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Abstract
In the context of energy transition, hydrogen is addressed as a clean future energy carrier that
enables the emission-free production of energy to become independent of fossil fuels. The
development of hydrogen production technologies like the electrolysis is strongly driven by the
two main criteria: sustainability and economy. Over the past decades, various technological
achievements resulted in a reduction of costs which has dramatically improved the economic
potential of hydrogen produced by electrolysis. Especially in the field of material development,
great effort was devoted to replace the precious state of the art catalyst materials with abundant
cost-effective catalysts accelerating sluggish water splitting reactions.
This dissertation focuses on the investigation of carbon-based cobalt catalysts with multiheteroatom doping for the oxygen evolution reaction (OER) and hydrogen evolution reactions
(HER). Within this study, two major synthesis approaches, one with metal organic framework
(MOF) and another with polyaniline (PANI), were investigated in terms of structural and
electrochemical characterization. Moreover, the catalysts were analyzed in detail by active site
identification and mechanistic understanding of the reactions within the scope of each project.
Within the MOF approach, the role of the metal species on HER activity was investigated using
X-ray photoelectron spectroscopy (XPS). The discussion was further supported by density
functional theory (DFT) calculations resulting in structure-activity correlations with emphasis
on the importance of the nature of the metal. Besides, bimetallic catalysts with optimal
hydrogen binding energies were suggested as a promising active catalyst toward HER .
The PANI approach was proposed to investigate multi heteroatom doping influence on the
catalytic activity and material properties. Within this approach, cobalt catalysts with variation
of cobalt loading and sulfur loading in the precursors were prepared. The catalysts were highly
active toward both HER and OER, though the origin of activity might be different. Several
physico-chemical characterization techniques combined with post mortem analysis were carried
out in order to get insight into the origin of the activity. It was found that the high HER activity
of PANI-based samples is attributed to MeN4 sites, and the OER activity is originating from a
hybrid cobalt complex depending on the synthesis route.
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Introduction

Total anthropogenic Greenhouse gas (GHG) emissions have continually increased over the last
decades. The biggest share (~ 78%) of total GHG emissions is attributed to the CO 2 emission
from fossil fuel combustion and industrial processes. Two main contributions to the increase of
global CO2 emissions are population and economic growth. Whereas the impact of population
growth remained stable over the last three decades, the contribution of the economic sector to
GHG emissions increased rapidly based on the IPPC report.[1] Figure 1.1 shows the total
anthropogenic CO2 emissions by economic sector, where the inner shell shows the direct
emissions and the outer shell corresponds to the indirect share of CO2 emissions from electricity
and heat production. Therefore, a sustainable long-term scenario with a broad range of
technological options and systematic assessment of local mitigation needs to be applied to
achieve the ambitious target of 80-95% cuts in GHG emissions set within the European Union
for 2050.[2] Among all proposed scenarios, hydrogen provides a long-standing solution to
reduce GHG emissions in the economic sector, including energy production , industry, and
transportation.

Figure 1.1 Greenhouse gas emissions by economic sector in 2010 adapted from IPCC[1],(AFOLU:
Agriculture, Forestry and Other Land Use)

Hydrogen can be produced via various processes, for example, coal gasification, natural gas
reforming processes, biomass pyrolysis, dark fermentation process, and water electrolysis.
Although nowadays only 3.9% of total hydrogen is produced by water electrolyzers, it is the
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only method of providing a CO2-free fuel when it is produced with electricity from renewable
sources.[3] Renewable energy production increased significantly (more than six folds) over the
last 30 years in Germany. However, based upon the Eurostat report, gross renewable energy
consumed (as primary energy) in Germany was only 15% of total energy consumption, on a
path to the 2020 target of 18%. In the last few decades, several economic studies have been
conducted to analyze hydrogen feasibility as the future energy carrier and its role in reducing
GHG emissions in Germany.[2, 4] Indeed, based on simulated data, investment in hydrogen
production is the most profitable in Germany (within the Europe) because of its highest share
of renewables among European countries. Accordingly, it is possible to increase the share of
renewable energy consumption up to 50% via coupling the electrolyzers to renewable power
plants.[4]

Figure 1.2 a) Primary production of energy and b) share of energy consumption from renewable
sources in Germany

There is no doubt that hydrogen will play a key role in an environmentally sustainable energy
cycle. However, there are several prerequisites for a successful energy transition via electrolysis:
the availability of low-cost electricity generated by renewable energies, consideration of climate
issues by ‘’Market players’’ regardless of economic issues, and improvement of the technological
efficiency. The availability of low-cost electricity is vital for the energy transition to hydrogen
via a so-called “Maximum’’ scenario discussed by German Ministry for Environment.[4] This
’Maximum’’ scenario outlines the growth of the share of renewable energies in total energy mix
and shows that it is technically feasible to build a world free of CO2 emission earliest in 2070.
Meanwhile, it is crucial to maintain a dedicated energy policy and to perform appropriate
business models in order to attract the investors. It should be emphasized in the worldwide
scale that climate change is a global issue that implies the need for individual cooperation. Last
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but not least, it is necessary to use the time interval to determine technological weaknesses and
strengths of electrolyzers in order to improve their performance.
For the transition of a fossil fuel based energy economy to a sustainable hydrogen based one,
electrolyzers can be considered as key components. The catalysts developed in this work are
applicable for low temperature applications as Alkaline and Proton Exchange Membrane (PEM)
electrolyzers. Table 1 compares the two systems and summarizes

their technological

advantages and disadvantages
Table 1 Comparison of Alkaline and PEM electrolyzers [5, 6]

PEM

Alkaline

Advantages
Sophisticated technology

Rapid system response

Relative low cost

Compact system design

Non-precious catalysts

Dynamic operation
Disadvantages

Low dynamic

High capital cost

Corrosive electrolyte

Low durability

Crossover gases

Below MW range

Efficiency 50-80%

Efficiency 50-65%

Operation temperature

Operation temperature

65-100 °

below 80 °C

Besides the operational costs related to electricity procurement, the capital cost plays a key role
on the hydrogen price in the near future. It is worthwhile to be noted that stack costs contribute
50 to 60 % to the overall system price. The stack cost breakdowns analyses are reported for the
Alkaline and PEM electrolyzers as the most commercial systems.[6]
The capital cost reduction scenarios might be different based on the system configuration. The
catalyst share in the total costs of the alkaline system is significantly higher than of the PEM
system. Therefore, it is required to develop non-precious materials which remain stable under
the corrosive environment of the alkaline electrolyzers. Regarding PEM electrolyzers, the design
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of innovative new bipolar plates and the development of large area cells are major challenges
beside the catalyst development in order to minimize the costs. However, reducing catalyst costs
would be a long-term solution for manufacturers and investors of both systems.

Figure 1.3 Capital cost break down for alkaline and PEM systems[6]

Starting from a bottom-up view of the hydrogen utilization as an energy career, the last step is
the grid integration of the electrolyzers. Hydrogen produced by water splitting can be used for
several uses (e.g. transportation, industry or energy storages), which significantly varies its
price. Based on the statistics and simulations, the hydrogen price only for applications with onsite production would be comparable with other scenarios (fossil fuels, biomass fuels etc.)
outlining the importance of grid integration.[2, 6] Therefore, the most profitable sector where
renewable-generated hydrogen can be used is the transportation sector, which is reported as an
economically feasible target by 2030.[6] In this scenario, the development of fuel cell powered
vehicles will play an important role in the energy transition from fossil fuels to hydrogen.

1.1 Scope of the thesis
Despite the fact that Me-N-Cs have been heavily investigated regarding oxygen reduction
reaction (ORR), only a small number of efforts has been made to optimize them for the
electrocatalysis of the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER).
Therefore, it is necessary to get an insightful knowledge regarding the nature of activity for
water splitting reactions activated by Me-N-Cs. The previous works focused on the model
studies of non-pyrolyzed MeN4-macrocyles to explore the origin of the activity. However, to
proof the applicability of the concepts derived from these model catalysts, it is required to
investigate the pyrolyzed Me-N-Cs as the real catalysts. In the scope if this thesis a new synthesis
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approach was developed to prepare non-precious multi-heteroatom doped Me-N-C catalysts for
the water splitting reactions. Beside physico-chemical characterization especially post mortem
analysis provided significant insight into the nature of active sites. The comprehensively
reported overview regarding co-doping effect, active site determination, structure-activity
correlations and reaction mechanism can be used to further improve Me-N-Cs for other catalytic
reactions.
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Literature Review

The electrolysis process principally was introduced in 1789 AD by Van Troostwijk and Deiman
in Europe.[7] It is an electrochemical process of water splitting to oxygen and hydrogen induced
by a minimum thermodynamic potential (theoretically 1.23 V). Nevertheless, the required
operating cell voltage is significantly higher than the theoretical thermodynamic potential due
to excess energy that is required to overcome the electrolyte resistance and kinetic limitations
in form of so called overpotentials.

Table 2 Water splitting reactions in acidic and alkaline media
Alkaline electrolysis
Hydrogen Evolution Reaction

4H2O + 4 e-  2H2↑ + 4OH-

Acidic electrolysis
4H+ + 4 e-  2H2↑

(HER) - Cathode
Oxygen Evolution Reaction

4OH-  O2↑+ 4 e-+2H2O

2H2O  4H+ + 4 e-+O2↑

(OER) - Anode

Table 2 shows the catalytic half-cell reactions occurring in alkaline and acidic media. The kinetic
of both HER and OER, is strongly depending on the materials used as electrocatalysts.
Generally, the state of the art catalysts are Pt-based and other precious metal-based oxides (Ir,
Ru) for HER and OER, respectively. In this study, the Me-N-C catalysts were investigated for
water splitting reactions with different approaches to replace the precious catalysts. In the
following sections, the most important steps regarding preparation of Me-N-C catalysts, possible
active site formation/determination and catalyst optimization considering both reactions (HER
and OER) will be discussed in detail.
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2.1 Hydrogen Evolution Reaction (HER)
2.1.1 Mechanistic understanding of HER
The HER is composed of elemental reaction steps and is fundamentally described in two ways
based on electrolyte solution, water reduction (alkaline) and hydronium ion reduction (acidic).

Table 3 Elemental reaction steps for HER in Alkaline and Acid media
Water reduction

Hydronium ion reduction

Tafel slope(𝜶 = 𝟎. 𝟓)

Volmer reaction

H2O + e-  2OH- + Had

H3O+ + e-  Had + H2O

120 mV/dec

Heyrovsky reaction

Had + H2O + e-  H2

Had + H+ + e-  H2

40 mV/dec

Tafel reaction

Had + Had  H2

Had + Had  H2

30 mV/dec

The Volmer step represents the initial step for the hydrogen production and describes the
adsorption of hydrogen on the electrodes surface (Had formation). Thereafter, the reaction path
might involve the Heyrovsky or Tafel step for Had recombination and H2 desorption. In order to
investigate the reaction mechanism, several techniques have been applied such as Tafel
analysis, AC impedance spectroscopy and potential step charging based on the literature.[8] In
this work, Tafel analysis has been performed to study the reaction mechanism based on
determination of the rate determining step (RDS) as an important activity descriptor, which
governs the reaction rate. Tafel analysis results in two important parameters, namely exchange
current density and Tafel slope based upon the equation below.
𝜂 = 𝑎 + 𝑏 log(𝑗)
The term 𝜂 is the overpotential, which is the difference between the formal electrode potential
of the reaction and the standard potential. The Tafel analysis can be derived from the wellknown Bulter-Volmer equation, which relates current density with overpotential for reversible
electrochemical reactions as stated below.[9]
𝑗 = 𝑗0 {exp(−𝛼𝑓𝜂) − 𝑒𝑥𝑝[(1 − 𝛼)𝑓𝜂]}
The term 𝑗 donates the current density, 𝑗0 is the exchange current density, 𝛼 is the transfer
coefficient and 𝑓 = 𝐹𝑧/𝑅𝑇 (F: Faraday’s constant, z: number of transferred electrons, R: the
universal gas constant and T: the absolute temperature). The equation above consists of the
total current of both oxidation and reduction reactions. Therefore, the term overpotential (𝜂)
can be written as

7

𝑎

𝑏

⏞
⏞
1
1
𝜂=
ln(𝑗0 ) −
ln(𝑗)
𝑓𝛼
𝑓𝛼
Empirically the equation above is reported as Tafel relation, where the Tafel slope can be
obtained by plotting overpotential (𝜂) with log(𝑗). The Tafel slopes used to evaluate the RDS in
HER reaction are reported in Table 3. It should be noted that these slopes are obtained assuming
the extreme coverage of the intermediates, even though the Tafel analysis is coverage
dependent. For instance, Shinagawa et al. reported the slope of 120 mV/dec at higher coverage
when Heyrovsky is considered as the rate determining step.[9] Therefore, the potential range
where the Tafel slope is obtained significantly matters to evaluate the reaction mechanism.
The hydrogen evolution reaction includes adsorption and desorption of hydrogen atoms on the
active site. Therefore, a suitable catalyst should bond to the reaction intermediates neither too
strong nor too weak, following on the Sabatier’s principle.[10] The free energy of hydrogen
adsorption (∆GH) is defined as an appropriate descriptor for catalytic activities.[11] The
influence of the adsorption energy on the reaction rate can be expressed with a volcano plot, as
a function of the exchange current density (as an activity descriptor) obtained from Tafel slope
extrapolation shown in Figure 2.1. It should be noted that these fundamental studies were
reported for single crystal metals in the steady-state conditions.

Figure 2.1 Activity volcano-shaped plot as a function of the ∆GH for HER[10]

This volcano dependence is a clear demonstration of the relation between electrocatalysis and
the nature of metals. Since the electrochemical reactions take place on the metal surface, their
electrochemical properties, in the same way as the surface properties, are linked to the
electronic structure.[12] Therefore, each metal with a unique electronic configuration has
distinctive electrochemical properties, influenced by hydrogen adsorption/desorption energy.
Platinum with an adsorption energy close to zero is placed on top of the volcano, which is
known as the most active catalyst toward HER.[13-15]However, the economic feasibility of
technological applications using Pt is hindered by the scarcity and high price of Pt.[16] Although
8

lowering the Pt loading or alloying with other transition metals have been suggested for
reducing the catalyst price, it cannot be regarded as a long-term solution. More recently,
considerable efforts have been made to find alternative materials composed of abundant
transition metals known as Non-Precious Metal Catalysts (NPMC) to activate the hydrogen
evolution reaction.

2.1.2

Me-N-C catalysts

Among all NPMCs, Me-N-C catalysts, heat-treated analogous to N4-macrocycles, have attracted
much more attention during the last decades as catalysts for oxygen reduction reaction (ORR)
in fuel cell applications.[17, 18] Pioneer work in the field of developing Me-N-C catalysts were
made by Jahnke, Jasinski and Yeager.[19-21] In fact, Jasinski was the first who successfully
reported the activity of cobalt phtalocyanine, a non-pyrolyzed N4-macrocycle, for the ORR.
Later in 1976, Jahnke reported that the ORR activity and stability of N4-compounds can be
remarkably enhanced by performing a high temperature heat treatment.[21, 22] Another
significant breakthrough in development of Me-N-Cs was achieved by replacement of the
expensive macrocyclic N4-complexes that was used as a precursors in the Me-N-C synthesis with
independent metal, nitrogen and carbon sources.[23-25] The use of independent metal
nitrogen and carbon sources opened up a broad range of new possibilities to specifically
optimize the final composition and structure of the Me-N-C. In fact it was found, that the
synthesis parameters like type of precursors, pyrolysis temperature, pyrolysis atmosphere and
pyrolysis time have a strong impact on the resulting catalytic properties.[26, 27, 28] Despite
huge debate in literature, it is widely believed that the most dominant ORR active motif in the
structure is a metal atom coordinated with nitrogen embedded in carbon plane, named as MeNX
moieties (particularly MeN4).[29, 30, 31]
In a work by Zagal et al., a volcano plot was experimentally obtained where the activity
descriptor (kinetic current density, in this study) was plotted as a function of the number of
electrons filled in d orbitals in various MeN4 chelates related to ORR.[32-34] Interestingly, FeN4
chelates were located on top of the volcano while Fe chelates have a partially filled orbital. Febased catalysts are known as the most promising catalyst for ORR since they contain the
maximum density of MeNx moieties formed during pyrolysis compared with other Me-N-C (Me:
Co, Mn, Cu.[34] Beside the mass-based density (number of active sites), the turn-over frequency
(TOF) contributes significantly to the catalytic activity as an intrinsic property.[35, 36]
Due to the interaction of d electrons of metal with nitrogen and 𝜋 electrons of carbon plane,
the local electronic structure will change by metal variation and influence the intermediate
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adsorption.[37] Karweik and Winograd studied the charge distribution of nitrogen in different
metalloporphyrins (Mg, Zn, Co, Cu, Ni and Ag-based) using X-ray Photoelectron Spectroscopy
(XPS). They found a correlation between N 1s binding energy associated to MeN4 and the
corresponding metal electronegativity.[38] It was later reported that based on the N 1s spectra
one could discriminate between the Me-N bonds attributed to MeN4 from other nitrogen
species.[39] Inspired by the findings of Karweik, Kramm et al. studied the change in electronic
structure of Fe-N-C in relation to their turn-over frequency (TOF) for the ORR activity.[40] The
outstanding performance and flexibility of Me-N-C catalysts for the ORR as well as the
important role of the analog MeN4 macrocycles in various bio-catalytic processes motivated the
researcher to study these class of catalyst for other electrochemical reactions. Therefore, many
efforts have been made to prepare nitrogen and metal-doped carbon-based catalysts to activate
hydrogen evolution reaction. So far, the majority of the achieved approaches to synthesize MeN-C catalysts for HER were adapted from those that were found to be the most active in
ORR.[41] Also in the case of HER catalysts, metallic nanoparticles encapsulated in nanotubes
(Me @ carbon) and metal-composites supported by carbon (Metal-composite @ carbon) gained
more attraction because of their supreme stability under harsh electrochemical conditions.[4246] The metal composites can typically contain metal nanoparticles, metal carbides, metal
sulfides or/ and metal oxides as residuals which might be formed during the synthesis process.
We here report that especially the type of dopant used in the synthesis process determines the
type of inorganic species that is formed during the pyrolysis. In the following section, three
types of structure related to heteroatom doped carbon-based catalysts are discussed.
I.
II.
III.

Porphyrin-like macrocyclic complexes (central active sites)
Core-shell structure with metal nanoparticle/nanocomposite encapsulated in carbon
Metal nanoparticle/nanocomposite bounded with a carbon substrate

2.1.3 Active site determination controversy
Intensive theoretical and experimental studies have been carried out in order to explore the
origin of activity of heteroatom-doped carbon-based catalysts for HER due to their complex
structure. Traditionally, the synthesis of Me-N-C catalysts involves a high-temperature
annealing of different metal, nitrogen and carbon sources. As mentioned above, the choice of
precursors and pyrolysis temperature for carbon-based material synthesis could lead to different
catalytic and structure characteristics. Therefore, several possible active sites could be formed
through the synthesis procedure, where each solely can contribute to the catalytic activity. In
the following, the identified sites which were mainly reported in literature are discussed.
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Therefore, Table 4 provides a summary of the preparation of heteroatom doped carbon-based
catalysts reported for HER (based on I - III).
Table 4 Summary of the preparation of heteroatom doped carbon-based catalysts reported for HER
Precursors

*Uover / mV
PH1

Condition

Formed
Species

Ref.

HT1[700,1h,Ar]
HT2[(800-1000),5m,Ar]
AL
HT1[(600-1000),2h,N2]
AL
HT2[(600-1000),2h,N2]
HT1[750,1h,Ar/NH3]

Co-np, CoNx

[47]

Co-np, CoNx

[48]

CoNx-C-N

[49]

CVD (H2/Air: 20%)

Fe-np,Conp,FeCo-np
Co-np, Fe-np

[50]

PH13

CoPc, KB
(Me loading), (T)

370

CoTMPP/Co0PD, VB 12
(Me type), (T)

133

180

CoCl2/Fe(NO3)3, Go
(Me type), (D)
Co(NO3)2/Fe(NO3)2, Pyridine
(Me type)
Co Ac./Fe Ac., Imidazole
(Me type)

185

270

200

210

HT1[900,2h,Ar]
AL
HT2[900,2h,Ar]

ZIF-67, Phosphor, Sulphur
(D)
CoCl2, DCDA
(T)

80

148

HT1[600,2h/3days, N2]

CoPS, C-N

[51]

260

400

HT1[500, 2h,N2 + 7001200,2h,N2]

Co-np, C-N

[52]

HT1(450,2h,N2+ 600900,2h,N2], AL

Co-np,
Co3O4

C-N,

[43]

CoNx, Co-np,
C-N, Co-O
Me-np, Me-C,
MeNx
Co-np,CoCx,
CoNx,
Co9S8, CoNx

[53]

HT1[600-800,4h,N2]

Co4N

[56]

298

HT1[600,5h,Ar]

Co-np, CoNx

[57]

290

[42]

Co Ac., Go, cyanimide
(T)

180

Co Ac, Glucose, Melamine
(Me loading)
Me acetate, Phen, ZIF-8
(Me type)
Co(NO3)2/Fe(NO3)2/Ni(NO3)2, PANI
(Me type), (T)
Co(NO3)2/Ni(NO3)2, PANI, KB
(Me type)

250

232

HT1[800,2h,Ar]

180

270

HT1[1050,1h,Ar]

138

178

275

310

HT[(550-950), - ,N2]
AL
HT[900,1h,Ar]
AL
HT2[900,1h,Ar]

Fe3[Co(CN)6]2
(T)
ZIF-67

262

MoO3, PANI

147

257

HT1[700,3h,Ar]

Mo2C,MoO2,
C-N

[58]

NeNU-5

142

151

HT[800,6h,N2]

MoCx

[59]

Co(NO3)2, Aniline/ABS, (NH4)2S2O8
(D)

180

251

HT1[200,1h-900,5h]
HF

CoSx, CoNx

[60]

[54]
[45]
[55]

*Overpotentials are reported @ 10 mA cm-2 for cobalt-based synthesis (T): temperature variation, (D): Heteroatom doping variation
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-

Carbon in compound particles (Me @ carbon)

Due to the instability of pure transition metals under acidic condition, metal encapsulation with
thin carbon layers was suggested in order to protect the direct metal contact with the
electrolyte. Up to now, a limited number of transition metals encapsulated in carbon has been
investigated, such as Co, Fe and Ni.[41, 62]
Zhou et al. reported that N-doped carbon-wrapped cobalt nanoparticles on N-doped graphene
have excellent activity and stability toward HER in acidic medium.[43] The synthesis included
the adsorption of Co2+ and cyanimide onto graphene oxide, followed by decomposition of
cyanamid and reduction of Co2+ through heat treatment at temperatures between 600 to 900
°C. Zou et al. synthesized cobalt-, nickel-, iron-embedded nitrogen-rich CNT catalysts via a heat
treatment of the metal source and dicyandiamide at 700° C.[52] The authors claimed the
formation of cobalt nanoparticles wrapped in nitrogen doped carbon layers/tubes. The HER
activity was attributed to the carbon atoms with optimized work function tuned by cobalt
particles. Wang et al. reported a Co-based catalyst prepared by cobalt acetate, glucose and
melamine at a temperature of 800 °C. The catalyst contained hybrid sites composed of CoNx
complexes and cobalt nanoparticles with superior activity toward ORR and HER. In this work
the HER activity was attributed to the carbon atoms adjacent to cobalt nanoparticles.[53]
Beside the development of various solid state synthesis methods, Deng et al. and Tavaloli et al.
established the chemical vapor deposition of Fe-based materials (Fe@CNT) as new synthesis
route. The resulting Fe@CNT catalysts are characterized by ultrathin core shell showed a high
performance and were able to compete with commercial Pt-based catalysts for activation of
HER.[44, 50] Heretofore, it is suggested by both experiment and theory that the HER active sites
are located on the carbon shell where the metal core facilitates the charge transfer process in
these studies. The presence of the nitrogen and metal core is considered vital for
electrochemical activity. Therefore, the synergistic effect between carbon shell, metal particle
and doped nitrogen plays an important role in the enhanced HER activity compared with nonmetal carbon-based catalysts or pure metals.

