The large change before and after NO adsorption 
in the density of states shows that the NO molecule formed a 
chemical bond bound to the Hf atom of Hf2B2. The projected 
density of states (PDOS) of the Hf2B2 single layer is shown in 
Figure  7g,h, and the PDOSs for the B2p interaction with the 
Hf4d and their orbit splitting are also displayed, which displays 
a small overlap of band states between the TDOS and NO mol-
ecules. It is obvious that the B2p and Hf4d states concentrate 
from 1 to 2 eV above the Fermi energy (EF), and the Hf4d states 
dominate from 4 to 6 eV in the conduction band. The PDOS 
of orbit splitting into five orbitals for Hf4d and three for B2p 
are shown in Figure 7i,j. Near the Fermi level, dz2 and dxz pro-
vide the main contributions over a wide range of −4 to −1 eV, 
while the PDOS of dxy and dx2 contribute slightly to the total 
DOS, leading to the splitting of the Hf4d orbitals into higher 
bands beyond 3 eV after NO adsorption, which also indicates a 
shifting of the PDOS of the Hf5d atom to a higher energy level. 
By analyzing the charge transfer depending on charge density 
difference distribution during the NO adsorption process, the 
isosurfaces of the charge density difference for NO adsorption 
on the MBene surfaces have been shown in Figure  7a–d and 
Figure S8, Supporting Information. The value of isosurfaces 
was set to 0.002 e A−3, and the number of charges transferred 
was obtained from the formula Δρ  = MBene+adsorbate  − ρMBene  − 
ρadsorbate, where ρMBene+adsorbate, ρMBene, and ρadsorbate are the total 
charge density of the adsorption configuration, pristine MBene, 
and isolated adsorbed molecule, respectively. The yellow region 
represents charge depletion, and the cyan region represents 
charge accumulation. It is clear that charges accumulate on the 
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adsorbed NO molecules, and the charge density of the MBene 
monolayer accumulates, representing the formation of chem-
ical bonds between NO molecules and metal atoms. Covalent 

bonds are formed, confirming that strong chemisorption 
occurs in these systems and that the charge density distribu-
tion plays an important role in the NO gas adsorbed complex. 

Figure 7. Top and side views of the charge density difference induced by the adsorption of one NO molecule on MBenes. Isosurfaces of differential 
charge density (yellow: depletion; cyan: accumulation) (isovalue = 0.002 e A−3). a) Mo2B2, b) Nb2B2, and c) Ru2B2, d) Zr2B2 and e) A schematic of NO 
bonding and the activation mechanism to transition metals. f) The orbital hybridization diagram for the NO molecule. g,h) The TDOS and PDOS with 
and without NO adsorbed as well as the charge density maps of the pristine Hf2B2 single layer. i,j) The PDOS from all three orbitals of B2p and the 
PDOS from all five orbitals of Hf4d on the Hf2B2 single layer are presented.
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This explains why these MBenes give larger adsorption ener-
gies of NO gas (−3.78, −2.67, and −3.60 eV for Cr2B2, Hf2B2, and 
Mn2B2, respectively) than (−2.62, −2.84, and −2.50 eV for Ti2B2, 
V2B2, and Zr2B2, respectively), as mentioned above. The Bader 
charge transfer analysis shows net charges of −1.11, −0.98, and 
−1.21e from the Mo2B2, Nb2B2, and Ru2B2 surface transfer to 
*NO molecules, respectively. In Figure  7c, according to the 
coordinate system, the t2g orbitals have dxz, dxy, and dy2 − z2 
character (with respect to the unoccupied orbital), and the eg 
orbitals contain dx2 and dyz, while the dy2 − z2 and dxz orbitals 
are the most stable and fully occupied. In this regard, the Hf5d 
unoccupied orbitals couple with the occupied B2p orbitals. 
The transition metal borides of Mo2B2, Nb2B2, and Ru2B2 have 
both occupied and unoccupied d orbitals, and they are suitable 
for the NORR because of the acceptance–donation of charge 
mechanism. The unoccupied d-orbitals of the transition metal 
can accept lone-pair electrons from the N atom of NO, and the 
occupied d-orbitals of the transition metal can donate charge 
to the antibonding p-orbitals of NO, leading to a strong inter-
action between the MBene and NO molecule. Revealing that 
significant charge transfer occurs around the adsorbed NO and 
metal atom (the most active site for the NORR), charge transfer 
is also validated by the Bader charge analysis result that Fe2B2 
transfers 1.83 e to the adsorbed NO molecule.