-

Metal Nanoparticles/Nanocomposites (Me / MeCx @ carbon)

Metal Organic Frameworks (MOF) are porous crystalline materials including a metal ion
coordinated with organic ligands within a 3D structure. Through annealing process, metal
nanoparticles or metal carbides embedded in heteroatom-doped (mostly nitrogen) carbon
network can be composed of MOF material. Li et al. reported active CoPS nanoparticles
supported on N-doped carbon matrix via pyrolysis of ZIF-67 at a temperature of 600 °C for three
days (carbonization and subsequent phosphosulfurization).[51] The uniform distribution of
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nanoparticles as the active sites on carbon matrix was attributed to the origin of HER activity
in this work. More recently, the formation of cobalt-based (CoFe, CoSe and CoPd) alloy
nanoparticles as active centers embedded in carbon using MOF materials was reported as a
rational way to prepare an active HER catalyst.[63, 64]
Based on the synthesis environment and annealing temperature, MeCx nanocomposites (most
reported, molybdenum carbide) can be derived from MOF materials with different morphology
(nanoparticles, nanorods, nanobelts) embedded in N-doped carbon nanotubes.[54, 58, 59, 65]
In a work by Wu et al. the formation of MoCx nanocrystals by the pyrolysis of the MOF (NENU
5) at a temperature of 800 °C with excellent activity toward HER was reported. Within another
approach, Zhang et al. prepared a catalyst with dominant active Mo2C nanocrystals embedded
in N-doped carbon via heat treatment of MoO3/PANI hydride at a temperature of 700 °C.

-

MeSx in hybrid carbon structures (MeSx @ carbon)

Metal-sulfur clusters are counted as active sites for HER learned from hydrogenase systems in
nature.[66] Thus, numerous studies have been made to synthesize metal-sulfur complexes
analogous to these natural active centers.[67-69] Recently, it was observed that MeSx in a
hybrid structure including carbon as a support shows better catalytic activity than pure MeSx
clusters toward HER.[41] Mo-based catalysts are reported as the most active and stable among
MeSx hybrid catalysts.[61] Li et al. reported an active HER hybrid catalyst with a molybdenumsulfur complex supported by nitrogen-doped CNT (MoSx/NCNT) prepared at a temperature of
600 °C. In this study, the important role of nitrogen and carbon were addressed adequately. It
was claimed that carbon interacts as a promoter of electronic conductivity and nitrogen is a
promotor for generation of dense nano-scale amorphous layers in lower pyrolysis
temperature.[61] Other studies reported Co, Sn, Fe-based hybrid catalysts and investigated the
individual effect of metal/carbon/nitrogen on the catalytic activity. [45, 68, 70]
Up to now, it is widely believed that MeSx complexes are the dominant active center in hybrid
carbon systems. Nevertheless, the controversy in assignment of the active center to the S on the
edge or metal on the center of MeSx clusters remains.[71, 72]

-

MeNx in nitrogen-doped carbon-based material (Me-N-C)

Due to the complex structure of Me-N-C catalysts, the aforementioned sites might be formed
during the synthesis procedure and possibly participate in the catalytic activity. Between the
1970s-1990s, MeN4 macrocycles gained a lot of attention due to their capability in catalyzing
different electrochemical reactions as ORR, CO2 reduction, formation of hydrogen peroxide,
nitric oxide reduction and hydrocarbon oxidation and HER.[26] Inspired by N4-macrocycles,
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MeNx moieties were the focus of active center identification related to ORR activated by Me-NC catalysts. Later, it was widely confirmed that MeNx moieties mainly participate in ORR activity
using in-situ measurement and DFT calculations.[30]
Recently, Liang et al. studied a pyrolyzed cobalt-N4 macrocycle (CoTMPP) with VB12 at
temperatures of 600 to 1000 °C for HER. They attributed the supreme activity to the molecular
CoNx active centers after acid leaching based upon structural analysis and SCN poisoning
experiments. They excluded the effect of nanoparticles and nanocomposites on the HER
activity.[48] Later, Wang et al. reported the preparation of a PANI-based cobalt catalyst at
temperatures between 550 to 950 °C. The authors hypothesized a hybrid active site as the
mixture of Co-4C and Co-4N optimizing the hydrogen adsorption energy for a PANI-based
Co- N-C catalyst. Their proposition was based on calculated density of states of possible active
sites (N-C, Co-4C and Co-4N) and profound X-ray Adsorption Spectroscopy (XAS) as a function
of preparation temperature.[45] Maruyama et al. investigated the pyrolysis (800 to 1000 °C)
of CoPc supported on Ketjenblack (KB). Based on their results derived from ex-situ XAS
experiments, they found the correlation between HER activity and the density of CoN4.[47]
In a work by Fei et al., the graphene oxide and cobalt salt was mixed and subjected to the heat
treatment at 750 °C under NH3 atmosphere. In this work, the stability and activity of the Co- NG
catalyst for HER was attributed to the high temperature-induced strong coordination between
cobalt and nitrogen. Their claim was made by insightful characterization and variation study of
Co- and N-doping level onto graphene with a controlled synthesis procedure.[49] Zhang et al.
prepared a Co-N-C catalyst using cobalt salt, PANI and Ketjenblack which were subjected to a
heat treatment at a temperature of 900 °C. Based on the DFT calculation, Zhang et al.
investigated the role of transition metal and nitrogen in Co-N-C catalyst for HER. Thus, CoNx
moieties were reported as the main active sites regarding the enhanced hydrogen adsorption
energy.[55] Also, Deng et al. studied an active N- and S-doped Co-based catalyst toward HER
prepared at 900 °C using cobalt salt and PABS. In this work, the cobalt complexes (Co in a
combined coordination with N and S) were identified as the active centers based on structural
characterizations in comparison with samples prepared with controlled synthesis.[60]
Up to now, there are not many deep investigations concerning active site identification of
Me- N-C catalysts for HER, unlike those for ORR. Therefore, more systematic studies combined
with theoretical calculations seemed to be required to propose and confirm the active center
more adequately.
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2.1.4 Preparation and structural changes
-

The role of the metal

In Me-N-C preparation, variation of the precursors and preparation conditions might help to
rationally design an electrocatalyst with various catalytic active centers, tuned structure and
morphology. Several studies have been carried out regarding the precursors choice for ORR in
the last decade. For instance, Kramm et al., studied Fe-N-C catalysts synthesized with a different
nitrogen sources, such as phenanthroline, polyaniline and iron porphyrin and studied the
formation of active sites and their correlation with ORR activity. [24] Gupta et al., studied the
Fe-N-C morphology changes by variation of nitrogen and carbon sources (MLMN, DCDA and
PANI). They claimed that using a combination of DCDA and PANI would favor the higher active
site formation, higher active surface area and improve carbonization process.[73] However, a
small number of comprehensive studies has been made in order to elucidate the role of
precursors and pyrolysis conditions on HER, although it could be adapted from the structurecorrelation reported in ORR studies.
Morozan et al. investigated the role of transition metals prepared with Zeolitic Imidazolate
Framework (ZIF-8), 10-phenanthroline and metal salt imposed to heat treatment at 1050
°C.[54] The hydrogen evolution was observed more facile in acidic than alkaline media (which
is known also for Pt), although transition metals are known to be less stable under acidic
condition. The HER activity was investigated and reported in the following order Co > Cr > Zn
> W > Ni > Cu, Mo, Mn, Fe for H2SO4 solution (PH 1) and Co, Ni, Fe > W > Mo > Cr > Mn,
Zn, Cu for KOH solution (PH 13). The relatively high pyrolysis temperature resulted in the
formation of metal carbides and metal nanoparticles in these types of catalysts. Indeed, similar
activity trends were observed for the reported Me-N-C catalysts in different studies.[48, 60]
Although the effect of metal species on the surface area and carbon morphology was discussed
in these works, no systematic correlation of structure and activity as a function of metal nature
was reported. Furthermore, several other studies reported the Co-based catalyst as the most
active and stable electrocatalyst among nitrogen- and metal-doped carbon-based catalysts for
hydrogen evolution.[52, 55] Besides, the metal loading in the precursor mixture is a key
parameter to optimize the catalysts structure. In a work by Maruyama et al., the variation of
CoPc loading supported on KB was investigated. The weight ratios of 0.25, 0.5, 1, 2 and 4 was
chosen for CoPc:KB at a pyrolysis temperature of 800 °C. It was found that an increase in CoPc
loading resulted in an increase in nitrogen and metal content in the final catalyst and a decrease
in the BET surface area. Therefore, lower HER activity was found for extreme low and high
cobalt loadings.[47]
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Indeed, it was formerly shown that combination of transition metals (most reported,
combination of cobalt with other metals) provides noteworthy enhancement for the HER
activity considering the synergistic effect between two metals and the substrate.[68, 74, 75].
Jirkovsky et al. investigated a bimetallic Co-Mo-SX chalcogel with excellent activity and stability
toward HER in alkaline and acidic media, where the CoSx was reported as the active site and
MoSx as the stabilization agent in the structure.[68] Deng et al, synthesized a FeCo@NCNT
catalyst through the CVD method showing a promoted HER activity compared to monometallic
Fe@NCNT and Co@NCNT samples.[50] Chen et al. presented the NiMo nitride nanosheets
supported on carbon, where the presence of nickel tunes the Mo-H binding strength facilitating
the hydrogen production confirmed by XAS measurements and DFT calculation.[76]

-

The role of heteroatoms

The doping of heteroatoms into carbon matrix was found to be an effective way to promote the
catalytic activity of NPMC materials. Nonmetal atoms, such as N, B, S, P or multiple doping
(N/S and N/P) are the most reported effective optimization techniques to control the structure
and improve catalytic activity.[60, 77-79] Non-metal heteroatom dopants can enhance the 𝜋
bonding of the carbon matrix because of its single pair of electrons and different
electronegativity in comparison to carbon. In addition, the metal particles can interact with
dopants (N, S) and form new types of active sites (MeSx, MeNx).[79, 80]
Reported by Li et al., doping CNT with nitrogen improved the MoSX nanoparticles formation
resulting in a higher HER activity. It was shown that N-dopant at the carbon surface interacted
with anionic precursors enhancing the structure of the active sites by the formation of dense
nanoscale MoSx layers.[61] Later, Ito et al. showed that co-doping of graphene with nitrogen
and sulfur provides a synergistic effect by tuning the hydrogen adsorption on the carbon
lattice.[78] In a work by Deng et al, the role of heteroatom doping (N, S) on HER activity was
investigated using controlled synthesis routes.[60] The authors used combination of
polymerized aniline (PANI) and polymerized aminobenzenesulfonic (PABS) to maintain the
dual nitrogen and sulfur doping. They claimed that the obtained catalyst containing a new
active site (S-Co-N complex) which is more active than catalysts prepared with individual PANI
(containing Co-N complex) and PABS (containing Co-S complex) toward HER. Li et al. prepared
Co, CoP, CoS and CoPS nanoparticles embedded in N-doped carbon matrix by heat treatment
(600 °C) of ZIF-67 with none, P, S and combination of P and S doping, respectively.[81] It was
shown that the electrochemical activity is improved once P and/or S are incorporated with
cobalt.
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Furthermore, introducing new active sites has been recommended via changing the precursors.
MeS4 sites (analogous to MeN4) embedded in carbon matrix are reported to be an active
electrocatalyst.[55, 82] Therefore, design and introduction of MeSx complexes by choosing
appropriate precursors provide enough active and stable centers to facilitate the catalytic
reaction. Gu et al. replaced the N4– with S4-chelate complex and used graphene oxide as a
carbon support to synthesize a cobalt-based catalyst.[83] Thus, it was shown that CoSx
complexes can be formed with traditional synthesis route and varying the precursors in the case
of Me-N/S-C.
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2.2 Oxygen Evolution Reaction (OER)
2.2.1 Mechanistic understanding of OER
The electrolyzer performance is determined by the anodic exchange production via oxygen
evolution reaction (OER) as the main contributor to the overall overpotential. OER is a four
proton-electron transfer process, which is much more complicated than HER. The possible
elemental reaction steps for the OER (alkaline) on a single metal active site are shown in steps
1-4.

∆G1

M + OH − ↔ M − OHads + e−
∆G2

M − OHads + OH − ↔ M − Oads + H2 O + e−
∆G3

M − Oads + OH − ↔ M − OOHads + e−
∆G4

M − OOHads + OH − ↔ M + H2 O + O2 ↑ +e−

(1)
(2)
(3)
(4)

Each step involves one electron transfer with a different surface intermediate, where ∆Gi is the
Gibbs free reaction energy of the step i. The overall reaction rate is described as a function of
Gibbs free energy of reaction steps involving the adsorption of different intermediates. Hence,
this relation is depending on the nature of the material used as catalyst. It is important to
fundamentally study the reaction mechanism occurring on different materials. Beside noble
metal state-of-the-art catalysts based on noble metals (Ru, Ir oxides), non-precious metal
oxides, perovskites and carbon-based materials received a considerable amount of attention
during the last decades for the application in alkaline media.[84-88]
Recently, numerous investigations have been performed studying the OER mechanism based
on the link between thermodynamic and DFT calculations.[11] Rossmeisl et al. calculated the
Gibbs free adsorption energies of each intermediate as a function of the electrode potential
using density functional theory.[89, 90] Therefore, the reaction energy for each individual step
(1-4) was determined by subtraction of the respective adsorption energies. Depicted in
Figure 2.2, the blue line shows the so-called ideal catalyst situation in which ∆G1 = ∆G2 = ∆G3
= ∆G4 =1.23 eV.[11] In contrast to the ideal case, the trace in a real catalyst is ∆G4 < ∆G1 =
∆G2 < ∆G3 and the overall thermodynamic of the reaction would be governed by the most
unfavorable step (maximum Gibbs free energy).
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Figure 2.2 Schematic representation of the Gibbs free energy of the reactive species and intermediates
in OER versus reaction coordinate

2.2.2 Scaling relation
It was described in section 2.1 that if j0 is plotted as an activity descriptor versus the
intermediate adsorption energy (H+) in the corresponding catalytic reaction, a volcano-shaped
plot appears for HER. Similar plots can be obtained for OER considering different intermediates
and their binding energies, in the reaction steps 1-4. Calculation of binding energies is feasible
via density functional theory (DFT) and was used as a descriptor in numerous studies related
to metal- and metal oxide-based materials.[89-91] Therefore, OER activity was plotted versus
the oxygen adsorption free energy ∆GO* or (∆GOOH* - ∆GOH*), appearing as a volcano-shaped
plot.[85,87]
In a thermochemical description of OER, it is required to modify the adsorption energy of
intermediates in order to optimize the overall reaction thermodynamic. However, Rossmeisl et
al. presented that the independent change of a single step intermediate is not feasible since the
chemisorption energy of the individual intermediates are linearly related.[89, 90] The so-called
scaling relations were reported independent of the investigated catalyst type, for the binding
energies of HO* and HOO* (about 3.2 eV instead of 2.46 V) for metal oxides and oxide surfaces
regardless of binding sites.[92]
However, Man et al. reported that the OER activity could not be improved simply by tuning the
binding energy of intermediates using theoretical calculations due to fundamental limitations
imposed by this scaling relation. The author suggested the stabilization of intermediates to
improve the OER catalytic performance. [92]
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In agreement with previous reports considering oxide surfaces, it was reported by Calle-Vallejo
et al. that the similar scaling relations (∆GOOH* - ∆GOH* = 3.1 eV) can be applied for Me-N-C
catalysts.[93]

Figure 2.3 Combined volcano plot for ORR and OER.[93] (1-4) are corresponded to Gibbs free energy of
each step in Figure 2.2

Generally speaking, OER and ORR can be regarded as two inverted sequences of the same four
electron transfer steps with the same intermediates. In the work by Calle-Vallejo et al., the
limitation imposed by the scaling relation for different Me-N-C type catalysts (metals belonged
on the group 6 to 11 within periodic table) were explored in order to design active ORR and
OER catalysts. The catalyst with transition metals belonging to group 7 to 9 were reported as
active material toward ORR and OER, however, the scaling relation between HO* and HOO*
imposed a limitation leading to a double volcano with a forbidden region separating the two
tops of the volcano (Figure 2.3). This double volcano confirmed Fe as the best metal for ORR
catalysis and found an optimal situation for Co with respect to OER.
More recently, Busch et al. investigated the scaling limitation using DFT calculation for Me-NC catalysts (Me: Co, Fe, Mn) to design bifunctional catalysts. The author suggested introducing
a hydrogen acceptor/donor ligand in the vicinity of the active site in order to design a catalyst
falling into the forbidden region. It was claimed that MnN4 embedded in graphene is the most
promising catalyst toward ORR based on the theoretical calculations.[94] However, the volcano
plots and scaling relations do not provide enough clarifications to rationally design new
catalysts with improved activity, although they present qualitative information regarding the
relation between catalytic activity and reaction intermediate bond strength.
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2.2.3 Active site determination controversy
The carbon-based materials are known to be more stable in alkaline media considering the
harsh conditions in which OER takes place. Therefore, this study is restricted to alkaline media
for OER applications. Nonmetal- and metal-heteroatom doping enhances the OER activity of
carbon-based materials, as it was described in the case of HER.[41] Recently, several studies
have reported Me-N-C (Me: Fe, Co) materials as promising bifunctional catalysts toward ORR
and OER in alkaline media.[95-98] Despite some profound investigations of the active site on
Me-N-C related to ORR, the role of transition metals and nonmetal-doping on OER activity is
still not well-known. In the following, the identified sites which were mainly reported in
literature are discussed based on Table 5.

Table 5 summary of the preparation of heteroatom doped carbon-based catalysts reported for OER
Precursors

*Uover / mV

Condition

Formed
Species

Ref.

PH13
FeNx, FeCx,
FeSx
Co-np,CoNx

[99]

HT1[(700-900),2h,Ar]
AL

Co-np,CoNx,
C-N

[101]

312

HT1[(900-1100),6h,Ar]

Co-np

[102]

260

HT1[600,1h,N2 + 800,1h,N2]

CoOx, Co-np

[64]

CoCl2, Bacterial cellulose, Urea,
Thiourea
(D)
ZIF-67

320

HT1[600,1h,N2+900,1h,N2]

CoO, Co3O4

[103]

370

HT1[600,5h,Ar]

Co-np,CoNx

[57]

Co(NO3)2/CoS2, GO /CNT,
Thiourea
(D)
Co(NO3)2, Na2S,
(GO,C3N4)/(Go,PANI)
(Carbon source)
Co Ac., Phen, GO, S
(D)

390

HT1[400,2h,Ar]

CoS2

[104]

350

HT1[550,3h,N2]

Co9S8, CN,C-S

[105]

371

HT[750, 30min, Ar]
±AL

CoSx, CoNx,
C-N, C-S

[106]

ZIF-67
(pyrolysis environment)
Fe/Co(NO3), MLMN, KB
(Me type)

410

HT1[800,2h,He:H2(10%)]
HT2[250,(2h,6h),He:O2(15%)]
HT1[700,1.5h,NH3]

Co-np,
Co3O4, CoNx
CoNx, C-N

[107]

FeCl3,KSCN,CNT, Bipyridine
(D)
CoPc/CoCl2, CNT
(Me loading),
(D)
MeCl2(Co,Fe,Ni), Cyanamid
(Me type),
(T)
ZIF-67@ZIF-8
(T)
Co(NO3)2, MLMN

370

HT1[900,2h,Ar]

310

HT1[900,2h,Ar]
AL

390

460

[100]

[95]

*Overpotentials are reported @ 10 mA cm-2 for cobalt-based synthesis (T): temperature variation, (D): Heteroatom doping variation
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Can MeNx satisfy OER?
MeNx moieties are known to be catalytically active toward ORR and HER as it was discussed in
the previous chapter. However, there are not enough available studies investigating the MeNx
moieties as a possible active center for OER. In fact, it is under strong debate whether metal
complexes (MeN4) are participating in the reaction directly, or they are unstable in the OER
potential window and transformed into metal oxides.[108, 109] However, because of limitation
in characterization techniques, there are not enough reliable reports considering identification
of active sites and the role of metal complexes. Recently, Daniel et al. reported the
decomposition of (non-pyrolyzed) cobalt porphyrin deposited on FTO into CoOx species under
OER conditions. The author attributed the activity to the formed CoOx species deposited on FTO
as the real catalyst, confirmed with soft-X-ray photoelectron spectroscopy. [109]

Figure 2.4 MeN4 sites Vs. MeOx

In contradiction with this work, Wang et al. studied cationic cobalt porphyrin catalyzing water
oxidation and excluded the cobalt oxide film formation under OER condition as active site. The
authors demonstrated formation of Co4+-porphyrin cation radical as the active site for oxygen
evolution

reaction.[110]

Later,

Wunster

et

al.

prepared

monolayers

of

various

metalloporphyrins on clean Au (1 1 1) surface and investigated these under OER conditions.
The author claimed that the Co2+ species attributed to MeN4 species remained intact during
OER as the main active sites, confirmed by post-mortem analysis (XPS, STM).[111]
Indeed, Me-N-Cs were studied mostly as bifunctional catalysts with dual active sites for OER
and ORR in alkaline media. Repeatedly, Co-N-C and Fe-N-C catalysts are reported as active
bifunctional catalysts. In these works, the OER activity was mainly attributed to the nitrogencontaining species (N-C) while the ORR activity was credited to the MeNX moieties.[31, 97,
112] More Recently, Chen et al. presented an active bifunctional Fe-N-C catalyst by doping CNT
with pyridine and Fe salt, followed by pyrolysis at 900 °C for alkaline media. The authors
claimed that high-density FeNx moieties are dispersed in hierarchical carbon layers which are
responsible for the high OER activity.[99]
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Because of the complex structure of Me-N-C catalysts consisting of different possible active sites,
often a combination of synergistic effect and hybrid active sites has been proposed responsible
for OER activity.[53, 106, 107] For instance, Qiao et al. pyrolyzed graphene oxide with cobalt
acetate, phenanthroline and sulfur in order to embed CoSx nanoparticles in N-, S-doped
graphene sheet. In this work, CoSx particles, nitrogen and sulfur dopant, and CoNx sites are
nominated as possible active sites for the bifunctional activity of CoSx/N-S-G catalyst.[106]
Nevertheless, a more detailed intensive investigation is required exploring the real OER active
sites using in-situ experiments and post-mortem analysis in order to drive structure-activity
correlations for Me-N-C catalysts with dominant MeNx moieties.

-

Metal Nanoparticles/Nanocomposites (Me / MeOx/MeOx(OH)y @ carbon)

As explained in the HER section, encapsulation of metallic nanoparticles or metal compounds
(specifically metal oxides) into carbon plane/tube offers several advantages. It enhances the
mechanical and chemical stability, electronic conductivity and graphitization degree of the
material.[41] Liu et al. prepared a Co-N-C catalyst using metal salt and cyanimide subjected to
a heat treatment at temperatures of 700 to 900 °C as bifunctional catalysts activating ORR and
OER. The catalyst contained encapsulated cobalt nanoparticles in carbon nanotubes and MeNx
species. The author suggested the cobalt nanoparticles as a promotor for the formation of CNTs
where the stable catalytic reaction proceeds.[101]
Li et al. reported the formation of cobalt nanoparticles embedded on carbon skelton with
pyrolysis of core-shell MOF (ZIF-67) at a temperature of 600 °C for 5 hours. The authors
identified the in-situ transformation of cobalt particles to CoOx species during OER using
profound post-mortem analysis (TEM, XPS and XRD). Indeed, the author claimed that the
oxidized cobalt centers can be active sites implemented in carbon plane.[57] Later, Zhao et al.
synthesized encapsulated cobalt nanoparticles in carbon nanotube derived from ZIF-67 at 1000°
C active toward OER. The authors confirmed the established CoOx particles from cobalt
nanoparticles during the OER as the real active sites for OER.[102]
In the work by Jin et al., a highly active Co-CoOx/N-doped carbon-based catalyst was prepared
composed of a hybrid structure including cobalt nanoparticles, CoO and Co3O4 nanocomposites.
By post-mortem XPS analysis of the catalysts, it was claimed that the Co2+ species corresponded
to CoO are the main contributor to the OER activity.[64]
Moreover, it has been reported that metal oxy/hydroxide materials exhibit remarkable activity
toward OER in alkaline media.[86] Among all, Ni/Co-based composites are reported as the
most active OER catalysts. Weidler et al. studied various cobalt oxide films under OER condition
and reported the in-situ transition of oxides to oxy/hydroxide materials as the origin of activity.
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The authors claimed that the deposition of a hydroxide like MeOx(OH)2 presents an optimum
initial state for the aforementioned transition.[113, 114] Recently, more efforts have been made
to implement the oxy/hydroxide particles (active sites) into nitrogen-doped carbon in order to
enhance the catalytic performance.[115, 116]
-

MeSx in hybrid carbon structures (MeSx @ carbon)

Cobalt sulfides (CoSx) are known to be active toward oxygen evolution reaction based on
theoretical and experimental reports.[117, 118]However, their application is restricted due to
the poor electronic conductivity.[106] Therefore, implementation of the MeSx compounds on a
carbon support was suggested as a solution. [119]Ganesan et al. presented an approach to
synthesize cobalt sulfide nanoparticles on the N-doped graphene oxide using cobalt thiourea at
temperatures between 400 to 600 °C. Depending on the pyrolysis temperature, CoS2 or Co9S8
were reported as the major phase existing in the composite.[120] Later, Tang et al. reported a
simple ionic assembly to fabricate Co9S8 embedded in N/S-doped graphene sheet at a
temperature of 550 °C.[105] Wang et al. presented a novel Co3S4/NCNT active catalyst by the
first formation of Co(OH)2/NCNT and subsequent anion exchange of S2- and OH -. [121]
Heretofore, the metal sulfide compounds were reported as the main contributor to the OER
activity, though the synergistic effect between nitrogen, sulfur and carbon is not negligible.

2.2.4 Preparation and structural changes
In order to rationally design Me-N-C catalysts applicable for oxygen evolution reaction, it is
required to understand the parameters affecting the structure, morphology and stability of the
materials as-prepared and under OER conditions. In the next step, newly suggested methods
must be applied to optimize further the present catalysts inspired by the achieved knowledge.
-

Carbon properties

It is well known that carbon corrosion starts thermodynamically above the potential of 0.207 V
and increases to a significant level at 1.23 V where OER takes place. As it was reported by Choi
et al. the destruction of MeNx is inevitable at potentials over 0.9 V because of carbon oxidation
in Me-N-C catalysts. [122] The importance of contribution of carbon oxidation during OER is
often neglected in the case of carbon-based materials. [123] Therefore, using highly graphitized
nanocarbons and encapsulation of MeNx sites in carbon nanotubes are strongly recommended
in order to improve the catalyst stability under harsh OER condition.[124] Polymerized aniline
(PANI) with a unique 𝜋 −conjugated configuration was used firstly for deposition on carbon
support to protect commercial Pt/C catalyst against corrosion for fuel cell application.[125]
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Later, Zhang et al. demonstrated a highly porous PANI-based nanocarbon co-doped with
nitrogen and phosphorous as a promising active catalyst toward OER. Thereof, the carbon
structure made by pyrolysis of doped-PANI provides a high surface area, strong accommodation
of active sites and high resistivity against carbon corrosion.[112] Indeed, combining PANI with
another carbon source as a multi-precursors synthesis route can further tune the catalyst
morphology promoting the carbon stability under OER condition.[73] However, Tang et al.
prepared Co9S8 nanoparticles supported on (GO, C3N4) and (GO, PANI) at a temperature of 550
°C. It was claimed that the smaller number of active nanoparticles were accommodated on
carbon substrate in the case of (GO,PANI) compared with (GO, C3N4).[105]
Carbon Nanotubes (CNT) have been widely used as catalysts of energy-relevant electrochemical
reactions due to their high electronic conductivity and oxidative corrosion resistance.[126]
Therefore, encapsulation of MeNx moieties inside the CNTs can prohibit the active site
destruction because of high resistive carbon structure and simultaneously provide facile charge
transfer. In the work of Byon et al., formation of this type of active site (FeN x) by nitrogen
functionalizing of MWCNT was presented using heat treatment of precursor in a N-rich
atmosphere. The author later showed that the catalyst prepared with MWCNTs is more active
and stable than the PANI-based one toward ORR.[127] Therefore, fundamental understanding
of the role of carbon in an atomic level is important to design an optimal and robust Me-N-C
catalyst activating OER.
-

Multiple-heteroatom doping

It is often reported that multiple-heteroatom doping is likely to create more active sites, enhance
charge transfer and consequently improve OER activity.[105, 124] Among non-metal
heteroatoms, dual N/S doping into carbon have been employed most. Although metal-free N/Sdoped carbon-based materials were reported as active OER catalysts, embedding transition
metals into co-doped carbon seems vital improving the catalytic performance.
For instance, in a work by Sahraie et al., it has been shown that multi-heteroatom doping
(N/S/Fe) significantly enhances the stability of Ketjenblack considering carbon corrosion and
CO2 formation. The conclusion was drawn mainly by differential electrochemical mass
spectrometry.[96] Qiao et al. studied systematically the multiple-doping effect by
characterization of pure, (N/S)- and (N/S/Co) graphene as a bifunctional catalyst (ORR and
OER) in alkaline media.[106] It was shown that nitrogen and sulfur were successfully doped
into graphene sheets in interaction with both metal and carbon. The main conclusion was that
a high density of active sites was introduced and enabled to contribute to catalytic activity, and
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the dual doping of N and S onto graphene enhanced the graphitization and porosity of the
carbon. In a work by Chen et al., KSCN was added to the synthesis to dope sulfur into N- and
Fe-doped CNT. it was shown that sulfur doping can improve the surface area, increase the active
site density (FeNx moieties) and facilitate charge transfer capacity for Fe-N-C catalysts.[99]
Furthermore, it has been reported that the catalytic activity of transition metal-based catalysts
is tunable via introducing the second metal through the synthesis by overcoming the limitation
imposed by scaling relation. Oxide/hydroxide of Ni-based alloys and encapsulated Co-based
alloys in carbon nanotube exhibits remarkable activity toward OER with improved stability
compared to their monometallic counterparts.[128-130] Nevertheless, double heterobimetallic
doping has not been widely investigated in Me-N-C catalysts for OER, unlike ORR and HER. In
a work reported by Wunster et al., the dual combination of Fe-based and Co-based metal
sources (metalloporphyrins) was investigated, when the catalyst was deposited on a gold
substrate prepared in UHV.[111] After spectroscopic and microscopic characterizations, it was
reported that the first metal was coordinated at porphyrin-like center of the molecule and the
second metal was positioned by four pyridyl groups between the molecules, both with an
oxidation state of Me2+. Despite demonstrating successful implementation of the second metal
in the complex and boosted activity, no structural-activity correlation was found out to explain
the effect of second metal on the promoted activity. Therefore, a comprehensive investigation
of dual- doping of transition metal in traditional preparation of Me-N-C catalysts is required in
order to elucidate the role of the second metal on the structure and OER activity.
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3

Experimental

This chapter addresses the experimental methods used in this thesis. It includes the preparation
of the catalysts, material characterization and post-mortem techniques.

3.1 Catalyst preparation
In this thesis, two main approaches were applied to synthesize Me-N-C catalysts. One is the
MOF-based which will be discussed first, followed by the PANI-based approach.

3.1.1

MOF approach

Metal Organic Frameworks (MOF) include a metal ion coordinated with organic ligands that
can be decomposed to a carbon network through pyrolysis. MOF-based preparation route has
been adapted by the work of Proietti et al. who reported one of the most active Fe-N-C catalyst
toward ORR prepared with MOF.[131] Our study aimed to investigate the role of transition
metal in the structure and catalytic activity of Me-N-Cs. Accordingly, MOF (Z1200, 2.0 mmol),
Phenanthroline (Phen, 1.5 mmol) and various metal acetates (0.25 mmol) were used to
synthesize Me-N-C catalysts. The prepared monometallic catalysts were based upon Fe, Co, Ni,
Mn, Mo, Cu metals. Also, a combination of cobalt with iron, manganese and molybdenum with
the molar ratio of 1:1 was probed in order to prepare the bimetallic catalysts. The given
precursors contained 2 wt% of the corresponding metal(s) and about 16 wt% Zn from ZIF-8
(Z1200). The temperature of 950 °C was chosen because zinc should evaporate at this
temperature and should result in a pure carbon network.
MOF
Phen

Mortaring

950° C, 2h, N2

2M HCL, 4 hours

Pyrolysis

Acid leaching

950° C, 2h, N2
nd

2

Pyrolysis

Metal Ac.
Figure 3.1 Preparation procedure of MOF-based catalysts

The final mixed powder of the precursors was subjected to a heat treatment at 950 °C with a
heating rate of 450 °C/h under nitrogen atmosphere for 2 hours. The remaining powder was
cooled down to room temperature and transferred to the solution of 2 M HCl and kept 4 hours
for the acid leaching step. The catalysts were obtained and grounded for further
characterization after second heat treatment (similar to first heat treatment).
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3.1.2 PANI approach
Polymerized aniline (PANI) is well-known template compound in which aromatic benzene rings
are connected through NH2 groups. PANI provides remarkable stability, mechanical flexibility
and great accommodation of active sites if it is used for the preparation of Me-N-Cs.[73] In this
work, we used two different methods to synthesize PANI based on the choice of APS:ANI ratio
and post-treatment method.

-

PANIref synthesis

Aniline (20mmol) was blended with ammonium peroxidisulfate (APS, 20mmol) in 0.5M HCl
for polymerization at the temperature below 4 °C. The polymerization proceeded for 24 hours.
Then, the suspension was filtered and washed with distilled water to remove APS residuals.
This PANI was prepared in order to synthesize the catalysts with absence of sulfur in the
precursors. This preparation is known to be the standard method for polymerization of aniline
which is often reported in literature related to Me-N-Cs.[132] Therefore the label PANIref was
assigned to address the reference PANI for the sake of comparison.
-

PANIevap synthesis

Aniline (20mmol) was blended with ammonium peroxidisulfate (APS, 60mmol) in 0.5M HCl
for polymerization at the temperature below 4 °C. The polymerization proceeded for 24 hours.
Then, the suspension was evaporated by heating at 100 °C to remove the HCl solution and
keep the APS residuals (not reacted during polymerization because of high APS to ANI ratio
3:1) inside the PANI. The PANIevap was synthesized to achieve co-doping of nitrogen and sulfur
in Co-N-C catalyst. The combination PANI and dicyandiamide (DCDA) was suggested by Gupta
PANIevap

Aniline

0.5M HCL, 24h

Evaporation
N
Aniline

Polymerization

PANIevap

APS
Filtration
PANIref
Figure 3.2 Illustration of Aniline Polymerization

et al. who showed that the combination offers a tuned morphology and higher active site
density. [73] The Co-N-C catalysts were synthesized using cobalt acetate (variable), PANI
(PANIevap/PANIref, 680 mg), DCDA (27 mmol) and elemental sulfur (variable).
In the first project (Chapter 4.1.2), the cobalt catalysts were prepared with different metal
loadings (0-20 wt%). The label Cox-N-Cevap/ref was used for naming the catalysts where x is the
cobalt wt% in the precursors and evap/ref index has attributed the type of PANI used in the
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synthesis. Beside this, a bimetallic catalyst of (Co,Mn)2-N-Cevap was prepared with Co/Mn molar
ration of 2:1. The second project (Chapter 4.2.1) was related to the effect of elemental sulfur
addition to the PANI-based Co-N-Cevap catalysts. Therefore, the elemental sulfur was introduced
to Co3-N-Cevap with variation of (additional of elemental sulfur, 0 to 11 mmol). The catalysts
were investigated for OER. Finally, the third project (Chapter 4.2.2) was related to PANIevapbased catalysts with focus on the influence of the species on OER activity and stability.
Therefore the most active Co-N-C was compared to its (Co,Mn) analogy. The molar ratio of
Co/Mn ~ 2:1 was maintained to synthesize the bimetallic catalyst used in this project.
Figure 3.3 demonstrates the synthesis route applied in these projects. The corresponding
Sulfur
PANIevap / PANIref

DCDA

Mortaring

800° C, 1h, N2

2M HCL, overnight

Pyrolysis

Acid leaching

800° C, 3h, N2

2

nd

Pyrolysis

Metal Ac.
Figure 3.3 The PANI approach illustration

mixture was first subjected to heat treatment step at 800 °C with a heating ramp of 300 °C/h.
This heat treatment involved 30 min dwelling at 300 °C and 500 °C followed with 60 min
dwelling at 800 °C. After cooling down to room temperature, the powder was transferred to
2M HCl solution and kept overnight for acid leaching process. The obtained catalyst was
filtered, dried and transferred to the oven for the second pyrolysis. The second heat treatment
included a fast ramp (~38 °C/min) to 600 °C and a slower ramp of 300 °C/h to the final
temperature of 800 °C where it was held for 3 hours. Table 6 provides information regarding
the chemical compounds used for preparation methods in this project.
The contribution of Ioanna Martinaiou, K. Alexander Creutz and Simon T. Ranecky is gratefully
acknowledged.
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Table 6 List of chemical compounds used for MOF and PANI approach

Material

Chemical formula

Provider

Manganese acetate, 98%

Mn(CH3COO)2

Alfa Aesar

Molybdenum acetate dimer

Mo2(CH3COO)4

Alfa Aesar

Copper acetate, 99%

Cu(CH3COO)2

Alfa Aesar

Iron acetate

Fe(CH3COO)2

Alfa Aesar

Nickle acetate tetrahydrate, 99%

Ni(CH3COO)2 . 4H2O

Alfa Aesar

Cobalt acetate tetrahydrate, 99%

Co(CH3COO)2 . 4H2O

Alfa Aesar

Basolite Z1200 (MOF)

C8H10N4Zn

Sigma Aldrich

1.10 Phenanthroline (Phen)

C12H8N2

Sigma Aldrich

Aniline

C6H5NH2

Alfa Aesar

(NH₄)₂S₂O₈

Alfa Aesar

S8

Carl Roth

C2H4N4

Alfa Aesar

Ammonium peroxydisulfate (APS), 98%
Sulfur, 99%
Dicyandiamide (DCDA)

3.2 Characterization techniques
The catalysts were characterized electrochemically and with respect to their structural
composition. For electrochemical characterization, mainly Cyclic Voltammetry (CV) and
Rotating Disc Electrode (RDE) methods were applied. Surface and bulk techniques such as N2sorption, X-ray Photoelectron Spectroscopy (XPS), Raman Spectroscopy, Transmission Electron
Microscopy (TEM) and X-ray Diffraction (XRD) were applied to study the structure and
morphology of the catalysts. The detailed description of these techniques is reported in this
chapter.

3.2.1 Electrochemical characterization
-

Electrode preparation

In order to carry out the electrochemical characterization in this work, the drop-casting
method was applied. Therefore, it was required to provide an optimized ink formulation to
prepare an appropriate working electrode for RDE measurements. In this thesis, a fixed ink
formulation was applied to all projects related to HER and OER. Thereof, 5 mg of well-grinned
catalyst powder was mixed with 25 µl of Nafion (5wt%), 83 µl of distilled water and 142 µl of
ethanol. The ink solution was sonicated for 15 minutes for homogenization. The homogenized
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ink was vibrated in the vortex for 1 minute, then transferred for another 15 minutes sonication.
The ultrasonic needle was used for 30 seconds for final dispersion of the catalyst in the ink.
Depending on the project, the desired catalyst loading was maintained by dropping a
corresponding amount of the ink on glassy carbon (GC, 0.1963 cm2). The Ag/AgCl (3 M KCL)
and Hg/HgO (1 M NaOH) were used as reference electrodes in acid and alkaline media,
respectively. The glassy carbon was used as the counter electrode for all measurements.
-

Rotation Disc Electrode (RDE) setup

The electrochemical measurement of the working electrode prepared with catalyst were
performed using a three-electrode configuration shown in Figure 3.4. The working electrode a
(glassy carbon disk coated with catalyst ink), reference electrode (Ag/AgCl or Hg/HgO) and
counter electrode (glassy carbon rod) were connected to the potentiostat device (Nordic FC
200i). The potentiostat applies the potential between Working electrode (WE) and the reference
electrode (Ref), while it measures the current between WE and counter electrode,
simultaneously. The freshly made 0.1M H2SO4 and 0.1M KOH electrolyte solutions were used
as acid and alkaline medias, respectively. Before running any measurement, the electrolyte was
saturated with nitrogen for 5 minutes. During the measurement, the nitrogen gas flow was kept
on the surface of the electrolyte. All the measurements were carried out at room temperature
and ambient pressure.

Figure 3.4 Schematic of standdard three elecrode configuration cell

A typical HER and OER measurement in this project involved a cyclic voltammetry (CV) with a
sweep rate of 100 mV s-1 between 0 – 1 V vs. SHE. The initial activity was evaluated by
performing a CV with a sweep rate of 5 mV s-1 in the corresponding potential window depending
on the catalytic reaction (HER, OER). The short stability tests were performed by taking CVs
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with a sweep rate of 300 mV s-1 for 90 and 30 cycles for HER and OER, respectively. The final
activity was evaluated by a CV with a sweep rate of 5 mV s-1 in the corresponding potential
window. The rotation rate was kept at 1500 rpm during the measurements to enable removal
of the gas bubbles formed in the reaction. Long-term Galvano-static stability tests were
performed at a constant current of 10 mA cm-2 for 6 hours.
-

Sequential correction for data analysis

In this thesis, all the results are reported after corrections for ohmic losses (iR correction) and
potential (U Vs. SHE) for the sake of comparison. During the measurement, the ohmic resistance
was measured by EC4 software (Nordic application) which recorded the impedance spectra at
5 kHZ. Accordingly, the electrolyte resistivity was calculated and applied for iR correction. For
reference potential correction, the reference electrode potential versus standard hydrogen
electrode was measured before each experiment. The reported activity data are corresponded
to the measured CV after short cycling. For CVs, the average of forward and backward scans
was reported to normalize for the possible capacity effect.
The contribution of K. Alexander Creutz (RDE measurements) and Simon T. Ranecky (RDE
measurements) is gratefully acknowledged.