To further explore the interaction between the MBene cata-
lyst and NO molecule, we described the NO molecule activa-
tion index depending on Bader charge transfer (Δρ), where a 
higher charge transfer implies a higher activated NO molecule 
and shows the charge difference before and after NO adsorbed 
states. The yellow and blue regions represent positive and neg-
ative charge transfer between the MBene substrates and NO 
molecules. It is obvious that the NO molecule is surrounded 
by a region of charge accumulation;[54] this indicates some 
charge transfer to the *NO from the areas of depletion around 
the metal atoms, while there are also some small depletion 
and accumulation charge regions near the metal atoms.[55] For 
the Mo2B2 system, the charge density donated to the s orbital 
is taken not only from the Mo atom but also from the B atom, 
and some part is charged from the region between the Mo and 
B atoms. The charge is usually transferred to the electronega-
tive N or O atoms. The activation index of NO adsorption is 
much higher, and hydrogenation is much easier. The d orbitals 
of Ti, Zr, and Hf are unfilled, which makes the filling of the 2p 
orbital of NO decrease. The Bader charge analysis[56] indicates 
that −0.71, −0.83, and −0.89 e were transferred to the *NO 
molecule on top of the metal active site, which can be com-
parable to the binding energy and make the NO bonding, 
stronger, shorter, and more easily hydrogenated. The value of 
the charge transfer is closely related to bonding strength of 
NO.

5. Conclusions

In summary, we used a high-throughput approach to screen 
transition metal borides (MBenes) as high-efficiency electro-
catalysts. The purpose of this study was to verify and show 
the function of the model and its usefulness for exploring 

high-performance catalysts in the future. Our DFT calculations 
presented high catalytic activity and selectivity for NO reduc-
tion to NH3. These results revealed that MBenes can be prom-
ising candidate catalysts for NO electroreduction and that the 
distal path is the most favorable path via *NO → *NOH → *N 
→ *NH → *NH2  → *NH3 for most MBene candidates. The 
binding energy of *N can be a descriptor of activity and selec-
tivity for the final products, and it assesses linear scaling rela-
tionships and the ability of volcanic maps to reproduce known 
catalytic trends. The formation of *N2 has a lower energy barrier 
than NH* and N2O formation, the NORR prefers to react along 
the distal pathway with small limiting potentials of 0.17, 0.11, 
0.01, and 0.16 V for Hf2B2, Nb2B2, Ta2B2, and Ti2B2, respectively, 
and these selected MBene candidates have exhibited excellent 
catalytic activities with working potentials less than 0.2 V. Our 
calculations revealed that Nb2B2 and Zr2B2 were located close to 
the volcano plot with moderate binding energies of −3.20 and 
−4.31 eV, respectively. The limiting potentials corresponding to 
the formation of NH3, N2, and N2O are 0.25, 5.16, and 2.53 V 
on Nb2B2, respectively. In addition, NO exhibits strong binding 
strengths on Ti2B2 (−2.62 eV), V2B2 (−2.85 eV), and Zr2B2, 
(−2.50 eV) MBenes compared with the small binding energies 
of *H on Ti2B2 (0.04 eV), V2B2 (0.25 eV), and Zr2B2, (0.05 eV), 
indicating that these MBenes are more favorable for NORRs 
than the HER. Thus, our theoretical study shows that Fe2B2, 
Mn2B2, and Rh2B2 are promising electrocatalysts for converting 
NO to NH3 with high activity and selectivity. This study pro-
vides new ideas for nitrate degradation and ammonia synthesis. 
Volcano plots depending on the limiting potential can be used 
as an important descriptor of catalytic activity by the theoretical 
screening of attractive candidate catalysts. Furthermore, the 
electronic properties of MBenes are mainly determined by the 
d unoccupied orbitals of the metal couple with the occupied 
B2p orbitals near the Fermi level and demonstrate a metallic 
character for each MBene.
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5.4 Conclusions
The conclusion of this doctoral thesis is focused on novel 2D crystal structures. This thesis aimed to screen