3.2.2 Morphology and structure characterization
To investigate the morphology, surface and bulk properties of the materials several techniques
were applied and reported in this work. Following, a short description of the methods and
related experimental conditions are reported.
-

N2-sorption

Surface area and porosity are important parameters for heterogeneous catalysis. Gas adsorption
(particularly nitrogen) is one the most common method used for investigation of surface area
and porosity of carbon-based materials.
To carry out the N2-sorption measurements a Quantachrome autosorb 3-B instrument was used.
Before the sorption analysis, it is necessary to remove any gas and vapor that may have been
adsorbed on the surface in contact with air. Therefore, the sample (known mass, m) was fed
into a tube and heated to 200° C where it was held in vacuum of ca. 0.15 mbar for 12 hours for
degassing process. Then, the tube was filled with a controlled flow of nitrogen. The nitrogen
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adsorption on the surface leads to pressure reduction lower than the pressure of the reference
cell connected to the setup.
The contribution of Ioanna Martinaiou, Stephen Paul and W. David Z. Wallace is gratefully
acknowledged. [Measurement and data analysis]

Transmission Electron Microscopy (TEM)
This technique involves a high voltage electron beam emitted by a cathode through an ultrathin specimen. The electron interacts with this specimen when it passes through. The
transmitted electrons form an image containing information about the structure of the
specimen. Then, the formed image is magnified by a series of lenses and can be recorded by
focusing on a fluorescence or CCD camera (light sensitive camera, transferable to a computer).
In order to perform TEM experiments, a small amount of the sample was dispersed in ethanol
by placing the solution in the sonication bath for 30 seconds. Then, the suspension was kept for
settlement of the particles using a magnet, to remove the large magnetic particles. A drop was
cast on holey carbon grid (Plano) and allowed to dry. The grid was coated with carbon (Baltec
MED010) to avoid charging under the incident electron beam.
Transmission electron microscopy (TEM) characterization was performed with a FEI
CM20STEM (Eindhoven, The Netherlands) microscope equipped with a LaB 6 cathode and a
Gatan double tilt holder at a nominal acceleration voltage of 200 kV. EDS were recorded using
an Oxford X-MAX 80 silicon drift detector (Oxford Instruments Nanoanalysis, High Wycombe,
United Kingdom) attached to the CM20. Spectra were quantified using the internal Cliff-Lorime
sensitivity factors from Oxford Instruments INCA Ver. 4.15.
The contribution of Markus Kübler and Stefan Lauterbach is gratefully acknowledged.
[Measurement and data analysis]

-

X-ray Diffraction (XRD)

XRD is widely used to study the crystal structures and atomic spacing. The X-rays are generated
by a cathode ray tube and directed to bombard the sample. Due to the interaction of the incident
beam with the sample, a diffracted ray is produced. Then, this diffracted beam is detected for
analysis based on Bragg’s law. For the MOF project, measurements were done in transmission
with a STADIP (STOE & Cie GmbH, Darmstadt) diffractometer in Debye−Scherrer geometry
with a position-sensitive detector using either Mo Kα1 radiation (λ = 0.70930 Å) [Ge(111)
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monochromatic] or Cu Kα1 radiation (λ = 1.54056 Å). Samples were prepared on an acetate
foil tape that gives low background intensity in the diffractograms. Patterns were collected three
times with a step size of 0.5° and a collection time of 30 s step−1 and then overlaid three times
with a step size of 0.5° and a collection time of 30 s step−1 and then overlaid.
For the PANI project, XRD measurements were performed using a Bruker D8 Advance in
Bragg−Brentano geometry with Cu Kα radiation and a VANTEC detector. Data were recorded
in an angular range between 5° and 50° (2θ) for a total measurement time of 1h using a step
size of ∼0.007°, a step time of 0.5 step s-1 and a fixed divergence slit of 0.3°.
The contribution of Stebastian klemenz, Stephanie Dolique and Mohammad Ali Nowroozi is
gratefully acknowledged. [Measurement and data analysis]

-

Raman Spectroscopy

Raman spectroscopy is a nondestructive technique which involves scattering of electromagnetic
radiation by atoms or molecules. Thereof, vibrational, rotational and other low frequency
modes of molecules are examined by interaction of the exposed light. During the experiment,
the sample is illuminated by a monochromatic light source (e.g. laser). The electric field of the
incident light can interact with the sample through the polarization of the molecule and results
in molecular vibrations. Therefore, in the case of in elastic scattering, the energy lost or gained
after interaction with the molecule can be detected from scattered light. The Raman spectra
demonstrates the intensity of the light versus for each energy of incident light.
Raman spectroscopy has become a key technology particularly for the characterization of
carbon-based materials. This technique offers detailed information regarding, carbon structural
disorder, state of dispersion and orientation.[133] Moreover, the low-wave length analysis of
the Raman spectra would provide useful information regarding the existence of transition
metals composites (metal oxides/sulfides). Hence, this technique provides crucial information
about multi-heteroatom doped carbon-based catalysts (Me-N-C) structure.
In this thesis, an alpha 300R confical Raman microscope from WiTec with a grid of 600 lines
mm-1 was used. A laser with the power of 1 mW with excitation of 532.2 nm was applied to
obtain the Raman spectra. The measurement range of spectra was from 0 to 4000 cm -1. The
spectra were obtained by overlapping 10 scans, and with an integration time of 10 seconds per
scan. The measurements were repeated for at least 3 positions for each sample and an average
of the spectra was reported.
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The contribution of Ioanna Martinaiou [measurement and data analysis] and Ling mei Ni
[measurement] is gratefully acknowledged.

-

X-ray Photoelectron Spectroscopy (XPS)

Photoelectron spectroscopy (PES) is a surface-sensitive technique that irradiates a solid with
photons and analyzes the energy of emitted electrons, based on the photoelectric effect. With
respect to the photon energy range provided by the source, different experiments and analyses
could be performed. Figure 3.5 illustrates different types of experiments involved in PES. In
order to study the core level electron, the X-ray regime of 100 eV to > 1000 eV is required.
Irradiation by an X-ray beam energy larger than the core level electron binding energy, results
in escaping of the electron and emitting out of the surface.

Figure 3.5 Sketch of PES experiments

Therefore, the emitted electrons have measured kinetic energy (Ek) given by:
𝐸𝑘 = ℎ𝑣 − 𝐵𝐸 − ∅𝑠
Where hv is the incident photon energy, BE is the binding energy of the electrons (generally in
solids referred to the Fermi level) and ∅𝑠 is the spectrometer work function. Figure 3.6 shows
the energy-level diagram in a metal, where the Fermi level is higher than the valence band. This
means that the photoelectron can be detected with kinetic energy (EK) in the vacuum if the
absorption is happening in the core level with binding energy of BE. It should be noted that the
term ∅𝑠 related to the work function can be determined experimentally. In this way, the Fermi
level of a clean metal surface would be measured and applied for future calibration. The emitted
electrons are detected by an electron spectrometer, based upon their kinetic energy and sent to
the analyzer. Thereof, scanning for different energies is obtained by applying a retardation
potential (0 to > hv) before the analyzer. Then, the number of electrons for a given detection
time and energy is counted and displayed as a function of the binding energy.
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Figure 3.6 Schematic illustration of energy levels in a solid (metal) in the presence of incident photon

XPS is a popular technique to study the chemical and physical changes applied for
heterogeneous catalysts in which the active sites are located on the surface. Particularly for MeN-Cs with a complex structure, the surface analysis is remarkably informative in order to
understand the elemental compositions, local environmental changes of an atom.
Me-N-Cs are the heat treated analogous to MeN4 macrocycles in which it was reported that the
N 1s region analysis provides more useful information regarding charge distribution than Me
2p region. In the previous studies, no change in the metal ion binding energy with small change
in the charge distribution between the metal orbitals and macrocycle was detected. Hence N 1s
binding energies are more sensitive to the local changes, since nitrogen is the link between ∂bonding orbitals of metal-nitrogen and 𝜋-bonding orbitals of carbon-nitrogen.[38] Therefore, the
N 1s analysis were used to study the local changes on metal atoms via Me-N binding energies
in this thesis.

The schematic illustration of suggested nitrogen coordination for Me-N-C

catalysts are reported in Table 7. Moreover, an exemplary N 1s spectrum of Co-N-C (Cat. A
chapter 4.2.1) is depicted in Figure 3.7.
Figure 3.7. It demonstrates different proposed nitrogen species present in Me-N-C catalysts.
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Table 7 the model constrains for N 1s analysis used in this work adapted from Jaouen et al. [39]

N 1s

Pyridinic

Me-N

Pyrrolic

Graphitic

oxidized

No.

I

II

III

IV, V

VI

Binding energy

398 – 399.5

399 – 400.5

400.2 – 400.9

401 - 403

402 - 405

FWHM

1.1-1.3

1-1.1

1-1.1

G2 (1-1.1)
G3 (1-2.5)

1-4

Figure 3.7 Examplary deconvolution of N 1s spectrum of Co-N-C catalyst with the suggested model

Moreover, the model constrains used for the analysis of O 1s and S 2p spectra with an
exemplary plot (Cat. A chapter 4.2.1) are depicted in this part.
Table 8 The model constrains for O 1s analysis used in this work based on Lindberg et al. [134]

O 1s

Me-O

Me-OH

C-O

C=O / S=O

No.

I

II

III

IV

Binding energy

529.5-530.1

531-532

532-533

533-534

FWHM

1-1.2

1-1.2

1-1.2

1-2
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Figure 3.8 Examplary deconvolution of O 1s spectrum of Co-N-C catalyst with the suggested model

Table 9 The model constrains for O 1s analysis used in this work based on Biesinger and Alstrup et al.
[135, 136]

S 2p
∆ =1.18 eV
No.

MeSx

S-C

S-O-C

S-O

I

II

III

IV

Binding energy

161.9-162.7

163.6-163.7

165.7-165.8

168.2-168.3

FWHM

1-1.2

1-1.2

1-1.2

1-2

Figure 3.9 Examplary deconvolution of S 2p spectrum of Co-N-C catalyst with the suggested model

In this work, the measurements were performed with a Specs Phoibos 150 hemispherical
analyzer and a Specs XR50M Al Kα X-ray source (E = 1486.7 eV) at Daisy Fun belonged to Prof.
Jeagermann’s group. For sample preparation, the catalyst powder was squeezed on an indium
foil and mounted on the sample holder. For all the survey scans and the high-resolution scans,
the energy step of 1 eV and 0.05 eV were applied, respectively. The software CasaXPS was used
38

in order to analyze the data. A Shirley background was used, and fits were made allowing for
both Gaussian and Lorentzian (GL30) contributions to the peaks.
Table 10 XPS experimental parameters for MOF-project

region

Survey

C 1s

N 1s

O 1s

Me 2p

Zn 2p

No. scans

2

10

100

10

5

5

Table 11 XPS experimental parameters for PANI-project

region

Survey

C 1s

N 1s

O 1s

Me 2p

S 2p

No. scans

2

15

50

15

15

20

The partial contribution of Natascha Weidler [Data analysis] is gratefully acknowledged. The
possibility to do X-ray-induced photoelectron spectroscopy at the DAISY-FUN system of
Wolfram Jaegermann’s group at TU Darmstadt is gratefully acknowledged.

3.3 DFT calculation
Computational surface science by means of density functional theory (DFT) coupled with
experimental achievement enabled the development of new concepts of heterogeneous
catalysis. Particularly, numerous effort have been made to study the surface phenomena for the
transition metals investigating bond formation and trends in reactivity (volcano plots).[137]
Accordingly, density functional theory was applied for Me-N-C catalysts in collaboration with
FU Berlin in this project. In order to investigate the role of metal on HER activity more detailed
information are given in the related article.
The contribution of Ashkan Moradabadi is gratefully acknowledged. [Theoretical calculation]

3.4 Post-mortem methods
In the case of Me-N-C catalysts, there are noticeable limitations in identification of active sites
and structural changes during catalytic reactions. Most importantly, in-situ characterization
methods suitable for electrochemical reactions are restricted to the specific adsorption, emission
or scattering of the photons or other fundamental particles not accessible for in-house
laboratories. Therefore, inspired by the in-situ measurements, post-mortem studies can be
carried out when the electrochemical process has been terminated. In this project, XPS and TEM
techniques were used for post-mortem analysis in order to evaluate the surface and bulk
properties of Me-N-C catalysts after electrochemical conditioning (RDE experiments).
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-

XPS coupled with RDE

The first step to carry out the experiments is designing an appropriate sample holders that is
suitable for both electrochemical and XPS characterization based on their instrumental
specifications. To design the sample holder suitable for XPS setup (Figure 3.10), a male screw
thread was built on top of a standard sample holder for mounting the electrode. To maintain
the electronic conduction, a gold pin was installed in order to connect the glassy carbon to the
sample holder. The height of the electrode was adjusted to maintain suitable optimization of
beam radiation. For each experiment, a corresponding amount of the catalyst ink was dropped
on the glassy carbon.

Figure 3.10 Designed apparatuses for XPS measurement coupled with RDE

After drying of the ink, the electrode was mounted on the XPS sample holder and introduced
to the XPS setup. After XPS, the electrode was mounted on RDE sample holder for
electrochemical conditioning (EC). After EC, the electrode was washed with distilled water and
remounted on the XPS sample holder for spectroscopy measurement. This procedure was
repeated for more EC steps depending on the project and the catalytic reaction.
With this method, remarkable information regarding the structural changes in relation with
electrochemical conditioning can be obtained by XPS post-mortem analysis. For instance,
oxidation state changes in metal region, changes in nitrogen species and their effect on the
stability and activity of the catalysts. It should be noted that because of electrochemical
conditioning, X-ray beam damage and sample transfer, the particle loss on the electrode was
unavoidable. Thus, the RDE measurements were repeated without transferring the sample out
of electrolyte as a complete measurement repeating with the protocol identical to post mortem
experiment. The electrochemical conditioning protocol is shown in the Table 12.
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Table 12 Electrochemical conditioning protocol for post mortem analysis

Galvanostatic

@ 10 mAcm-2

5, 10, 60 minutes

Potentiostatic

@ 1.85 V vs. SHE

5,10, 60 minutes

Cycling

1.2 – 1.8 V vs. SHE

2000 cycles, 300 mV sec-1

-

TEM coupled with RDE

Identical location TEM (IL-TEM) coupled with RDE enables us to study localized changes
exposed on the Me-N-C catalyst after electrochemical conditioning. To perform the experiment,
a drop of catalyst suspension was placed on a gold mesh (perforated carbon layer on gold finder
grid F1/200) suitable for identical location TEM measurement.

Figure 3.11 Designed apparatus for Identical location TEM measurement coupled with RDE

The mesh was transferred to the TEM setup to perform the initial microscopy. Then, the gold
mesh was placed on the glassy carbon and mounted on the RDE shaft for the electrical
connection. A cap was designed to be mounted on the electrode to fix the position of gold mesh
in contact between the glassy carbon and electrolyte. This method was adapted from [138].
After EC, the gold mesh was transferred to the TEM setup for further characterization. Thus, it
is possible to study the effect of EC on the carbon morphology, surface structure and
nanoparticles including corrosion processes, particle agglomeration or particle disappearance
with use of IL-TEM post-mortem analysis. The protocol applied for this method was identical to
the XPS post-mortem experiments. However, it should be noted that, in the case of IL-TEM, it
was only possible to obtain reliable results with potentiostatic EC method because of the
ultrathin gold mesh used in this experiment. Galvanostatic and cycling methods (in the
corresponding protocol) resulted in to destruction of catalysts or redepositing of the gold
particles on the mesh, which interferes the obtained results. For each sample, two different
positions were selected in order to obtain consistent TEM images after electrochemical
conditioning. For instance, the failed experiment with Galvanostatic conditioning of Mn-doped
Co-N-C catalyst is depicted in Table 13. It was observed that only spot (B) remained intact after
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conditioning the catalyst for 5 minutes at constant current of 10 mAcm-2. Indeed, the spot B
was disappeared after 10 minutes conditioning which resulted in a failure in the experiment.

Table 13 Failed IL-TEM experiment after galvanostatic conditioning

A (100nm)

B (100nm)

initial

100 nm

100 nm

5 minutes

100 nm

10 minutes
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4

Results and discussion

This chapter includes the ‘’results and discussion’’ in the form of publications regarding the
investigation of Non-PGM catalysts for water splitting reactions, which are listed below.
Moreover, a conclusive summery of the multi-heteroatom doing approaches, applied in this
thesis, is reported. For each subchapter, the project targets and individual contribution are
briefly described.
Elucidating the Origin of Hydrogen Evolution Reaction Activity in Mono- and Bimetallic Metal- and
Nitrogen-Doped Carbon Catalysts (Me-N-C),
Shahraei, Ali; Moradabadi, Ashkan; Martinaiou, Ioanna; Lauterbach, Stefan; Klemenz, Sebastian; Dolique,
Stephanie; Kleebe, Hans-Joachim; Kaghazchi, Payam; Kramm, Ulrike I.
2017-ACS Applied Material and Interfaces, DOI: 10.1021/acsami.7b01647

Exploring Active Sites in Multi-Heteroatom-Doped Co-Based Catalysts for Hydrogen Evolution
Reactions
Shahraei, Ali; Martinaiou, Ioanna; Creutz, K. Alexander; Kübler, Markus; Weidler, Natascha; Ranecky, Simon T.;
Wallace, W. David Z.; Nowroozi, Mohammad Ali; Clemens, Oliver; Stark, Robert W.; Kramm, Ulrike I.
2018-Chemistry-A European Journal, DOI: 10.1002/chem.201802684
Placed on the Hot Topic collections: Carbon, Graphite, and Graphene – water splitting
invited for the frontiespiece image

On the role of hydroxide species in sulphur- and nitrogen-doped cobalt-based carbon catalysts for
the oxygen evolution reaction
Shahraei, Ali; Kübler, Markus; Martinaiou, Ioanna; Creutz, K. Alexander; Wallace, W. David Z.;

Nowroozi,

Mohammad Ali; Paul Stephen; Weidler, Natascha; Stark, Robert W.; Clemens, Oliver; and Kramm, Ulrike I.
2018-Journal of Material Chemistry A, DOI: 10.1039/C8TA05769A

Post mortem evaluation of sulfur- and manganese-doped cobalt-based catalyst under water oxidation
Shahraei, Ali; Weidler, Natascha; Kübler, Markus; Ni, Lingmei; Martinaiou, Ioanna; Kaiser, Bernhard; Stark, Robert
W.; Jeagermann Wolfram, and Kramm, Ulrike I.
2018-Prepared manuscript, Submission Timeline: November 2018
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4.1 Investigation of HER on Non-PGM catalysts
4.1.1 Variation of metal species on HER in alkaline
In this project, MOF-based mono- and bimetallic Me-N-C catalysts were investigated for HER in
alkaline media. The main target was to explore the role of the metal in Me-N-Cs regarding the
catalytic activity and structural changes. Therefore, several characterization techniques beside
DFT calculations were performed to identify the origin of the activity regarding various metal
sources.
Contribution to the project: Catalyst preparation, X-ray photoelectron spectroscopy (XPS)
characterization, Electrochemical characterizations, Establishing the collaboration with Freie
Universität Berlin (DFT calculation), Data analysis and writing
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ABSTRACT: In this work, we present a comprehensive study
on the role of metal species in MOF-based Me−N−C (monoand bimetallic) catalysts for the hydrogen evolution reaction
(HER). The catalysts are investigated with respect to HER
activity and stability in alkaline electrolyte. On the basis of the
structural analysis by X-ray diﬀraction, X-ray-induced photoelectron spectroscopy, and transmission electron microscopy,
it is concluded that MeN4 sites seem to dominate the HER
activity of these catalysts. There is a strong relation between
the amount of MeN4 sites that are formed and the energy of
formation related to these sites integrated at the edge of a
graphene layer, as obtained from density functional theory
(DFT) calculations. Our results show, for the ﬁrst time, that the combination of two metals (Co and Mo) in a bimetallic
(Co,Mo)−N−C catalyst allows hydrogen production with a signiﬁcantly improved overpotential in comparison to its
monometallic counterparts and other Me−N−C catalysts. By the combination of experimental results with DFT calculations, we
show that the origin of the enhanced performance of our (Co,Mo)−N−C catalyst seems to be provided by an improved
hydrogen binding energy on one MeN4 site because of the presence of a second MeN4 site in its close vicinity, as investigated in
detail for our most active (Co,Mo)−N−C catalyst. The outstanding stability and good activity make especially the bimetallic
Me−N−C catalysts interesting candidates for solar fuel applications.
KEYWORDS: hydrogen evolution reaction, Me−N−C catalysts, nonprecious metal catalyst, DFT calculation, alkaline electrolyte,
structure−activity correlation

1. INTRODUCTION

Unlike the reforming process, the electrolysis of water to
molecular hydrogen and oxygen oﬀers a signiﬁcant promise for
supplying CO2- and CO-free hydrogen as stated by the
intergovernmental panel on climate change (IPCC).1 In
particular, electrolysis is also considered for the storage of
excess energy produced by solar power devices that are ideally
coupled with cheap and earth-abundant catalysts. The
achievable current density in such devices is deﬁned by the
ratio of photo to current eﬃciency of the photoabsorber, which
is usually about 10 mA cm−2.2 Solar fuel devices can be realized
by diﬀerent combinations of photoabsorbers, photocatalysts,

Climate change due to greenhouse gases is one of the
important issues of 21st century. Renewable energy resources
contribute to the diminution of greenhouse gases and dust
emissions and hence improve the quality of air in densely
populated areas. Hydrogen plays a crucial role as an energy
carrier for proton exchange membrane fuel cells and alkaline
fuel cells, as well as for the fabrication of chemical compounds,
for example, via Fischer−Tropsch or Haber−Bosch synthesis.
Nowadays, hydrogen production is achieved by either steam
reforming or electrolysis with the drawbacks of formation of
undesired byproducts (CO and H2Sboth are poisons for
common precious metal catalysts) or high costs due to the
utilization of expensive catalysts.
© 2017 American Chemical Society
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and dark catalysts.3 Considering a combination of a photoanode for the oxygen evolution reaction and a dark catalyst for
hydrogen evolution reaction (HER), typical stable semiconductors, for example, WO3, α-Fe2O3, and MeVO4 (Me =
In, Bi, and W), have band gaps of >2.3 eV.4,5 As the main
energy losses on the anode are about 0.8 eV, there is a possible
overvoltage on the cathode of 0.3 V that can be used to reach
the aforementioned 10 mA cm−2.
Because of excellent kinetics for the HER on platinum, this
current density is reached for low overvoltage.6,7 However, high
cost, scarcity, and relatively poor performance of Pt in alkaline
electrolyte prevent its commercial use.8 Numerous eﬀorts have
been made to ﬁnd suitable alternatives to replace Pt for the
HER.
For instance, third transition-metal alloys of Co, Fe, Ni, and
Mo;9−13 sulﬁdes;14−16 and phosphides17,18 catalyze the HER.
An interesting eﬀect regarding metal sulﬁdes has been recently
found by Staszak-Jirkovský and co-authors.15 It was shown that
the combination of cobalt and molybdenum compared with the
monometallic catalysts exhibited a signiﬁcant improved onset
potential and stability for the HER.
In addition, recently, Liang et al. have presented a Co−N−C
catalyst prepared at 800 °C with a very promising HER activity
that was attributed to CoN4 sites. It should be noted that Me−
N−C catalysts can be considered as the pyrolyzed analogues to
MeN4 macrocycles and were investigated in detail for the
oxygen reduction reaction (ORR).19−21 Today, it is known that
Me−N−C catalysts can be prepared from independent metal,
nitrogen, and carbon sources as demonstrated by the authors
and others.22−26 However, depending on the precursor
composition, heat-treatment temperature, and the type of
pyrolysis gas that are applied, the catalysts reveal a
heterogeneous composition of MeN4 sites, metal nitrides,
carbides, and/or other metal species (e.g., sulﬁdes if the
precursor contains sulfur).27,28
For instance, Wang et al. synthesized PANI-based Co−N−C
catalysts in a temperature range of 550−950 °C to investigate
the eﬀect of heat-treatment temperature and related composition on the HER activity.29 They proposed a hybrid CoC3N site
as the active center after investigation of several possible
CoCxNy coordinations using density functional theory (DFT)
calculations. Although Wang et al. assigned the HER activity to
monometallic dispersed cobalt coordinated by nitrogen and
carbon, Morozan et al. assigned the HER activity of their
investigated Me−N−C catalysts to carbides and nitrides.30 In
their approach, catalysts were prepared from a metal organic
framework (MOF), phenanthroline, and various metal acetates
to obtain Me−N−C catalysts (Me = Fe, Co, Mn, Ni, Cu, Zn,
W, Mo, and Cr) at 1050 °C, that is, at a signiﬁcant higher
temperature compared with the most active catalyst in Wang et
al.29 This might explain why the catalysts in Morozan’s study
were dominated by nitride and carbide species. Nevertheless,
also regarding the ORR, it was shown that the presence of
inorganic metal species in Me−N−C catalysts might be of
importance, as it was suggested that a high ORR activity of
Me−N−C catalysts can only be reached by the interaction of
two MeN4 sites with each other or with other metal-containing
species.31,32 In addition, recent reports have showed that
graphitic shells surrounding metal carbide particles can work
independently as ORR active sites without participation of
MeN4 sites.33−35
To the best of our knowledge, a comprehensive study on the
role of metal centers in catalyzing the HER by Me−N−C

catalysts with predominant presence of MeN4 sites is missing.
Therefore, we synthesized self-supported X-ray amorphous
Me−N−C catalysts in this work. On the basis of our previous
experiences in catalyst preparation23,36−38 and as conﬁrmed by
our structural analysis, the chosen preparation conditions
enable a predominate formation of MeN4 sites, whereas excess
metal is removed by acid leaching. For these catalysts, we
demonstrate a very good stability and a volcano-type behavior
correlating the HER activity with hydrogen binding energies
(HBEs) obtained from DFT calculations and with experimentally obtained charge densities from XPS. Moreover,
similar to the conclusions made for metal sulﬁdes, a synergetic
eﬀect of metals is observed if cobalt is combined with other
transition metals such as iron, manganese, or molybdenum.
Such bimetallic catalysts exhibit the best performance and an
outstanding stability under galvanostatic conditions (−10 mA
cm2) without any signiﬁcant change in overpotential.