and design high-performance catalysts for electrochemical reactions, investigate their electronic structure and
propose reaction mechanism pathways to understand the activity and stability of catalysts. To achieve this goal,
four different classes of 2D crystal structures (TMDs, MOFs, MXenes, and MBenes) were considered for this
purpose, and a summary of important findings for each of the publications is listed below.

2D Double Metal Sulfide (M2S2) for the ORR in Fuel Cells. Our theoretical study reported that the 2D
metal sulfide layer structure (M2S2) possesses promising activity for ORR applications in fuel cells. The most
preferable reaction mechanism of the ORR is determined by the Gibbs free energy landscape based on the
formation energy, while the limiting potential is determined by the rate-determining step and the overpotential is
calculated based on the equilibrium potential. The Gibbs energy change landscape of the ORR displays a low
external working potential corresponding to a small overpotential via 4e- transfer for the ORR, and the opposite
exhibits a large bottleneck for the OER via the 4e- transfer pathway. This indicates that Mo2S2 and Zr2S2 catalysts
are more suitable for the ORR with low overpotentials of 0.22 V and 0.47 V, respectively. Furthermore, the
electronic structure of these M2S2 catalysts exhibits outstanding electrical conductivity without band gaps, which
means excellent conductivity and charge mobility during the ORR process. These conclusions will be helpful for
developing and designing high-efficiency catalyst applications in fuel cells.

CO2 Electroreduction via a 2D Metal-Organic Framework Surface. In this article, describing that 2D
M3(HITP)2 MOF can serve as a candidate catalyst for the electroreduction of CO2 to CH4, we systemically
investigated the catalytic activity by high-throughput screening via DFT calculations. By analyzing the catalytic
performance based on the linear scaling relations of limiting potential for each elementary reaction on different
catalyst surfaces, eleven stable 2D M3(HITP)2 candidates were studied for CO2 reduction to different C1
hydrocarbon fuel products. The results indicated that Cr3(HITP)2 and Mn3(HITP)2 MOFs possess promising
catalytic performance with relatively low overpotentials (0.62 V and 0.69 V, respectively) for the production of
CH4 fuel cells. Furthermore, by further examining these 2D M3(HITP)2 prototypeMOFs, they were found to have
two types of M-C and M-O bonds between the adsorbates and surface metal atoms, which determines the
formation of M-C or M-O bond intermediates during the CO2RR process. In summary, Cr3(HITP)2 and
Cr3(HITP)2 produce CO with low overpotentials of 0.24 V and 0.38 V, respectively, as well as CH3OH with
overpotentials of 0.47 V and 0.54 V, respectively.

M3C2 MXenes for Efficient CO2 Reduction. The systematically investigated 2D M3C2-type MXene toward
the CO2 reduction reaction to CH4 was discussed. Analyzing the change in limiting potential (UL) between the
CO2RR and HER indicated that the CO2RR over the HER is a dominant competing reaction for the selectivity of
the CO2RR. To produce methane as the final product, Ta3C2 and W3C2 were used with limiting potentials of -2.10
eV and -0.89 eV, respectively. The M-O-C and M-C-O binding is comparable to the relative strengths of
carbophilicity or oxophilicity with transition metals. This work is likely to further guide the design of CO2RR
catalysts to produce high-efficiency fuel cells.