2. EXPERIMENTAL PART
2.1. Catalyst Preparation. Me−N−C catalysts were prepared by
mixing 1.5 mM 1,10-phenanthroline (phen) and 2.0 mM Basolite
framework (Z1200) with 0.25 mM metal acetate in a mortar.
Therefore, the given precursor contained about 2 wt % metal (from
metal acetate) and about 16 wt % Zn from Z1200. The mixture was
ﬁlled in a quartz boat and heated up to 950 °C where the temperature
was kept for 2 h before cooling down to room temperature. The
overall pyrolysis was performed under a nitrogen ﬂow, with a heating
rate of 450 °C/h. The obtained powder was acid-leached in 2 M HCl
to remove any undesired metal residuals (e.g., from decomposition of
MeN4 sites). The ﬁlter cake was washed with deionized water and
dried. After drying, a second heat treatment identical to the ﬁrst
pyrolysis was performed.
The obtained catalyst powder is labeled as Me−N−C (where Me
corresponds to the intended metal, i.e., from the metal acetate).
2.2. Electrochemical Testing. The HER activity and stability
were investigated in a standard three-electrode arrangement with a
glassy carbon (GC) disc with our catalysts as the working electrode,
Ag/AgCl/3 M as the reference electrode, and a GC rod as the counter
electrode. To prepare the working electrode, ﬁrst an ink with the
catalyst was prepared: 5 mg of the catalyst was mixed with 142 μL of
ethanol, 83.2 μL of water, and 25 μL of Naﬁon. This mixture was kept
in an ultrasonic bath for 30 min to obtain a homogeneous ink. To
maintain a catalyst loading of 2 mg cm−2, 20 μL of ink was dropped on
the precleaned GC disc (A = 0.1963 cm2). Electrochemical
experiments were conducted in 0.1 M KOH (pH 13) that was always
purged with nitrogen gas for 15 min before any measurement. All
results presented in the paper refer to the standard hydrogen electrode
and potentials are iR-corrected. For all experiments, the electrode was
rotated with a speed of 1500 rpm to enhance the removal of hydrogen
gas bubbles on the electrode.
To determine the HER activity, cyclic voltammograms are usually
obtained in a potential window of 0.2 to −0.8 V with a sweep rate of 5
mV s−1 to keep the capacity contributions low. However, as still some
catalysts showed signiﬁcant capacity contributions, the averaged scan
from the cathodic and anodic sweeps was plotted as polarization
curves in Figures 1a and 3a. In Figure S1, the overall cyclic
voltammetry and the averaged scan were compared for Co−N−C. It
becomes clear that this procedure helped to eliminate the capacity
contribution.
The short-term durability tests refer to cycling of the electrode in a
potential range of −0.8 to 0.2 V for 100 scans with a sweep rate of 100
mV s−1. The HER activity test was repeated afterward to assign
changes in overpotential induced by this durability test. The obtained
changes in overpotential were calculated for a given current density as
given by eq 1

ΔUover(j) = Uover,start(j) − Uover,end(j)
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compositions were determined considering relative sensitivity and
transmission factors.
2.4. X-ray Diﬀraction. X-ray diﬀraction (XRD) was used as an
additional measure of possible inorganic metal residuals. Measurements were done in transmission with a STADIP (STOE & Cie
GmbH, Darmstadt) diﬀractometer in Debye−Scherrer geometry with
a position-sensitive detector using either Mo Kα1 radiation (λ =
0.70930 Å) [Ge(111) monochromatic] or Cu Kα1 radiation (λ =
1.54056 Å). Samples were prepared on an acetate foil tape that gives
low background intensity in the diﬀractograms. Patterns were collected
three times with a step size of 0.5° and a collection time of 30 s step−1
and then overlayed.
2.5. Transmission Electron Microscopy. The two most active
catalysts (Co,Mn)−N−C and (Co,Mo)−N−C were analyzed by
transmission electron microscopy (TEM). Samples were prepared by
dispersing a small amount of the powders in ethanol using an
ultrasound bath (Bandelin) for approximately 30 s. The dispersion was
allowed to settle for a short time to reduce the amount of large
particles/agglomerates in the dispersion. A droplet of the dispersion
was placed on a holey carbon grid (Plano) and allowed to dry. The
grid was coated with carbon (Bal-Tec MED010) to avoid charging
under the incident electron beam.
TEM characterization was performed with a FEI CM20STEM
(Eindhoven, the Netherlands) microscope equipped with a LaB6
cathode and a Gatan double tilt holder at a nominal acceleration
voltage of 200 kV.
Energy-dispersive spectrometry (EDS) were recorded using an
Oxford X-Max 80 silicon drift detector (Oxford Instruments
Nanoanalysis, High Wycombe, United Kingdom) attached to the
CM20. Spectra were quantiﬁed using the internal Cliﬀ−Lorimer
sensitivity factors from Oxford Instruments INCA ver. 4.15.
2.6. DFT Calculation. The DFT calculations were performed using
the projector-augmented plane-wave code VASP39 with PBE40
exchange-correlation functional. The graphene layer was modeled by
a 6 × 6 super cell with 66 carbon atoms in real space projection.
Energy cutoﬀ for all calculations was 440 eV, and all calculations were
spin-polarized. At ﬁrst, all possible conﬁgurations of N atoms doping
on the graphene layer together with pure graphene, namely, C4, C3N,
C2N2, CN3, and N4, were considered. At this step, total free energy of
formation was calculated for all mentioned MeX4 structures (X: carbon
or nitrogen or mixtures thereof) and as summarized in Table 1 for
cobalt and molybdenum. For all conﬁgurations at 0 K, the calculations
were made according to eq 2

Figure 1. (a) Average cyclic voltammograms of various Me−N−C
catalysts in 0.1 M KOH (2 mg cm−2, 5 mV s−1), (b) comparison of
overpotentials Uover for j = −1 mA cm−2, and (c) changes in
overpotentials (ΔUover) at −10 mA cm−2 induced by a short-term
durability test (100 cycles, U = −0.8 to 0.2 V, 100 mV s−1, 2 mg cm−2).

formation
MeN4
C
N
Me
H
Etot
= Etot
− nEtot
− mEtot
− pEtot
− qEtot

(2)

MeN4
In this equation, Etot
is the total energy of the doped structure,
ECtot is the total energy per carbon atom with respect to graphite
carbon, ENtot is the total energy per nitrogen atom from N2 gas, EHtot is
the total energy per hydrogen atom from H2 gas, and EMe
tot is the total
energy of metal atoms derived from bulk metals. n, m, p, and q are the
number of corresponding atom species in each structure. The large
values of energies of formation are due to the H−C bonds in our
model systems where the dangling bonds of the carbon atoms on
edges were saturated by H atoms.
It becomes clear that the most stable conﬁguration is the integration
of MeN4 sites at the edges of the graphene layers. Therefore, all further
calculations were made for this site structure, as its formation seems to
be the most favorable from a thermodynamic point of view.
Afterwards, the energy of formation for all monometallic catalysts
using the MeN4 at edges conﬁguration was determined (Me = Co, Mo,
Cu, Fe, Mn, Ni, and Zn).

That is, a negative ΔUover value indicates an improved performance
of the catalyst.
A long-term stability test was performed for Co−N−C and the
most active bimetallic catalysts [(Co,Mo)−N−C and (Co,Mn)−N−
C] by applying a current density of −10 mA cm−2 for 6 h.
2.3. X-ray-Induced Photoelectron Spectroscopy (XPS). X-rayinduced photoelectron spectra (XPS) were measured with a SPECS
PHOIBOS 150 hemispherical analyzer and a SPECS XR50M Al Kα Xray source (E = 1486.7 eV). Before the measurements, the catalyst
powder was pressed on an indium foil and sealed on the sample
holder. For the survey scans, an energy step of 1 eV has been applied
and two scans were overlaid. For the N 1s region 100 scans, O 1s 10
scans, C 1s 10 scans, and all Me 2p regions 5 scans were overlaid. For
these ﬁne scans, an energy step of 0.05 eV has been used. Spectra were
analyzed using CasaXPS, and peaks were ﬁtted using a Shirley
background and a mixed Gauss/Lorentz peak. All reported elemental

Table 1. Energy of Formation of Various Possible Co−N−C and Mo−N−C Structures (Calculated by Eq 2, per Metal Atom in
eV)
E/eV

MeC4

MeC3N

MeC2N2

MeCN3

MeN4

MeN4 at edges

Co−N−C
Mo−N−C

6.986
8.448

0.112
2.347

−6.369
−3.754

−13.047
−9.855

−19.528
−15.756

−19.739
−15.993
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In the second part of our work, for better understanding of the
origin of improved HER activity of bimetallic catalysts, the HBE was
determined for bimetallic catalysts and their related monometallic
catalysts using eq 3 without considering the zero-point energies
H + MeN4
MeN4
HBE = Etot
− Etot
−

1 H2
(Etot )
2

position is shifted to higher Ebind value. Although the G1 type
has about the same energetic position as Npyrrol, two graphitic
nitrogen peaks were used in our ﬁtting model to consider the
G2 and G3 types of graphitic nitrogen. In Figure S4, the C 1s,
O 1s, Co 2p, and Zn 2p ﬁne scans for the same catalyst were
given.
The surface near elemental composition was determined
from the survey scans for all catalysts. The catalysts contained
mainly carbon together with 5−10 wt % nitrogen, 6−15 wt %
oxygen, and up to 8.5 wt % metal (sum of desired metal species
plus zinc). A summary of the elemental compositions derived
from XPS is available in Table S2. It should be noted that even
though not intended, most catalysts contain zinc as a residual
from the Z1200 that was used as a structure forming agent.
Based on the literature, it was expected that for the chosen
pyrolysis conditions (950 °C, 2 × 2 h, acid leaching), zinc
should be evaporated or leached out.43
The overall nitrogen and metal contents (sum of the metal
contents plus zinc, Table S2a) are plotted in Figure 2b,c. In
addition to this, the nitrogen content assigned to MeN4 species
(Figure 2b) and the content of the intended metal species (the
one from the acetate) (Figure 2c) were indicated with dashed
bars in the N and Me regions, respectively. The samples were
ordered with increasing HER activity (compare Figure 1a,b
from left to right).
There was obviously no correlation between NMeN or the
total N contents (independent from the type of metal) and
HER activity. Also, neither the overall metal content nor the
content of the intended metal determined the HER activity.
Such a direct correlation can only be expected for groups of
catalysts with about the same TOFs. However, as the type of
metal center strongly aﬀects the interaction with the reactants,
we would also assume variations of the TOF values for our
catalysts.
As described in the Supporting Information, the TOF values
and mass-based site densities (MSDs) were calculated for all
monometallic catalysts and are summarized in Table 4.
It is visible that the MSD values of Cu, Fe, and Co are almost
identical, whereas the formation of MeN4 sites seems favorable
for Mn and Ni. On the other hand, Mo seems to form the least
stable conﬁguration. As shown in Figure S7, there was a good
correlation between the energy of formation obtained for the
diﬀerent monometallic MeN4 sites (integrated at the edges of a
graphene layer) and the mass-based site density (MSD). This
indicated a good agreement between our experimental data and
theoretical calculations.
On the basis of the TOF values, the order of intrinsic activity
was Co ≫ Fe > Ni ≈ Mo ≈ Cu > Zn > Mn.
Although the trend was not obvious from Table 4, we have
included a graph in Figure 2e that gives the TOF values as a
function of the 3d-orbital occupation of our Me−N−C. Mo−
N−C as 4d-transition metal was added, for reasons of
completeness. The result indicates a distinct volcano-type
correlation following Sabatier’s principle between the intrinsic
activity (i.e., TOF) of MeN4 sites and the d-orbital occupation.
Such correlations were developed not only for various catalytic

(3)

For better assessment of possible conﬁgurations between cobalt and
the second metal, various arrangements of possible conﬁgurations
between cobalt and two MeN4 sites in bimetallic catalysts were
evaluated. Therefore, diﬀerent separations of Mo in MoN4 and Co in
CoN4 were considered. The corresponding energies of formations are
reported in Table 2.

Table 2. Energy of Formation (per Metal Atom in eV) for
the Assumption of MoN4 + CoN4 with Diﬀerent Mo−Co
Separations in Å
separation Mo−Co/Å
Eformation/eV

5.32
−16.88

7.58
−16.75

9.92
−16.62

As the energy of formation is most negative for the closest
conﬁguration of MoN4 and CoN4 sites, the HBEs for bimetallic
catalysts were calculated for this conﬁguration and are compared with
their monometallic counterparts in Table 3.

3. RESULTS
3.1. Investigation of Monometallic Catalysts. As
described in the experimental part, the Me−N−C catalysts
were prepared at 950 °C with relatively low intended metal
loadings (2 wt %) and the use of an acid-leaching step previous
to the second heat treatment. Higher temperatures and reactive
gases such as ammonia were avoided to prevent our catalysts
from carbide and nitride formation.22,38,41 As conﬁrmed by
XRD in Figures S2 and S3, our most active catalysts showed Xray amorphous behavior and did not contain any carbide or
nitride particles in contrast to reports by other groups on the
activity of nitride and/or carbide species.30,33,34
In Figure 1, the performance of the monometallic catalysts
for the HER was illustrated. Cobalt gave the highest activity
followed by iron and nickel and then followed by the other
Me−N−C catalysts. The short-term stability test (Figure 1c)
illustrated a stable performance with even improved overpotentials for Me−N−C catalysts with Me = Co, Fe, and Mo.
There are two intrinsic catalyst properties that contribute to
the observed current densities, namely, the mass-based site
density (MSD) and the turn-over frequency (TOF). Hence, to
elucidate the role of the superior performance of our catalysts,
structural analysis was performed to estimate MSD and TOF of
our catalysts. To evaluate the elemental and electronic
composition, X-ray-induced photoelectron spectroscopy
(XPS) was used. As an example, the survey and N 1s ﬁne
scans of the Co−N−C catalyst are shown in Figure 2a,b. The N
1s ﬁne scan is convoluted into six peaks, adopted from Jaouen
et al.42 As it is depicted in Table S2, three diﬀerent graphitic
nitrogen species might be integrated in the graphene layers,
labeled as G1, G2, and G3. With the increasing number of
benzene rings where the Ngraph is integrated, the energetic

Table 3. Calculated HBEs for Bimetallic Catalysts and Their Monometallic Counterpartsa
HBE/eV
a

Co

Fe

Mn

Mo

(Co,Fe)

(Co,Mn)

(Co,Mo)

0.094

0.061

0.221

−0.708

0.099

0.202

−0.082

In the case of bimetallic catalysts, the given values represent the average for both metals.
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Figure 2. (a) Exemplary survey scan of the Co−N−C catalyst, (b) total content of nitrogen [N] and speciﬁcally nitrogen assigned to MeN4 sites
[NMeN], and (c) overall content of metal species [Me] as well as the one assigned to the desired metal (from the metal acetate precursor) are shown.
(d) N 1s ﬁne scan region of Co−N−C and (e) correlation between TOF and the d-orbital occupation. Note: Mo should be considered with care, as
Mo is the only investigated transition metal from the 4d group.

Me−N−C catalysts for the ORR,32,47−49 the possibility of a
synergetic eﬀect was investigated for cobaltas the most active
catalyst for the HER in combination with iron and manganese
on the left slope and molybdenum on the right slope (compare
Figure 2e).
As illustrated in Figure 3a, indeed a favorable onset potential
in comparison with the monometallic catalysts was found. For
comparison, the related monometallic catalysts were also given
in Figure 3a and the signiﬁcant improvement of performance is
illustrated with arrows.
TEM images of the two most active catalysts (Co,Mo)−N−
C and (Co,Mn)−N−C are shown in Figure 4. Although
(Co,Mo)−N−C contained turbostratic carbon with nanoparticles encapsulated by graphene layers, there was no
indication of cobalt or manganese particles in (Co,Mn)−N−
C. By contrast, the TEM images showed only turbostratic
carbon. EDS analysis of diﬀerent regions of the (Co,Mo)−N−
C catalyst indicated that the nanoparticles were composed of
cobalt and small amounts of molybdenum.
How can the activity improvement for the bimetallic catalysts
be described?

Table 4. Comparison of Mass-Based Site Densities (MSDs)
and TOFs for All Monometallic Catalystsa
MSD/×1019
MeN4 sites gcat−1
TOF
(−0.4 V)/×10−2
H2 MeN4−1 s−1

Mn

Zn

Mo

Cu

Fe

Ni

Co

15.2

9.8

6.6

11.6

13.1

17.3

12.6

0.6

1.6

4.5

3.1

9.4

6.5

20.7

TOF values were determined for −0.4 V as the number of hydrogen
atoms formed per MeN4 site and per second. Values were ordered
with increasing HER activity of the catalysts from left to right.
a

reactions on metal or metal oxides but also for MeN4
macrocycles.44
A typical approach to improve the performance of, for
example, a metal catalyst that is located on the one slope of the
volcano is to alloy this material with a second metal from the
other slope of the volcano. Such improved metal alloys were for
instance investigated by Jakšić for the HER.45,46
3.2. On the Possibility of an Synergetic Eﬀect in
Bimetallic Catalysts. Hence, motivated by the works of
Staszak-Jirkovský et al. and Jakšić,15,46 and studies of bimetallic
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Figure 3. (a) Average cyclic voltammograms of bimetallic catalysts in 0.1 M KOH (2 mg cm−2, 5 mV s−1) and their corresponding monometallic
polarization curves for comparison, N 1s ﬁne scans of (b) (Co,Fe)−N−C, (c) (Co,Mo)−N−C, and (d) (Co,Mn)−N−C. (e) Correlation between
TOF and binding energy Ebind(Me−N).

contrast to 170 and 100 mV for our Co−N−C and (Co,Mo)−
N−C catalysts, respectively.
Hence, because (Co,Mn)−N−C and (Co,Mo)−N−C were
similarly active toward HER and behave similarly with respect
to stability (compare Figures 5c and S12), we assumed that any
cobalt nanoparticles present in (Co,Mo)−N−C could have
only a minor contribution to the overall HER activity, although
it was reported in other studies that carbon shells surrounding
encapsulated nanoparticles might be electrochemically active.33−35
For better interpretation of the origin of the improved
performance, series of DFT calculations were performed to
understand the structural and electronic changes with the
presence of a second metal. Despite the study by Wang et al. in
which they exclusively investigated various possible coordination of CoNxCy hybrids based on the energetics of a variety of
possible structures,29 our DFT calculations systematically
examined the energies of formation corresponding to each

For our (Co,Mn)−N−C catalyst, all analyses pointed to the
monoatomic dispersion of the metal species within the catalyst.
Consequently, only N−C-sites (graphitic or pyridinic nitrogen
species) or CoN4 and MnN4 sites could have contributed to the
HER activity. If N−C sites were contributing signiﬁcantly, the
eﬀect of metal species should not be as pronounced as observed
for our catalysts. Instead of this, the HER activity would
correlate with the content of the desired nitrogen species. The
values are summarized in Table S2b in the order of decreasing
overvoltage and indicated no deﬁned trend. Therefore, the
presence of CoN4 sites and MnN4 in this catalyst seemed to
dominate its performance.
By contrast, (Co,Mo)−N−C contained CoN4 sites, very
small Co nanoparticles and molybdenum in a zero valent state.
In relation to Morozan’s work,30 we attributed only a minor
contribution of the HER activity to the cobalt nanoparticles as
the overpotential required for 1 mA cm−2 was 260 mV in
Morozan et al. (and assigned to cobalt nanoparticles) in
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Figure 4. Representative TEM images of (a) (Co,Mo)−N−C and (b) (Co,Mn)−N−C catalysts.

Figure 5. (a) Calculated most stable structures of Co−, Fe−, and MnN4−graphene (top left) and MoN4−graphene (top right) as well as (CoN4 +
MeN4)−graphene with Me = Fe, Mn, and Mo. (b) Volcano plot of HBE vs exchange current density, for bimetallic catalysts the average values of
HBE were plotted. However, for (Co,Mo) also the individual HBE on CoN4 and MoN4 were given as half-ﬁlled triangles. These values diﬀer to the
one of monometallic CoN4 and MoN4 sites because of the electronic interaction with the second metal. (c) Galvanostatic stability test for 6 h in 0.1
M KOH and (d) comparison of TOF of our most active catalyst (Co,Mo)−N−C with various nonprecious metal catalysts.

each other (separated by only two carbon atoms). Therefore,
the energy of formation depended on the position of sites
either in the graphene layer or at the edges as well as their
relative distance from each other. These results were in
agreement with the previous calculations by Holby et al., where

active site, as summarized in Table 1 for Co−N−C and Mo−
N−C. We have also investigated the distance eﬀect on the
energy of formation in the case of MoN 4 + CoN 4
conﬁgurations on the edge of the graphene sheet and found
MoN4 and CoN4 sites tend to be formed as close as possible to
25190
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The results showed that the binding energy Ebind(Me−N)
and the TOF values of the bimetallic catalysts were diﬀerent
compared with their monometallic counterparts. The obtained
plot gave a volcano-type relation between TOF and Ebind(Me−
N). Therefore, the interaction of two diﬀerent MeN4 sites
seemed to positively aﬀect the HER activity. For further
conﬁrmation of this statement, we performed DFT calculations
for the analysis of HBE. Focusing on the most favorable
structures for monometallic and bimetallic catalysts as given in
Figure 5a, we have calculated the HBE as a complementary
parameter for the interaction of hydrogen with the diﬀerent
MeN4 sites for all bimetallic catalysts and their monometallic
counterparts. At ﬁrst, we tested diﬀerent coordinates for Hads
on MeN4 sites, such as on top of metals, on Me−N and N−N
bridges, and on hollow sites, and found that the most stable
structure was obtained when hydrogen was adsorbed on top of
metal atoms as an axial ligand. As mentioned before, in the case
of bimetallic catalysts, the reported values for HBE were
averaged and compared with those in Table 3. In the case of the
most active catalyst, it was also investigated whether the
presence of the second metal near the ﬁrst metal aﬀects the
adsorption energy (namely, correlated sites, separated with only
two carbon atoms). The related data points were added in the
correlation graph of exchange current density j0 and HBE in
Figure 5b as half-ﬁlled triangles. Figure 5b indicates that the
HBE for CoN4 + FeN4 was almost equal to the average value of
HBE for their corresponding isolated monometallic MeN4 sites.
However, the HBE for interacting CoN4 + MoN4 sites was
found at the optimum of catalytic activity (TOF).
On the basis of these calculations, it is suggested that the
HBE on MoN4 sites was weakened by the additional presence
of CoN4 sites. Hence, this more favorable HBE might be at the
origin of the improved HER activity of (Co,Mo)−N−C versus
the monometallic counterparts. This important result was also
in agreement with the larger Bader charge (by 0.05 |e|) for Hads
on MoN4 sites in bimetallic (Co,Mo)−N−C than that in
monometallic Mo−N−C catalysts. The Bader charge for Hads
on MnN4 in (Co,Mn)−N−C was also slightly (by 0.01 |e|)
larger than that in Mn−N−C, whereas the Bader charge for
Hads on FeN4 was the same in (Co,Fe)−N−C and Fe−N−C.
To compare the activity of diﬀerent mono- and bimetallic
catalysts, a detailed study on H diﬀusion as well as H2
association and desorption would be required, but this is
beyond the scope of this work. This will be the subject of our
future work.
Beside an improved activity, our bimetallic catalysts also
exhibited an outstanding stability in galvanostatic tests for 6 h
of operation, as illustrated in Figure 5c (further short-term
durability tests can be found in Figure S12).
In Figure 5d, the TOF of our best performing catalyst,
(Co,Mo)−N−C, was compared with the literature data of other
Me−N−C catalysts (N-labels), metal sulﬁdes (S-labels), and
metal phosphides (P-labels). In Table S4, the exact
composition of these short labels and the related references
are listed. Finally, Table S5 compares the overpotential, massbased site density (MSD), and stability of our catalyst to the
literature data for other Me−N−C catalysts. It can be seen
from Figure 5d and Table S5 that (Co,Mo)−N−C was among
the best performing Me−N−C catalysts with an exceptional
good stability.

it was also found that the most favorable structure is the case
where two metal sites (same metals) share the coordinating
nitrogen atoms in the form of a bimetallic Me2N5 site
(separated by only two carbon atoms), rather than being
well-separated.50 In addition, both monometallic MeN4 and
bimetallic MeN4 + MeN4 conﬁgurations were found to be more
favorable at the edges rather than in the middle of a graphene
layer, which is also in agreement with the work by Holby and
co-workers.50 Our most favorable monometallic and bimetallic
structures were given in Figure 5a. For the bimetallic catalyst,
side and top views were included in Figure S8.
If the combination of two metals is beneﬁcial, one has to
assume that the electronic structure of (at least) one of the
both metals was enhanced, so that one of the electron transfer
steps (Volmer or Heyrovsky, compare eqs 4 and 5) or the
combination of two adsorbed hydrogen atoms to H2 (Tafel
slopes)
Volmer: H 2O + e− → OH− + Hads
( ∼120 mV dec−1)

(4)

Heyrovsky: H 2O + Hads + e− → OH− + H 2
( ∼40 mV dec−1)
Tafel: Hads + Hads → H 2

(5)

( ∼30 mV dec−1)

(6)

In parentheses, the Tafel slopes for a transfer coeﬃcient of α
= 0.5 were added to the equations. If, for example, the
Heyrovsky step was rate-determining, the investigated catalyst
should have given a Tafel slope of about 40 mV dec−1. Table S3
summarizes the Tafel slopes and exchange current densities of
the investigated Me−N−C catalyst (the plots and procedures
that were used to determine the exchange current density are
given in Figures S9 and S10 and related text). For all catalysts,
the Tafel slope is about 120 mV dec−1 or even higher. This
indicates that the adsorption of the ﬁrst hydrogen atom on the
active site (Volmer step) is rate-determining. However, it was
not possible to make conclusions whether the catalysts form
hydrogen by a Volmer−Heyrovsky or Volmer−Tafel mechanism.
How fast the HER occurs on a speciﬁc MeN4 site depends on
the electronic properties of the metal ions. As shown by
Karweik and Winograd,51 the limited resolution of Me 2p
regions in XPS hinders the identiﬁcation of ﬁne changes in
energy density. However, it was shown that the N 1s region is
highly sensitive to the changes in the electronegativity of the
corresponding metal ion. A similar plot of N 1s binding energy
assigned to N in MeN4 versus electronegativity of our metals
(for bimetallic catalysts, the average of both metals was
calculated) is given in Figure S11. The metals were divided into
two groups as indicated by the two correlation lines.
Therefore, the N 1s binding energy assigned to MeN4 sites
[Ebind(Me−N)] was evaluated as activity descriptor for the
bimetallic catalysts and their monometallic counterparts. The N
1s ﬁne scans of all bimetallic catalysts are given in Figure 3b−d
for (Co,Fe)−N−C, (Co,Mo)−N−C, and (Co,Mn)−N−C. In a
previous work, we have shown for ORR catalysts that Me−Nbinding energies correlated with the TOF.36 On the basis of the
aforementioned considerations and this correlation, the TOF
values (for U = −0.4 V) are plotted as a function of the Me−N
binding energy in Figure 3e.
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4. CONCLUSIONS
In this work, the eﬀect of metal species in Me−N−C catalysts
was investigated. The synthesis of these catalysts included two
heat treatment steps with an acid leaching step in between. The
results from structural analysis showed that the catalysts
contained up to 17 × 1019 MeN4 sites per gram catalyst and
that the amount of MeN4 species correlated with the energy of
formation derived from theoretical calculations. Besides MeN4
sites, some catalysts also contained inorganic metal species.
Based on strong similarities in the HER activity of catalysts with
and without inorganic metal species, however, a strong
contribution of such inorganic metal species to the HER
activity was excluded in our discussion. For monometallic
catalysts, a volcano-type relation between d-orbital occupation
and the TOF was obtained. A signiﬁcant improvement was
found with respect to the HER activity of bimetallic (Co,Me)−
N−C catalysts, with (Co,Mo)−N−C being the most active
catalyst in this study. For this particular catalyst, the improved
constitution of the catalyst was conﬁrmed by DFT calculations
that indicated a positive eﬀect of a second MeN4 site in the
same graphene layer on the HBE of some MeN4 sites. This
improved HBE is supposed to be at the origin of the improved
activity of the (Co,Mo)−N−C catalyst. In addition to this, our
(Co,Mo)−N−C catalyst also demonstrated a very good
stability in the investigated time frame, which could be of
great interest for its implementation in solar fuel devices.
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Figure S1: Comparison of as-measured cyclic voltammogram and the averaged sweep
as shown in e.g. Figures 1a and 3a
Figures S2 and S3: X-ray diffraction of the monometallic and bimetallic Me-N-C
catalysts
Supporting information for X-ray induced photoelectron spectroscopy:
Table S1: Model for the deconvolution of the N 1s region,
Figure S4: Exemplary visualization of XPS fine scan regions of the Co-N-C catalyst not
implemented in the main manuscript (C 1s, O 1s, Zn 2p and Co 2p),
Table S2: Summary of elemental composition derived from XPS (a: overall in wt%, b:
specific for N 1s region in wt% and c: overall in at%)
Figure S5, S6: High resolution Me 2p spectra of the Me-N-C catalysts
Description of TOF determination for U = -0.4V and calculation of mass-based site
densities
Figure S7: Correlation between MSD as derived from XPS [NMeN] contents and the
energy of formation of the MeN4 sites integrated at the edges of the graphene plane
Figure S8: (Co,Mo)-N-C structure scheme from side view and top view
Determination of exchange current density and Tafel slopes
Figures S9 and S10: Tafel-plots after iR-correction (Figure S9) and for as-measured
data (Figure S10)
Table S3: Summary of exchange current densities and Tafel slopes for all investigated
catalysts, obtained after iR-correction of the data.
Figure S11: Correlation of the electronegativity of the metals with the N1s E(Me-N)
binding energies in Me-N-C catalysts
Table S4: Summary of various TOF data published in literature on other non-precious
metal catalysts applied in alkaline electrolyte (compare Figure 5d of main manuscript)
Table S5: Comparison of our Co-N-C and (Co,Mo)-N-C to other Me-N-C catalysts with
respect to overpotential, number of active sites per gram catalyst and stability
Figure S12: Investigation of short-term durability of (Co,Me)-N-C catalysts
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Cyclic voltammetry
The average of the forward and backward scans of cyclic voltammetry is reported in the present work
to avoid possible capacity effects.

Figure S1. Comparison of as measured cyclic voltammogram of Co-N-C (5 mV s-1) in 0.1M KOH, the
average polarization curve – from anodic and cathodic sweep – and after iR correction.
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X-ray diffraction images of the monometallic and bimetallic Me-NC catalysts
Figure S2 and S3 give the X-ray diffractograms of all catalysts. Under such conditions, e.g. the typical
diffraction patterns of metal carbides and nitrides would show-up in a 2θ-region of 16 to 24 ° (when
measured with Mo-Kα1) and at about 40 – 46 ° (when measured with Cu Kα1). Only for Co-N-C, Zn-N-C
weak indications of diffraction pattern assigned to nitrides/carbides were found, whereas the other
catalysts exhibit a predominantly x-ray amorphous behavior. In the case of Cu-N-C intense reflexes
assigned to the copper crystalline phase were found.

Figure S2. X-ray diffractograms of the Me-N-C catalysts. Measurements were performed with Mo-Kα1
radiation.
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Figure S3. X-ray diffractograms of the Me-N-C catalysts. Measurements were performed with Cu-Kα1
radiation.
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Exemplary visualization of XPS fine scan regions of the Co-N-C
catalyst.
Table S1. Summary of N1s energies assigned to the related chemical species found in Me-N-C catalyst.
The G1 Ngraphitic peak might overlay with the Npyrrolic configuration within the N 1s spectrum.

Binding energy

Pyridinic

Me-N

Pyrrolic

Graphitic

Oxidized

397 – 399.5

399 – 400.5

400.2 – 400.9

401 - 403

402 - 405

Me
C

G2
G1

N
H
G3

For Co-N-C the different fine scan regions beside N1s (see main manuscript for it) are given that were
used for the evaluation of elemental composition of each catalyst.

Figure S4. XPS C 1s, O 1s, Co 2p and Zn 2p spectra of the Co-N-C catalyst (N1s is shown in the main
text).
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Table S2. Elemental compositions derived from XPS for all Me-N-C catalysts (a) and specifically for
the nitrogen species (b) in wt%. In (c) the elemental composition in at% is given for all Me-N-C catalysts
for the sake of comparison to other publications. In all Tables values are ordered with decreasing
overpotential. That means Mn-N-C had the largest overpotential and (Co,Mo)-N-C the smallest.
Table S2a.
Zn *

C

O

N

thereof MeN-coord. / %

2.9

3.7

76.2

7.9

9.3

15.2

Zn

5.3

0.0

79.6

7.3

7.8

11.7

Mo

0.5

8.0

78.9

7.8

4.8

12.7

Cu

2.9

3.2

75.3

9.5

9.2

11.7

Fe

3.0

n.d.

75.2

13.2

8.6

14.2

Ni

3.5

3.3

77.2

6.1

9.9

16.3

Co

2.3

3.2

71.7

15.0

7.9

14.9

Co,Fe

1.3

1.5

3.2

75.5

9.1

9.4

15.0

Co,Mn

0.2

4.1

3.4

75.6

8.8

7.9

10.9

Co,Mo

0.2

0.4

1.1

83.5

9.0

5.8

14.8

(b)

Npyrid.

NMeN

Npyrrol.

Nox

Sum
Ngraphitic

Ngraph1

Ngraph2

Mn

3.7

1.4

1.9

0.54

1.8

1.0

0.73

Zn

3.1

0.91

1.6

1.2

1.0

0.67

0.37

Mo

1.7

0.61

1.3

0.65

0.51

0.26

0.25

Cu

4.1

1.1

0.83

1.2

2.0

1.4

0.63

Fe

3.7

1.2

1.1

0.58

2.0

0.87

1.1

Ni

4.1

1.6

1.5

0.56

2.1

0.96

1.1

Co

3.1

1.2

1.4

0.25

1.9

0.81

1.1

Co,Fe

3.8

1.4

1.3

1.2

1.7

0.85

0.88

Co,Mn

3.3

0.86

0.66

0.71

1.8

0.91

0.91

Co,Mo

2.0

0.86

1.3

0.39

1.2

0.75

0.50

(a)

Corres.
Metal

Mn

Co in
bimetallic

Table S2b.
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Table S2c.
(c)

Corres.
Metal

Mn

Co in
bimetallic

Zn *

C

O

N

0.7

0.7

83.3

6.5

8.7

Zn

1.1

0.0

85.9

5.9

7.2

Mo

0.5

1.6

56.9

6.5

4.5

Cu

0.6

0.6

82.3

7.8

8.6

Fe

0.7

n.d

80.6

10.7

7.9

Ni

0.8

0.7

84

5

9.3

Co

0.5

0.7

79.0

12.4

7.4

Co,Fe

0.3

0.3

0.7

82.3

7.4

8.8

Co,Mn

0.2

0.9

0.8

83.3

7.3

7.4

Co,Mo

0.2

0.4

1.1

86.2

6.9

5.1
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Figure S5. High resolution Me 2p spectra of the monometallic Me-N-C catalysts, metal species are
indicated in the 2p 3/2 part of the spectra.
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Figure S6. High resolution Me 2p spectra of the Me-N-C catalysts (bimetallic), metal species are
indicated in the 2p 3/2 part of the spectra.

S-10

Calculation of the turn-over frequency (TOF) and mass-based site
density (MSD)
The turn-over frequency is estimated assuming that the main part of the current density is attributed to
MeN4 sites and that the overall number of MeN4 sites in a catalyst is participating in the reaction.
The mass-based site density of MeN4 sites (MSD) can be estimated from the XPS N 1s fine scan. Based
on the results of this work, it is assumed that MeN4 sites are exclusively formed by coordination of the
metal ions with nitrogen assigned to NMeN. The content of nitrogen assigned to this peak is labelled as
[NMeN] and is given in wt%. It is related to mesomerically coordinated MeN4 sites that were found as
active sites for a group of FeN4 sites investigated for the ORR.1 Therefore, the weight percentage of
metal assigned to MeN4 sites [MeMeN4] can be calculated if in addition to [NMeN] the atomic ratio of
Me:N = 1:4 and the ratio of molar masses of MMe:MN are considered:
[MeMeN4] = AMeN x [Ntotal]wt% x ¼ x MMe/MN

(S.Eq. 1)

AMeN is the area in the N 1s region that is assigned to the NMeN peak, [Ntotal]wt% is the overall weight
percentage of nitrogen, ¼ is related to the ratio Me:N and MMe/MN is the ratio of molar masses of the
metal vs. nitrogen. Hence, MSD has a unit of “mass of metal assigned to MeN4 sites per mass of catalyst”
in weight percentage.
E.g. for cobalt: [CoCoN4] = 14.9 % x 7.89 wt% x ¼ x 58.93/14 = 1.24 wt% = 0.0124 gCo in CoN4 gcat-1
The current densities j(-0.4V) can be converted to mass-based current densities J(-0.4V) when they are
divided by the catalyst loading of 2 mgcat cm-2. The current density can be converted to the number of
transferred electrons per second if it is divided by the Faraday constant, F = 96485 A s mol-1. As the
ratio H2:e- is 1:2 the obtained value has to be multiplied by ½.
ṅH2 = j(-0.4V) / (W x F) x ½

(S.Eq. 2)

ṅH2 (Co) = 16.78 mA cm-2 / (2 mgcat cm-2 x 96485 A s mol-1) x ½ = 4.35 10-5 mol H2 s-1 gcat-1.
If this hydrogen molar flux ṅH2 is divided by [MeMeN4] one gets a turn over number as given below:
NTO = ṅH2 x [MeMeN4]-1

(S.Eq. 3)

NTO (Co) = ṅH2 (Co) / [MeMeN4] (Co) = 0.0035 mol H2 s-1 gCo in CoN4-1.
In order to obtain the turn-over frequency NTO needs to be multiplied by the molar mass of the metal:
TOF = NTO x MMe

(S.Eq. 4)

TOF (Co) = 0.0035 mol H2 s-1 gCo in CoN4-1 x 58.93 gCo mol-1 = 0.21 H2 s-1 CoN4-1
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If one follows up the calculation (S.Eqs. 1-4), it becomes clear that the molar mass of the metal can be
cancelled out in the overall TOF calculation by this approach, as basically the nitrogen content assigned
to active sites is considered.
For the calculation of the mass-based site density MSD, the value [MeMeN4] is divided by the molar mass
of the metal MMe and multiplied by Avogardo’s constant NA.
MSD = [MeMeN4] x MMe-1 x NA

(S.Eq. 5)

MSD (Co) = 0.0124 gCo in CoN4 gcat-1 x (58.93 gCo mol-1)-1 x 6.022 ∙ 1023 mol-1 = 12.6∙ 1019 sites gcat-1
Combining S.Eq. 1 and S.Eq. 5, it becomes apparent that also for MSD determination, the molar mass
of the metal is cancelled out and MSD is directly related to the nitrogen content assigned to MeN4 species
[NMeN].
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Figure S7. Correlation between MSD as derived from XPS [NMeN] contents and the energy of formation
of the MeN4 sites integrated at the edges of graphene layers.
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Figure S8. The favorable proposed structure of (Co,Mo)-N-C from side and top view (green: Mo site,
red: Co site, blue: coordination by nitrogen).
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Determination of exchange current density and Tafel slopes
In order to evaluate the intrinsic activity Tafel plot has been applied, which is shown for some of the
catalysts in Figures S6 and S7. Owing Tafel equation η = b log|j/j0| + E0, the exchange current density
corresponds to zero overpotential (each value has been estimated by extrapolating the Tafel plots). In
order to account for the variation in the number of active MeN4 sites, the obtained geometric current
density was first related to the catalyst mass (by utilizing the electrode loading (mg cm-2)) and then the
weight percentage of nitrogen assigned to Me-N-coordination.

Figure S9. Tafel plots obtained from HER polarization curves related to high and low overpotential
after iR correction.

Figure S10. Tafel plots obtained from HER polarization curves related to high and low overpotential
without iR correction.
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Table S3. Tafel slope and exchange current density values driven from Tafel plot
iR corrected-Tafel slope (mV/dec)
Me in Me-N-C
- log i0 (A cm-2)
(low-current density range)
Mn

-5.8

154

Zn

-5.0

200

Mo

-5.4

165

Cu

-5.0

176

Fe

-4.4

164

Ni

-4.2

195

Co

-4.7

121

(Co,Fe)

-4.1

135

(Co,Mn)

-4.2

115

(Co,Mo)

-3.5

160
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Figure S11. Correlation of metals electronegativity with corresponding Me-N binding energy
analyzed with XPS.
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Comparison of TOF data to literature
Table S4. Report of TOF value for active catalysts in alkaline medium
Type of
catalyst
Ni2P

Label
(Fig. 4d)
P1

Ref.