2D MBenes for the Electroreduction of CO2 to C1 Hydrocarbon. In this work, we considered a series of
MBenes as highly promising candidates for CO2 electroreduction catalysts, and the binding energies of ΔG*OH

and ΔG*CO were two key descriptors used to determine the catalytic activity of MBene catalysts. We identified
Au2B and V3B4 as promising candidates with high catalytic activity and selectivity for the reduction of CH4,
while Au2B, Fe2B4, Ru2B4 and V3B4 are expected to be promising candidates for the reduction of CH3OH. Fe2B4

and Ru2B4 were identified as promising catalysts for the reduction of CO with lower overpotentials of 0.15 and
0.14 eV, respectively.
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N2 Electroreduction on 2D MBenes. Then, a theoretical screening approach was implemented to evaluate the
catalytic activity of transition metal boride (MBene) in the electrochemical NRR. These results indicate that
Ta3B4, Nb3B4, CrMnB2, Mo2B2, Ti2B2, and W2B2 exhibit the lowest limiting potential, and N2 is more activated
via the end-on than side-on pattern. The low limiting potential for NRR on MBenes can guarantee low energy
costs, such as in the case of Nb3B4 (-0.50 V), Ta3B4 (-0.39 V), and Mo2B2 (-0.43 V). W2B2 has a low energy cost
and high selectivity in the NRR/HER competing process. Our study provides an effective approach to designing
high-performance catalysts for NRR and provides guidance for experiments in designing and developing
catalysts for N2 fixation.

MBenes High-efficiency Catalysts for NO Electroreduction to Ammonia. In summary, we used a high-
throughput approach to screen transition metal borides (MBenes) as high-efficiency electrocatalysts. Our
theoretical study shows that Fe2B2, Mn2B2, and Rh2B2 are promising electrocatalysts for converting NO to NH3

with high activity and selectivity. This study provides new ideas for nitrate degradation and ammonia synthesis
and found promising candidate catalysts via theoretical screening.

All publications show that this doctoral work involved three different types of 2D materials, showing that
some M2S2 (TMDs-like) can serve as outstanding electrocatalysts for ORR applications in fuel cells, while some
of the 2D M3(HITP)2 MOF compounds and M3C2 MXenes are suitable for CO2RR, which is not only helpful in
reducing carbon dioxide emissions but also producing value-added hydrocarbon fuel products. The majority of
this thesis is focused on the application of a new novel 2D material, named transition-metal borides (MBenes),
which will serve as the topic of my defense. MBene monolayers possess outstanding electrocatalytic activity for
electrochemical energy conversion. 2D MBenes exhibit tunable electrochemical features and distinctive
electronic structures, making them excellent candidates for optical, magnetic and spintronics devices and can
serve as future research fields. As a new family of 2D materials, MBenes have recently been used in
electrocatalytic reactions and have a significant influence on the application of sustainable energy storage and
conversion. However, the electrocatalytic study of MBenes is still in its primary stage, and although theoretical
calculations have verified that some MBene structures can be promising efficient catalysts for many energy
conversion and storage reactions, their experimental investigation is still insufficient. For example, the
mechanisms by which these materials act in the ORR, CO2RR, and NRR remain to be explored. Thus, we have
reasons to expect MBenes to have more remarkable activity performances in terms of electrochemical reactions.
For example, MBenes are predicted to exhibit favorable N2 adsorption by acting as nitrogen reduction
electrocatalysts, which play an important role in the production of HER, OER, ORR, CO2RR, and NRR, and
MBenes are the focus of investigations based on high-throughput screening. To date, several different types of
MBenes have been reported, both theoretically and experimentally, and the exploration of different types of 2D
metal boride components and their catalytic activity will lead to many interesting applications and results. We
expect that the unique properties of MBenes means that they can be used as CO2RR, NRR, and NORR catalysts,
owing to their excellent reaction activity and selectivity. We also expect new combinations of MBenes with other
semiconductor materials to accelerate the development and design of catalysts for photocatalytic reactions. In
general, 2D metal boride compounds as electrochemical catalysts are still a relatively unexplored field, and there
are still challenges and difficulties in designing catalysts for electrochemical synthesis at the atomic scale.
However, we believe that under the guidance of theory, material design is expected to result in major
breakthroughs in the study of clean energy in the near future.
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5.5 Prospects and outlook
5.5.1 Perspectives