Information on TOF data

2

Provided

MoP

P2

3

Provided

CoP

P3

4

Provided

S1

5

Provided

[Mo3S13]

S2

6

Provided

CoNxC

N1

7

Provided

CoNG

N2

8

Provided

MoS3
2-

Co@N-C

N3

9

Calculated*

Co-N-C

N4

10

Calculated*

Co-N-C

N5

11

Calculated*

CoSx

S3

12

Calculated*

MoSx

S4

12

Calculated*

MoCoSx

S5

12

Calculated*

*Calculations are based on data (over-potential and metal contents as active sites) provided by the
authors in the related works and might therefore be considered as approximate TOF values.
Table S5. Comparison of Co-N-C catalysts published in literature to our Co-N-C and (Co, Mo)-N-C.
Catalyst (temperature °C )
Co-N-C (CoTMPP) (750)

Overpotential
(@ -1 mA
cm-2) / V
140

Mass-based site
density /
1019 Sites g-1cat
No information

Co-N-C (Co-oPD) (750)

70

1.4

Stability

Reference

No information

7

~No loss

7

After 2000 cycles

Co-N-C (MOF-based)(1050)

257

153

No information

11

Co-N-C(PANI-based) (750)

81

10.2

3% overpotential
loss @ -10 mA cm-2

10

after 5000 cycles between
0.20 and −0.2 V

Co-N-C (950)

171

12.6

5% overpotential
loss @ -10 mA cm-2

(Co,Mo)-N-C (950)

88

9.2

< 1% overpotential
loss @ -10 mA cm-2

This work

after 6 hr @ -10 mA cm-2

after 6 hr @ -10 mA cm
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This work

Investigation of short-term durability of (Co,Me)-N-C catalysts

Figure S12. a) Average cyclic voltammograms of initial and final polarization curves during short
durability test for bimetallic catalysts, b) activity improvement after short durability test (100 cycles,
100 mV s-1) of bimetallic catalysts.
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4.1.2 Variation of Co-content for HER in acid
In the scope of this project, a new multi-heteroatom doping approach was introduced using
polymerized aniline (PANI). The sulfur- and nitrogen-rich PANI provides a hybrid structure with
different possible active sites for HER. In order to elucidate the main active site for HER, a
variation of the cobalt loading (wt%) in the precursor was performed. Several surface and bulk
characterization techniques beside post-mortem XPS analysis support the discussion reported
in this publication.
Contribution to the project: Project supervision (Two master’s advance research projects related
to this article), XPS characterization, Post-mortem XPS, Data analysis and writing
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(OER) is anticipated to replace Pt- and Ir-based catalysts.[2–4] In
this way, the final price might be reduced down to 10 % in the
large scale.[5] In the last decades, third row transition-metal
phosphides, sulfides, selenides, and oxides received considerable attention for the HER.[6, 7]
Also, M–N–C (M = metal) catalysts have been a recent focus
for catalysis of the HER.[8, 9] Better known from the oxygen reduction reaction (ORR) fuel cell and metal air battery applications, experimental and theoretical approaches have shown
that the ORR activity comes from MN4 moieties embedded in
the graphene layers.[10, 11] Hence, M–N–C catalysts are the heattreated analogues of MN4 macrocycles. Consequently, they
became of interest for several other electrochemical reactions.[8, 12] Various approaches have been reported to improve
the performance of these non-precious catalysts; for example,
encapsulation of the metal within carbon nanotubes (CNT),[3, 13]
additional thermal treatment,[11, 14–16] modification with ionic liquids,[17] or integration of a secondary nitrogen precursor.[18]
Also a modification with sulfur has been intensely investigated.[19, 20] Kramm et al. showed that sulfur can hinder iron carbide formation, leading to the destruction of MN4 sites.[21]
However, there are only few reports on the impact of sulfur
modification on the HER on M–N–C catalysts. Deng et al. synthesized a CoNS-C catalyst with cobalt complexes as active
centers in alkaline and neutral medium.[19] The integration of
sulfur becomes even more of interest as MSy sites were found
to catalyze the HER.[22, 7, 23]
There is no systematic study that elucidates the role of
sulfur in multi-heteroatom doped M–N–C catalysts for the HER.
Therefore, we synthesized a series of catalysts from polyaniline
(PANI), dicyandiamide (DCDA) in combination with different
quantities of cobalt acetate. The change in cobalt content enabled the optimization of HER activity, while a comprehensive
structural characterization helped to elucidate structure–activity relationships. In our previous work, we showed that MN4
sites are responsible for the HER in alkaline medium and that
the activity can even be improved by integrating a second
metal such as manganese or molybdenum. Therefore, the concept of a bimetallic (Co,Mn)–N–Cevap catalyst was also tested in
this work.
For the preparation of multi-heteroatom doped Co-based
catalysts, PANIevap was used as a carbon, nitrogen and sulfur
precursor. Sulfur is present as after oxidative polymerization of
aniline by ammonium peroxidisulfate (APS), the solvent is just
evaporated. The near-surface composition was determined

Abstract: Today, metal–N- as well as metal–S-doped
carbon materials are known to catalyze the hydrogen evolution reaction (HER). However, especially N- and S-codoped catalysts reach highest activity, but it remains unclear if the activity is related to MNx or MSy (M = metal)
sites. In this work we apply a simple method for multi-heteroatom doping and investigate the effect of cobalt content on the HER in acidic medium. The CoNx and CoSy
sites were evidenced on the basis of structural characterization by Raman, X-ray induced photoelectron spectroscopy, and TEM. The presence of sulfur enables the formation
of a larger number of CoNx sites. Structure–performance
relationship proves that the HER activity is dominated by
CoNx rather than CoSy sites. The most active catalysts also
exhibit an excellent stability under galvanostatic conditions making them of interest for electrolyser application.

In view of the energy transition to meet CO2-reduction targets,
renewable energies have to be used extensively. However,
their volatility and fluctuation encourage the search for possibilities to store the produced electric energy. Since hydrogen is
multifunctional and enables sector coupling, it is considered
the most promising solution.[1] Even though water electrolysis
is recognized as the key technology to produce hydrogen,
there are several technical and financial issues hindering the
application in combination with renewable energy setups that
might be operated in isolation. For such isolated operation,
the use of cheap and earth-abundant catalysts for the hydrogen evolution reaction (HER) and oxygen evolution reaction
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from XPS and compared to our reference PANIref (as prepared
by filtration of the PANI product). The elemental composition
is given in Table 1. Figure 1 a shows the survey XP scans of
PANIevap and PANIref ; these results indicate that PANIevap contains 14 at % S, while PANIref is almost free of sulfur and that
the nitrogen content is also higher for PANIevap. Both, the increase of sulfur and nitrogen are related to the presence of
APS residuals after solvent evaporation. For a better evaluation
of the change in HER activity as a function of the preparation
steps, the cyclic voltammetry data of Co2–N–C were evaluated
after a first heat treatment (HT1), HT1 + acid leaching (HT1 +
AL), and after a second heat treatment (HT2) see Figure 1 b.
The acid leaching step (AL) was applied to remove undesired
inorganic by-products that might have been formed during
preparation, but which are unstable in an acidic environment.
As expected, activity can be observed already for the HT1
sample. Induced by AL, the HER activity was found to decrease, which indicates that some HER active species were
formed during HT1 that do not withstand acidic conditions.
Such species would have hindered structure–performance correlations. The best activity is achieved after HT2. This effect is
commonly known for M–N–C catalysts.[15, 24] When performed

in an inert gas atmosphere, the increase in activity was basically correlated with an increase in BET surface area.[25]
In Figure 1 b, also the HER activities of reference catalysts—
all prepared as HT1-AL-HT2—and Pt/C are reported. It becomes clear, that cobalt is needed for the formation of highly
active catalysts, as evidenced from the comparison to the
badly performing metal-free N–Cevap catalyst. Also, the presence of considerable S-fractions in the precursor is beneficial,
as the catalyst Co2–N–Cref prepared with PANIref displays a low
activity. An almost identical performance is given for Co2–N–C
HT2 and (Co,Mn)2–N–C HT2. This bi-metallic catalyst was prepared in relation to our previous finding of improved activity
and stability by integration of a second metal.[26] The most
active catalyst in our study shows for 10 mA cm 2 a difference
of 150 mV versus Pt/C as the reference catalyst.
An interpretation of the achieved activity trends can be attempted from the comparison of the structural compositions
as derived from XPS and HER activities.
Comparing the composition of PANI precursors with the one
of the catalysts (even after HT1) it becomes clear, that most of
the oxygen and sulfur atoms are released during HT1. Regarding the nitrogen content, an increase is observed to almost
20 at %. The N–Cevap catalyst has slightly less nitrogen, but
higher sulfur content compared to Co2–N–Cevap (HT2). Here,
more sulfur remained in the carbon matrix whereas the
change in S-content as a function of preparation steps for
Co2–N–C indicate that cobalt sulfide species seem to have
been formed during HT1 that are partially acid soluble leading
to the same relative decrease for cobalt and sulfur contents
going from HT1 to HT1 + AL. Regarding the nitrogen content,
it was found that the complexation by metal centers helps
during pyrolysis to keep the nitrogen in the system for N4 metallomacrocycles as compared to metal-free H2N4-centers.[27]
Hence, a similar effect might apply for the precursors within
this study.
Figure 1 c shows the S 2p fine-scans from XPS. It indicates
the transition from the sulfate state initially found for PANIevap
to C S C bonds and metal sulfide species in our catalysts.
In our previous work, on the catalysis of the ORR, it was
shown that the increase in surface area going from HT1 to HT2
is one very important aspect for catalyst optimization.[14] Also
here, the BET specific surface area is 30 % larger after HT2 in
comparison to HT1 (341 m2 g 1 vs. 261 m2 g 1). A decrease of
the BET surface area was found for increasing cobalt contents
(Figure 2 a). Here, it has to be noted that the sample Co2–N–
Cref prepared with PANIref reaches a larger surface area, composed to about 75 % of micropores, in comparison to the exclusively mesoporous Co2–N–Cevap catalyst, which can also have
an impact on the performance (see later in this article).
In Figure 2 b Raman measurements are displayed in the low
wavenumber range from 400 cm 1 to 800 cm 1 to study the
possible presence of sulfide and oxide species. Only the A1g
band of cobalt oxides (CoO, Co3O4) is visible at 670 cm 1 for
Co contents up to 6 wt %. For high cobalt contents, other
bands are visible at 467 cm 1 (Eg), 509 cm 1 (F3g), 603 cm 1
(F3g), which enables an assignment to CoO. This phase is
mainly of amorphous nature, as evidenced by X-ray diffraction

Table 1. Elemental composition [at %] of PANI precursors used in the synthesis as well as for Co2–N–C after different steps of preparation, the
metal-free catalyst and the Co2–N–Cref.
Sample

N

C

O

S

Co

PANIref
PANIevap
Co2–N–Cevap-HT1
Co2–N–Cevap-HT1-AL
Co2–N–Cevap-HT2
Co2–N–Cref-HT2
(Co,Mn)2–N–Cevap-HT2
N–Cevap-HT2

5.0
11.6
19.0
21.3
16.3
17.0
15.1
14.7

42.2
32.4
67.6
68.2
73.0
75.5
72.3
78.9

51.3
42.1
7.7
7.0
7.0
5.1
7.5
4.9

1.5
13.9
2.0
1.4
1.0
0.6
1.9
1.5

–
–
3.6
2.1
2.7
1.8
1.5 (Mn:1.6)
–

Figure 1. a) XP survey spectra for both PANI, b) HER linear sweeps of Co2–N–
Cevap with HT1, HT1-AL, HT2. In addition, reference catalysts (N–Cevap, Co2–N–
Cref, (Co,Mn)–N–Cevap) subjected to HT1-AL-HT2 and Pt/C are shown. c) XP 2p
spectra Co2–N–Cevap-HT2, N–Cevap and PANIevap.
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Figure 3. Effect of cobalt content in the precursor on Raman parameters a)
ID/IG and b) ID3/IG.

Figure 2. a) BET surface area (with micropore area indicated by dashed area)
for all Co–N–Cevap catalysts and reference samples. b) Raman spectra from
400 to 800 cm 1, c) high-resolution TEM images (bottom line) for Co2–N–
Cevap, Co10–N–Cevap, Co2–N–Cref and N–Cevap.

studies (see Figure S1 in the Supporting Information), for
which broad amorphous bumps in addition to small amounts
of metallic cobalt (particle size of  15 nm) are found. For
some samples, additional presence of Co–S impurities cannot
be ruled out. Therefore, it is possible that basically cobalt particles are formed with thin oxide layers and/ or carbon shells at
their surfaces. In addition to this, even though the cobalt content determined by XPS is similar for both Co2–N–Cevap and
Co2–N–Cref, the TEM images show no nanoparticles in the reference sample, whereas Co2–N–Cevap and samples prepared with
higher cobalt contents contain nanoparticles (see also Supporting Information, Figure S4 for more images with lower resolution). Again, as in XPS no indication of the metallic state is
found, one can conclude that the nanoparticles must be surrounded by a protective layer in Co2–N–Cevap, which makes
them undetectable.
Raman spectra for the larger wavenumber range (800 cm 1
to 2000 cm 1) were used to get more insights of carbon morphology (Figure S2). Our catalysts display the typical spectrum
of amorphous carbon which is dominated by broad bands. It
should be noted that in the second-order range no distinct
bands are visible which points to the amorphous behavior of
the carbon formed within the synthesis. The typical bands are
the G- (1585 cm 1) and the D-bands (1335 cm 1), which are
characteristic for plane and edge plane vibrations of graphene
layers and the D3 band assigned to defects or heteroatoms in
the graphene layers.[28] In our previous publication we discussed that a decrease of the ID3/IG ratio (I = intensity of the
Raman band) correlated with a decrease in the catalytic activity
of the ORR.[29] Furthermore, the ratio IG/ID is directly related to
the graphene layer extension.[30] Therefore, ID/IG and ID3/IG are
plotted as a function of cobalt content in Figure 3. It seems
that Co20–N–Cevap should be considered as an outlier within
both correlations. Nevertheless, a trend is more pronounced
for the ID3/IG ratio. Moreover, the ID3/IG ratio correlates with the
obtained BET surface area indicating that more hetero-structures are integrated in the surface of the catalyst (Figure S3).
Figure 4 gives fine scans of the Co 2p, N 1s, S 2p and O 1s
regions as well as exemplary fits for the N 1s and S 2p regions.
Chem. Eur. J. 2018, 24, 1 – 6
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Figure 4. a) Co 2p, b) N 1s, c) S 2p and d) O 1s fine-scan regions of all Co–N–
Cevap samples and comparison samples (reference compound =Co2–N–Cref).
Exemplary fits of e) N 1s and f) S 2p region for the Co2–N–Cevap catalyst.

The elemental composition as derived from XPS is given in
Table S1 for a range of different cobalt contents. It is interesting to note that the nitrogen content and, in particular, the
content related to M–N coordination decreases with increasing
cobalt content. This could be related to the well-known effect
of nanoparticle formation that leads to a disintegration of MN4
sites.[31]
To sum up, our structural characterization showed that the
catalysts contain CoNx, CoSy species as well as cobalt nanoparticles. All structures were previously found to be active for the
HER. Therefore, to gain a deeper understanding of the reasons
for the HER activity of our multiheteroatom-doped catalysts,
the elaboration of structure–activity relations is required.
The HER activity was evaluated in acidic medium. The polarization curves, shown in Figure 5 a, prove that all samples with
a range of different cobalt contents perform significantly
better in comparison to the two reference samples (N–Cevap
and Co2–N–Cref). The performance at low pH is also significantly
improved in comparison to samples from our old MOF-based
preparation approach (a comparison of both preparation approaches with respect to the HER activity is given in the Supporting Information Figure S5a). Here, the best performance is
obtained for a cobalt content of 2–3 wt % in the precursor. The
effect of metal loading is better visualized in Figure 5 b, which
gives the absolute value of the current density for an overvolt3
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Figure 5. a) HER polarization curve of Co–N–Cevap samples prepared with different cobalt contents in the precursor (all with HT2). Correlation between
HER activity and b) cobalt content c) N in MNx and d) S in MSy. The correlation graphs also include the (Co,Mn)2–N–Cevap sample (&).

Figure 6. a) Linear sweep voltammetry of Co2–N–Cevap and (Co,Mn)2–N–Cevap
at “beginning of life” (BoL) and “end of life” (EoL) of the galvanostatic test
for 6 h at 10 mA cm 2 in 0.1 m H2SO4 at 1500 rpm. The galvanostatic tests
are shown in b). In c) and d) the Co 2p and N 1 s spectra of the catalyst
layers at BoL and EoL are shown.

age of 200 mV as a function of cobalt content. For structure–
activity relationships, the nitrogen content in MNx and sulfur
content in MSy (at %) were determined from the related areas
in the fine scans and the overall nitrogen; respectively, sulfur
contents of the catalysts. The corresponding plots in dependence of cobalt content are given in the Supporting Information
Figure S6. As visible from Figure S6, the trends for N in CoNx
and for S in CoSy as a function of cobalt content are almost opposite to each other. Cobalt sulfide formation becomes more
favorable at higher cobalt contents, while CoNx sites are preferentially formed at low cobalt contents. As shown in Figures 5 c
and d, attempts were made to correlate the N in CoNx and S in
CoSy, respectively, with the observed HER activity. Interestingly,
a correlation between the HER activity and the amount of nitrogen in CoNx was found, whereas no correlation was indicated between HER activity and content of sulfur assigned to
CoSx. Therefore, the findings shown here indicate that CoNx
sites are the origin of activity for the HER in acidic environment, while CoSy species might contribute only minor to the
HER activity.
To achieve better insight into the applicability of Co–N–Cevap
catalysts, stability measurements were performed for the Co2–
N–Cevap and bimetallic (Co,Mn)2–N–Cevap catalysts. The linear
sweep voltammograms at the “beginning of life” (BoL) and
“end of life” (EoL) are given in Figure 6 a and the change in potential at galvanostatic conditions of 10 mA cm 2 are shown
in Figure 6 b and indicate an excellent maintenance of potential. Changes of the catalyst composition were further investigated by comparing XPS measurements before and after the
galvanostatic test. From analyzing the Co 2p and N 1s regions
(Figure 6c and d), it becomes clear that nearly all XPS detectable Co species disappear at the EoL. From the fact that the
performance of Co2–N–Cevap is almost constant in the investigated regime, we conclude that the Co species present at the
BoL do not contribute significantly to the HER activity. There-

fore, the nanoparticles, which were initially present in Co2–N–
Cevap, can be ruled out to contribute significantly to the HER activity. For the N 1s region the well-known effect of the formation of protonated nitrogen species is also found for our catalysts.[32] Besides, it has to be noted that while the overall spectrum is changing, the amount of nitrogen assigned to MNx
species decreases by only 12 % for Co2–N–Cevap and by 42 % for
(Co,Mn)2–N–Cevap. The stronger decrease for the bimetallic catalyst is consistent with its increased fading of performance.
In conclusion, a group of Co–N–Cevap catalysts was synthesized from PANIevap, DCDA, and cobalt acetate with changing
quantities of cobalt in the precursor. It is shown that the presence of sulfur in the precursor can help to maintain more HER
active CoNx moieties within the catalyst. These CoNx moieties
seem to be more active and significantly more stable in comparison to CoSy and embedded Co nanoparticles that were
found in this catalyst as well. Clearly, this increased knowledge
on the detailed nature of the active sites of these catalysts,
which dominate the HER activity, will help to develop more
knowledge-based preparation approaches for HER catalysis,
but especially also for the development of M–N–C catalysts for
several other energy relevant applications.
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Experimental Section
Experimental Details on catalyst preparation and characterization
are given in the Supporting Information.
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The use of PANIevap as nitrogen, carbon,
sulfur and oxygen precursor enables a
simple route for the preparation of
multi-heteroatom-doped Co-based catalysts. The presence of sulfur enables the
formation of larger quantities of CoNx
moieties. Based on structure activity
correlation it is shown that these CoNx
moieties dominate the hydrogen evolution reaction active while cobalt sulfides
or cobalt nanoparticles contribute only
minor.
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Experimental
The Co-N-C catalysts were prepared from cobalt acetate, polyaniline (labeled as either PANIevap or PANIref) and
dicyandiamide (DCDA). The different steps of preparation are described in the following:
PANIevap synthesis: 20 mmol aniline was polymerized using 60 mmol ammonium peroxidisulfate (APS) as the oxidation
agent in 0.5M HCl, while it was kept in an ice bucket to control the temperature. The mixture was stirred during
polymerization that took place for 24 hours. The residual solvent was evaporated by heating the mixture to 100 °C. Induced
by this treatment, this PANI(+S) has a hygroscopic behavior and is highly acidic.
PANIref synthesis: 20 mmol aniline was polymerized using 20 mmol ammonium peroxidisulfate (APS) as the oxidation
agent in 0.5M HCl, while it was kept in an ice bucket to control the temperature. The mixture was stirred for 24 hours of
polymerization. Afterwards the suspension was filtered and washed with water to get rid of APS residues. The recipe with
1:1 ratio aniline to APS is described in literature[1] and therefore labelled as PANIref.
For a complete polymerization of 20 mmol aniline to polyaniline a theoretical mass yield of m th = 1.84 g is expected, the
mass yield of PANIevap was mPANI_evap yield= 90% and mPANI_ref yield = 45%
For studying the effect of preparation parameters, Co-N-C catalysts were prepared with 2 wt% Co in the precursor for both
PANI. In addition, a variation of cobalt content was made for catalysts that were all prepared with PANIevap. The cobalt
content was varied between 0.0 wt% to 20 wt% Co in the precursor.
Co-N-C synthesis: For the synthesis of Co2-N-C (2 wt% Co in precursor), first 62.8 mg cobalt acetate tetrahydrate were
mixed with 680 mg PANIevap and 2267 mg DCDA in a mortar until a homogeneous mixture was obtained. Similarly, the
amount of cobalt acetate was adapted to prepare catalysts with 0 to 20 wt% cobalt in the precursor. The mixtures were
filled in quartz boats and subjected to a preparation protocol that includes HT1-AL-HT2. The first heat treatment (HT1)
was run with a ramp of 300 °C h-1 from RT to 800 °C. The temperature was held at 300 °C for 30 min, 500 °C for 30 min
and 800 °C for 60 min in order to keep all the system for stabilization. After cooling down, the sample was transferred to
the acid leaching (AL) in 2 M HCl. The suspension was kept in an ultrasonic bath for 3 hours and then kept overnight.
Afterwards the catalyst was filtered, washed with water and dried. The 2nd heat treatment (HT2) included a first ramp of
approx. 38 °C min-1 to 600 °C where then the ramp was reduced to 300 °C h-1 to reach the final temperature of 800 °C.
During this HT2 the dwell time at 800 °C was 3 hours. After cooling down the final catalyst was removed from the oven.
In addition to the aforementioned catalysts, a bimetallic (Co,Mn) catalyst was prepared with a nominal metal loading of 2
wt% and an atomic Co to Mn ratio of 2:1. In addition a Co2-N-Cref was prepared with the same quantities as given above
but using PANIref instead of PANIevap. The HER activity of Pt/C 20wt% (0.12 µg/cm-2) is reported for reasons of comparison.
Due to the high amount of precursors that go into the gas phase, the yield for the catalyst preparation, as defined as
mcatalyst / mprec, is about 2.5 %.