2D material electrocatalysts play an important role in the catalytic electrochemical process. Due to the
favorable action of charge carriers in transferring along a plane, these materials have a highly flexible, large,
planar area and a highly specific surface area, which makes them suitable for application in electronic devices.
The 2D materials studied work as highly active catalysts for the ORR, CO2RR, NRR, and NORR electrochemical
processes while also suppressing the competing HER process and being highly selective toward the target
product. Furthermore, the initial molecule can be allowed to adsorb onto the active sites, and the structure of the
catalyst plays a crucial role in the transport and activation of molecules on the catalyst layer. However, the low
adsorptive capacities of CO2 and N2 are also major disadvantages that limit the mass transport of molecules. In
fact, several studies have shown that using 2D material catalysts in electronic devices can lead to much higher
current densities in comparison with traditional metal materials. The theoretical screening approach provides a
more reliable and systematic review of the catalytic performance of a given material for CO2RR, NRR, and
NORR at an atomic scale. Electrocatalytic ammonium synthesis on 2D metal borides (MBenes) has attracted
great attention and interest from researchers and industry owing to the following advantages: (i) electrochemical
nitrogen fixation for NH3 synthesis can be achieved using abundant N2 as raw materials under ambient conditions,
not only reducing the cost but also alleviating the energy crisis; (ii) NRR without carbon emissions can
effectively alleviate environmental problems, such as the global warming caused by carbon dioxide; and (iii) 2D
metal borides (MBenes) can also provide a promising route to producing clean and renewable energy that
depends on electrochemical energy storage and conversion, hydrocarbon fuel (CO2 electroreduction), and
chemical raw materials (NH3). However, the heterogeneous catalysis used in CO2RR and NRR technology faces
some technical bottlenecks, such as the weak binding strength of CO2 and N2 molecules to heterogeneous
catalysts, and ammonia synthesis is usually accompanied by the generation of hydrazine, leading to a low
selectivity toward NH3. Current exploration of the fundamental mechanisms of N2 electroreduction is still limited
experimentally because of the complexity of the reaction process.

Figure 5-7. (a) Energy materials - surfaces and interfaces for conversion and storage. (b) An energy-integrated-based descriptor used in the
theoretical screening of transition metal catalysts for electrochemical reaction.

To date, 2D materials have attracted extensive attention owing to their excellent physicochemical properties,
such as high activity, high selectivity, and high conductivity in electrocatalyst materials. For example, 2D metal-
organic frameworks (MOFs), 2D transition metal carbides (MXenes), and 2D metal borides (MBenes) have been
systematically studied for their electronic structure, which might reveal particularly intriguing electrochemical
reduction applications in energy conversion and storage devices. For the exploration of 2D MBene applications in
electrocatalysis, more in-depth and systematic studies detailing the evolution of the surface state as related to the
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reactive conditions are needed, including studies of the reactive phase and ionic, solvent, and electrode potentials.
To accelerate the design and exploration of these catalysts for electrochemical catalysis, a theoretical screening
approach can provide insight into the interaction mechanism, which can then be used to evaluate the catalytic
activity of materials depending on the energy change profile analysis. To gain an in-depth understanding of the
excellent catalytic performance of MBenes in electrocatalysis, the external potential and the electrolyte effect
also require consideration. The adsorption of water molecules at the catalyst surface has been confirmed to
significantly change the reactivity of the catalyst, and the surface properties of the catalyst are expected to depend
on the essential features of the MBene materials and their surface states, which may open the door to more active
and selective catalysts in comparison to the known catalysts that are difficult to react with traditional catalysts for
common electrochemical reactions.

In particular, as strategies for how to suppress the competing HER and enhance the electrochemical reaction
selectivity, the perspective of thermodynamics and reaction kinetics have been considered based on catalyst
engineering. For example, based on the mechanism of the electrochemical reaction, limiting the transfer of
proton-electron pairs from the electrolyte on the electrode surface or changing the equilibrium state through the
external potential can effectively suppress the kinetics toward HER to achieve the goal of enhanced NRR
selectivity. However, it needs to be noted that excessively restricting the transitivity of proton-electron pairs may
influence and limit the overall conversion efficiency of the electrochemical energy conversion, and the balance of
selectivity and conversion efficiency should be taken into consideration in actual applications while considering
the corresponding energy consumption. For sustainable and clean energy applications, highly efficient and stable
electrocatalysts have been widely studied, especially 2D materials, which are an independent hot research topic in
the field of electrocatalysis and have achieved great development in recent decades. The high surface area of 2D
materials can facilitate adsorption and electron transport, such as metal and nitrogen codoped graphene, g-C3N4,
TMDs, LDH (layered double hydroxide), MXene, and MBenes. Some analysis and experimental techniques, such
as XRD, TEM, STM and XPS, have been widely applied to 2D materials. These newly developed 2D materials
possess high stability and selectivity toward electrochemical energy conversion applications and suggest
promising activity for electrocatalytic reactions.
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5.5.2 Outlook (Future work)
The combined analysis of all the publications highlights the potential of some novel 2D materials, which are

all further research in my future work. In fact, the possibilities of 2D MBene materials show broad prospects for
practical applications, especially the synergies generated from the different ratios of multiple metals with boron
atoms, which can produce excellent physical and chemical properties. Some of my future research directions
related to this dissertation are listed here in brief. The systematic exploration and design of heterogeneous
catalysts is useful for electrochemical energy conversion and storage electronic devices, such as fuel cells, CO2

capture, and N2 fixation, and to solve the pollution of NOx under ambient conditions. In this thesis, we propose
some perspectives on the design and screening of high-performance catalysts. The materials should meet the
requirements of being more efficient, cost-effective, and environmentally friendly. Because the composition and
morphology of nanomaterials are different, it is essential to develop new synthesis technologies for 2D materials
to enhance their catalytic performance. Optimization of the catalyst performance can be carried out by controlling
the surface engineering, chemical modification, and interface control, all of which significantly influence
catalytic performance. Compared to 1D and 3D materials, 2D material surfaces have rich low-coordination sites
and possess a larger active surface area, leading to greatly enhanced catalytic activity.
For insight into the design and screening of promising electrocatalysts in my future research:
1. The free energies for the electrode materials can be calculated using the VASP code for a more realistic study
with high-throughput calculations.
2. The physical and chemical properties of materials can be obtained by first-principles calculations (DFT) for the
specific electrochemical reaction of a given material.
3. The structure of 2D material active surfaces can be reconstructed using theoretical models, which can be
extremely useful for the design and optimization of catalysts.

The crystal and electronic structures of metallic boride compounds, due to the metalloid nature of boron, can
generate rich bonding schemes between metal and boron atoms, leading to boron atoms playing an important role
in the electrocatalytic process on metallic boride surfaces. The applications of metallic borides can extend to
energy storage and conversion devices, including electrochemical catalysis, metal-ion batteries, electrochemical
catalysis, and supercapacitors. Although great achievements have been reported both on the synthesis and
theoretical research of metallic boride compounds, there are still several challenges and issues that should be
addressed in practical applications. Some issues are classified as follows, which I need to focus on in my future
work:
(i) Due to the lack of low specific surface areas and uncontrollable morphology of crystallized metal boride
compounds, which site is the most favorable active center cannot be guaranteed in the modeling. Thus, further
research can focus on controlling the particle size, and surface characterization of the morphology of metal
borides is necessary.
(ii) The different ratios of metal to boron can form several metal boride crystal structures, but it prefers to form
the most stable structure during the chemical synthesis process. Therefore, it is necessary to strengthen and
improve the reaction route for forming the target product.
(iii) The material properties of metal boride compounds play a vitally important role in electrocatalytic
applications, especially when considering the effects of solvation when working on the electrolyte. However,
there are few reports about this, and further research is needed.
(iv) Current studies of metal borides mainly focus on structural features, but studies on electrochemical
mechanisms and activity are deficient. It is necessary to investigate their catalytic properties in practical
applications.
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(v) The 2D MBenes considered in this doctoral thesis have not been sufficiently explored. Further studies
exploring the catalytic mechanism on 2D metal borides are needed.

5.5.3 Appendices
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