Characterization:
Electrochemistry: The electrochemical performance was studied using a standard three electrode configuration. Glassy
carbon disc and Ag/AgCl electrode have been applied as counter and reference electrode, respectively. A catalyst ink
containing 5 mg catalyst, 142 µl ethanol, 83.2 µl water and 25 µl Nafion (5 wt%) was drop-casted on the working electrode,
which was an RDE electrode with a glassy carbon disc (A = 0.1963 cm2  catalyst loading = 1 mg cm-2). In order to
compensate for capacity effects the anodic and cathodic sweep were averaged and the average scans are prepared. All
electrochemical tests were performed in 0.1M H2SO4 from CVs with 5 mV s-1 at 1500 rpm in a potential range of U = 0.6
to -0.72 (vs SHE) after 90 cycles of activation (short cycles between U = -0.28 and -0.72 V with 300 mV s-1), all results are
iR corrected. For the stability test the catalyst was kept at -10 mA cm-2 for six hours. Before and after the HER activity was
measured by a CV and structural changes were followed by XPS. Such stability tests were made for Co2-N-Cevap and
(Co,Mn)2-N-Cevap.
X-Ray Diffraction (XRD): X-ray diffraction measurements were performed using a Bruker D8 Advance in Bragg−Brentano
geometry with Cu Kα radiation and a VANTEC detector. Data were recorded in an angular range between 5° and 50° (2θ)
for a total measurement time of 1 h using a step size of ∼0.007°, a step time of 0.5 step s-1 and a fixed divergence slit of
0.3°.
X-ray induced Photoelectron Spectroscopy (XPS): X-ray photoelectron spectra (XPS) were measured with a Specs
Phoibos 150 hemispherical analyzer and a Specs XR50M Al Kα X-ray source (E = 1486.7 eV). Before the measurements,
the catalyst powder was pressed on an indium foil and sealed on the sample holder. For the survey scans, an energy step
of 1 eV has been applied and two scans were overlaid. For these fine scans an energy step of 0.05 eV has been used.
For the stability measurement, a catalyst with the loading of 1 mg cm-2 has been drop-casted on a glassy carbon (GC)
electrode that was mounted on the XPS sample holder. The same measurement parameters have been set as earlier.
Then, the GC electrode was unmounted and the electrochemical stability test was performed, followed by a final XPS
measurement of the conditioned catalyst.

Transmission Electron Microscopy (TEM): Catalyst powder was immersed in ethanol and sonicated for 30 seconds in
an ultra-sonic bath. The suspension was kept to be settled to reduce the amount of large particles. Then, a small drop was
placed on a copper grid with carbon film (Baltec MED010) and kept for drying at room temperature.
Raman Spectroscopy: A drop of catalyst was placed on a silica disc and kept for drying at room temperature. The
measurements were done with an alpha 300R confocal Raman microscope from WiTec (Ulm, Germany) with a grid of 600
lines mm-1 using an excitation laser (532.2 nm) with a power of 1 mW. Each spectrum was obtained by overlaying data
obtained at three different positions (of ten scans each), with an integration of ten seconds at each point.
N2 sorption measurements: In order to determine the BET specific surface area and an estimate of the micropore surface
area N2 sorption measurements were performed with an Autosorb test station from Quantachrome. Previous to the sorption
experiment the sample was degassed at 200 °C for 16 hours. The exact mass was determined afterwards and used for
final determination of the surface areas.

Figure S1. XRD patterns of Cox-N-Cevap catalysts. The metal content in the precursor is given
for each of the catalyst. For reasons of comparison XRD of the reference sample Co2-N-Cref.
is shown.

Figure S2. Raman spectra of Cox-N-Cevap in the 1st order region of carbon blacks.
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Figure S3. Correlation between BET surface area and the intensity ratio of the D3 to G band
for all Cox-N-Cevap samples.

Figure S4. TEM images at different resolutions of Cox-N-Cevap (2 wt% and 10 wt%) catalysts
and reference samples.

Figure S5: a) HER activity of Co2-N-CMOF and (Co,Mn)2-N-CMOF catalysts in 0.1M H2SO4 and
0.1M KOH in comparison to Co2-N-Cevap and (Co,Mn)2-N-Cevap (all 1 mg cm-2, 1500 rpm).
Details on the preparation of MOF-based catalysts can be found in Shahraei et al.[2]
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Table S1. Elemental composition (at%) analysed by XPS for all catalysts prepared by two
heat-treatments (HT1-AL-HT2).
at%

N

C

O

Co

S

S(MSy)

N(MNx)

Co1-N-Cevap

16.6

72.5

7.6

2.3

0.96

0.22

1.38

Co2-N-C evap

16.3

73

7

2.7

0.96

0.25

2

Co3-N-C evap

13.5

76

7.2

2.3

1

0.24

1.82

Co6-N-C evap

13.2

13.17

7.8

2.7

0.85

0.3

1.78

Co10-N-C evap

10.4

71.6

8.6

2.6

6.7

0.7

1.6

Co20-N-C evap

6.5

6.5

6.7

4.3

6.5

3.5

1.14

Co2-N-Cref

17

75.5

5.1

1.8

0.57

0.06

1.2
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Figure S7. HER comparison of the non-precious metal catalysts in acidic medium

Table S2. Detailed comparison of the most active non-precious catalysts for HER in acidic
medium
Catalyst

Loading (mg
cm-2)

electrolyte

Uover (V)

stability

ref

N-C

0.2

0.5 M H2SO4

0.24

Stable

[3]

N-S-500

No info

0.5 M H2SO4

0.27

55% loss
after 1000
cycles

[4]

CoS2/RGO-CNT

1.15

0.5 M H2SO4

0.14

Stable

[5]

N-CoS2 NW/CC

No info

0.5 M H2SO4

0.10

9% loss after
10 h @ 50
mA cm-2

[6]

Co-NRCNTs

0.28

0.5 M H2SO4

0.26

Stable

[7]

Co-NHPC

0.285

0.5 M H2SO4

0.24

stable

[8]

Co-N-C

0.8

0.1 M H2SO4

0.18

No info

[9]

FeP NA/Ti

3.2

0.5 M H2SO4

0.055

75% loss
after 3000
cycles

[10]

Fe-WCN

0.4

0.5 M H2SO4

0.22

No info

[11]

Mo2C

1.4

1 M H2SO4

0.19

Stable

[12]

Mo2S12

50 nmol cm-2
(0.03 mg cm-2)

0.5 M H2SO4

0.18

30% loss
after 1000
cycles

[13]

Co9S8MoS2

0.21

0.5 M H2SO4

0.106

25% loss
after 4 h GS
(> 6 %/h)

[14]

Mo/Co@N-C

0.7

0.5 M H2SO4

0.157

15% loss
after

[[15]

10 h PS (1.5
%/h)
Fe4.5Ni4.5S8

0.025

0.5 M H2SO4

0.280

Stable

[16]

0.190 (after 96
h electrolysis)
Co-N-C

1

0.1 M H2SO4

0.2

30% loss
after 6 hr GS

This work

(Co,Mn)-N-C

1

0.1 M H2SO4

0.19

13% loss
after 6 hr GS

This work
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4.2 Investigation of OER on Non-PGM catalysts
4.2.1 Variation of sulfur content of Co-N-C for OER in alkaline
To further improve the OER activity of Me-N-C catalysts, ultra-high sulfur doping was probed
by introducing elemental sulfur to the synthesis route within the scope of PANIevap approach.
The effect of sulfur doping on the structure and activity of the catalyst was investigated by
variation of the S/Co ratio in the precursors. Moreover, the role of inorganic species on the
reaction mechanism was explored.
Contribution to the project: Catalysts preparation, XPS characterization, Electrochemical
characterization, Data analysis and writing
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On the role of hydroxide species in sulphur- and
nitrogen-doped cobalt-based carbon catalysts for
the oxygen evolution reaction†
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The inﬂuence of high S/Co ratios on the structural composition and oxygen evolution reaction (OER)
activity of a group of cobalt-based carbon catalysts was investigated. Catalysts were prepared from
polyaniline, cobalt acetate and dicyandiamide as precursors for active site formation and as structure
forming agents. The sulphur to cobalt ratio was investigated in a range of S/Co ¼ 10 to 32. On the basis
of a comprehensive structural characterisation by XRD, Raman, XPS, TEM and N2 sorption measurements
it was possible to show that the S/Co ratio has a signiﬁcant impact on the carbon morphology. In fact,
with increasing S/Co ratio the carbon morphology continuously changes from highly amorphous carbon
to carbon-nanotubes, with increasing diameter. Besides the anticipated CoN4 sites and cobalt sulphite
species, the catalysts also contained cobalt nanoparticles as well as cobalt hydroxide species. The most
active catalyst required 0.37  0.01 V overpotential to reach 10 mA cm2 and even increased in activity
during galvanostatic treatment and cycling-illustrating its very good performance. A faradaic eﬃciency of
>35% was determined. A detailed analysis of the activity and stability in combination with Raman and XPS
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provides two explanations for observed Tafel slope changes, that might also be coupled to each other,
namely a change in the carbon oxidation rate depending on preparation and potential or a variation in
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the coverage by hydroxide and oxidic species of the metal, whereas hydroxide species seem to enable
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a higher OER activity.

Introduction
Water electrolysis to produce hydrogen is among the most
promising technologies considering the need for appropriate
storage technologies for renewable energies.1 This is rather
important as for future society we have to move from energy
provided by fossil fuels (and the harmful eﬀect of greenhouse
gases) to renewable energies. Since renewable energy sources
are not available on a continuous basis, appropriate storage
technologies have to be developed.
In water electrolyzers, the state-of-the art materials are oen
precious metals. These systems achieve high conversion rates at
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relatively low loadings. However, precious metals such as
platinum, ruthenium and iridium (all typical catalysts for
water splitting reactions) were classied as critical raw materials by the European Commission2 due to their low availability and high costs. Non-precious metal catalysts therefore
play a crucial role in future energy supply.3 Especially, the
group of Me–N–C catalysts with catalytically active MeN4 sites
have received much attention as they are active for the oxygen
reduction reaction (ORR),4–9 CO2 reduction,10–13 and the
hydrogen evolution reaction (HER)14–18 as well as the oxygen
evolution reaction (OER).19–24 Me–N–C catalysts that are highly
active for the ORR and OER are also promising candidates as
bifunctional catalysts for metal air batteries.25,26 Regarding
their synthesis, Me–N–C catalysts can be prepared by pyrolysing a precursor mixture consisting of carbon, nitrogen and
metal sources. Most of the preparation routes that result in
highly active electrocatalysts also contain inorganic species
like carbides, nitrides or metallic nanoparticles that can
contribute to the overall performance of the resulting catalyst
in various electrocatalytic reactions.
In terms of structural composition and activity, sulphur
addition was found benecial for Me–N–C catalysts.14,27–29
However, if the sulphur content (or sulphur to metal ratio)
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becomes too large, metal sulphides are formed.14,30–32 Recently,
Qiao and his/her team prepared a bifunctional catalyst of cobalt
sulphide nanoparticles embedded in nitrogen and sulphur codoped graphene activating both the ORR and OER.25 Also others
attributed catalytic activity towards the OER to transition metal
sulphides.25,33–37
Therefore, in the context of this work, sulphur addition
might result in OER active metal sulphides and/or enable
a variation of the CoN4 contribution.
Nevertheless, during the last few decades, oxidic surfaces, as
found in transition metal oxides/hydroxides such as perovskites,38 cobalt oxides39–41 and nickel-based hydroxides,42–45 have
been known as the most promising OER catalysts. Weidler et al.
studied various cobalt oxides under OER conditions and reported a transition of an oxide surface to oxide-hydroxide sites
as active species that were formed on the surface of the catalysts.41 During the rst twelve minutes of operation, a continuous improvement of the OER activity was observed. Aerwards
no further change in activity was found. Step-by-step investigation of the as-prepared and “aged” thin lm electrodes by Xray photoelectron spectroscopy (XPS) showed that induced by
operation, the contribution of cobalt oxide-hydroxide CoOx(OH)2 increased.41 Indeed, the potential induced formation of
oxyhydroxides could not only be shown for oxides and sulphides
but also for CoN4 centres in non-pyrolyzed cobalt porphyrin that
were active for the OER.22
In particular, these described eﬀects as observed by Weidler
et al. and Daniel et al. make it questionable to what extent the
OER activity in Co–N–C catalysts can be attributed to CoN4
species (or Co sulphides, in the case of S-addition).
Inspired by the very promising OER activities observed for
Co–N–C and cobalt sulphides embedded in carbon we aimed to
investigate whether the OER can indeed be assigned to one of
the two active sites (CoN4 and/or Co sulphide) or if also here
oxidic species are the true catalytic sites for the OER. Thus, we
prepared samples of cobalt-based carbon catalysts with ultrahigh amounts of sulphur and nitrogen in the precursors.
The catalysts were thoroughly characterized in terms of
morphology, chemical composition and OER activity and
stability. We found that cobalt hydroxide species improved the
OER activity of the catalysts. This result gives an important
indication for the development of more active and stable nonprecious metal catalysts by a rational design of the synthesis.
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Fig. 1

Schematic of the synthesis of sulphur-doped Co–N–C catalyst.

the synthesis. Catalysts prepared with PANI obtained very good
stability in fuel cell operation46 and the carbon formed during the
synthesis might therefore also be of stronger corrosion resistance
as required for the OER. With the given cobalt content in the
precursor (3 wt%), even without addition of elemental sulphur
(Selemental), the molar S/Co ratio equaled ten (S/Co ¼ 10).
In order to evaluate the impact of Selemental addition during
the synthesis on the structure and morphology of the catalysts,
N2 sorption measurements and transmission electron microscopy (TEM) images were obtained as shown in Fig. 2.
It is evident from the N2 sorption measurements that the
addition of Selemental leads to a decrease in BET surface area (SA)

Results and discussion
Structural characterisation of the Co–N–C catalysts
In Fig. 1 a scheme of the synthesis is shown. Similar to our
previous work,14 PANIevap was used as the main nitrogen
precursor.
PANIevap was prepared by the oxidative polymerisation of
aniline in the presence of ammonium peroxidisulphate (APS).
The precipitate was dried without the application of washing and
ltering procedures, and thus the nal product was highly acidic
and contained polyaniline as well as the residuals from APS.
Therefore, it is labelled PANIevap. Following this procedure,
PANIevap is a carbon, nitrogen, sulphur and oxygen source within

J. Mater. Chem. A

Fig. 2 (a) Results of BET and meso- and micropore surface area (SA)
obtained from N2 sorption measurements. In (b) exemplary TEM
images of the catalysts are shown, the scale bar is 100 nm.

This journal is © The Royal Society of Chemistry 2018

View Article Online

Published on 19 October 2018. Downloaded by Technische Universitat Darmstadt on 11/5/2018 9:25:53 AM.

Paper

while on the other hand, the micropore SA tended to increase.
In ESI Fig. S1,† the cyclic voltammograms of the catalysts are
shown as well as a correlation of the double layer capacity (taken
from the CVs at 0.5 V) and the overall BET surface area.
The change in specic surface area was associated with
a change in the carbon morphology from amorphous carbon to
more dened carbon as visible from TEM images in Fig. 2b and
in ESI Fig. S2.†
In fact, for the catalysts with S/Co ratios of 15, 24 and 32 the
formation of carbon nanotubes was identied. It seems that
higher S/Co ratios led to more and larger nanostructures. This is
in agreement with previous reports on a positive eﬀect of
sulphur-addition on the growth of carbon nanobers.47,48
Also visible in the TEM images (see Fig. 2b) is the presence of
nanoparticles, which seem to be surrounded by multiple layers
of carbon, as also distinctly visible in Fig. S2.† Most likely, these
shells also acted as the protectant of the metal during the acidleaching step aer the rst heat-treatment. The presence of
these nanoparticles was also conrmed by X-ray diﬀraction
(XRD), shown in Fig. 3a. The renement of the diﬀraction data

Journal of Materials Chemistry A

identied cobalt nanoparticles in all of our catalysts together
with smaller amounts of cobalt sulphide species.
However, in the case of cat A Co3S4 was formed, all other
catalysts contained Co9S8. This is interesting, as from the S/Co
ratio in the precursor, a higher sulphur content would have
been expected for cat B to D.
As described in the Introduction, both Co3S4 and Co9S8 have
been reported as catalysts for the oxygen evolution reaction
(OER) and hydrogen evolution reaction (HER).33,36,49
The Raman spectra for the range <1000 cm1 of the catalysts
are displayed in Fig. 3b. There are four well-pronounced bands
at 463 cm1, 507 cm1, 601 cm1 and 664 cm1 and a weakly
pronounced band at about 200 cm1 that were assigned to
metallic cobalt and/or cobalt oxide particles.14,50 A comparison
of the observed bands with model systems reported in the
literature suggests the presence of CoOx and Co3O4 species.51,52
However, the small intensity of the band at 200 cm1 and the
results concluded from X-ray photoelectron spectroscopy (XPS)
(see below) indicate that the presence of CoOx is more likely,
while it seems that Co3O4 can be excluded.
As TEM indicated some protective carbon layers around the
nanoparticles and also the absence of reections which could
be assigned to cobalt oxides/hydroxides in XRD, we assume that
these were small particles with a lower degree of order and thus
X-ray amorphous. Indication of partial oxidation of the cobalt
on the surface was also given by X-ray photoelectron spectroscopy (XPS, see later in this section).
In ESI Fig. S3,† the rst order region related to carbon blacks
is deconvoluted into four bands, namely, the G band (ca. 1585
cm1), D band (1355 cm1), D3 band (ca. 1500 cm1) and the D4
band (ca. 1200 cm1). Following the same order, they are
assigned to vibrations within the graphene plane, vibrations at
the edges or at curvations, vibrations induced by heteroatoms
and vibrations of lower hydrocarbons.53–55 The ratio of ID/IG is
inversely proportional to the graphene layer extension La,53
while in our previous publications we found indications that
MeN4 centres as well as pyridinic nitrogen contributed to the D3
band intensity.56 A tendency for higher ID3/IG ratios is found for
catalysts with mir NMeN and Npyrid, as is shown in ESI Fig. S4.†

Inuence of sulphur modication on the composition

(a) X-ray diﬀraction data including reﬁnement of the four
investigated catalysts. In (b) Raman spectra are shown in the range
<1000 cm1. As the inset, the 1st order region assigned to carbon is
shown.
Fig. 3

This journal is © The Royal Society of Chemistry 2018

In order to get additional insights into the near-surface structure and composition of the catalysts, XPS was performed
(Fig. 4). In Fig. 4a the survey scan of cat D is shown. Similar to all
other catalysts, cobalt, oxygen, nitrogen, carbon and sulphur
were detected. The respective peaks are indicated in the survey
spectrum. For further analysis, the ne scans of the diﬀerent
regions were analysed. In Fig. 4b–e the Co 2p 3/2, O 1s, N 1s and
S 2p regions are shown for all four catalysts. The shape of the
curves in the Co 2p, N 1s and O 1s region seemed very similar for
all catalysts. In ESI Fig. S5† the overall Co 2p energy range is
shown as well as measurements of reference samples.
Furthermore, in Fig. S6† the t of the Co 2p 3/2 region of the
most active catalyst of this study (cat D) is exemplarily shown. A
good t was obtained assuming the presence of metallic cobalt/
Co9S8, CoN4, CoO and Co(OH)2. Due to the similarities of the Co
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Fig. 4 XPS results giving an exemplary survey scan of cat D (a) and
ﬁnescan regions related to Co 2p 3/2 (b), O 1s (c), N 1s (d) and S 2p (e)
for cat A to D (from top to bottom).

spectra, qualitatively the same species were attributed to the
other three catalysts. Note: it was visible by XRD that the catalysts contained crystalline cobalt sulphides. However, as
a reference measurement is missing to implement it in our t,
a Co 2p spectrum from the literature was considered as
a reference. Alstrup et al.57i showed in their work that the Co 2p
spectra of Co9S8 and cobalt single crystal are almost identical;
hence in the t in Fig. S6† it can only give a minor contribution
in agreement with the calculated value for S in CoSy in Table 1.
The quantitative analysis of cat D is in relatively good
agreement with contributions in the N 1s and O 1s spectra.
However, due to the need to integrate several species in this
tting, the error might be rather large. Instead of integrate, the
diﬀerence spectra of the catalysts were analysed and will be
discussed in relation to Fig. 8, below.
Considerable changes were visible in the S 2p region. Here,
the relative intensity of the peak located at about 168 eV was
signicantly higher for cat B and cat D compared to cat A
and cat C. The opposite trend was observed for a shoulder at
ca. 166 eV.
The deconvoluted N 1s and S 2p spectra are shown in Fig. 5a
and b. The peaks at 168 eV and 166 eV, respectively, were
assigned to sulphate and C–S–O bonds (integrated in carbon).
We will refer to this again, later. In addition to these two
species, cobalt sulphide (CoSy, ca. 161.8 eV) and sulphur integrated in carbon (C–S, 163.7 eV) were identied in the S 2p
spectra. Within the N 1s region (Fig. 5a) oxidic (404–406 eV),
graphitic (ca. 402 eV), pyrrolic (ca. 400.5 eV), pyridinic (ca.

Fig. 5 Deconvoluted N 1s (a) and S 2p (b) spectra of cat D. In addition,
the contents assigned to each N 1s and S 2p species were determined
and are plotted in (c) and (d), respectively.

398.5 eV) and Me–N interactions (ca. 399.5 eV) were found.58
From the relative areas and the nitrogen and sulphur contents,
the fraction of atoms bound to nitrogen and sulphur could be
determined for each species.
These values are given in Fig. 5c and d, respectively, for the N
1s and S 2p regions. Already here, the decrease of pyridinic
nitrogen and pronounced increase of sulphur heteroatoms in
carbon are visible. The trends get even better pronounced in
ESI† Fig. S7† where these values are plotted as a function of the
S/Co ratio in the precursor.
Thus, the higher initial S/Co ratio caused the release of
nitrogen and favoured the integration of sulphur as a dopant
into the carbon network.
The overall elemental composition of the catalysts is summarised in Table 1; also here the estimated amounts of nitrogen
in CoN4 and sulphur in cobalt sulphide are added. This indicates that all catalysts contained large fractions of nitrogen and
oxygen, while the sulphur content – considering its large
amounts in the precursor – was relatively small, but increased
when Selemental was added during the synthesis.

Summary of the elemental composition (at%) derived from XPS measurements of the investigated samples. Besides the overall
composition, the contents assigned to sulphur, respectively, nitrogen in CoSy and CoNx are given as well

Table 1

At%

N

C

O

Cat A
Cat B
Cat C
Cat D

13.5  0.3
11.4  0.4
11.8  0.4
10.2  0.3

76.0  0.5
72.5  0.6
74.9  0.6
71.2  0.5

7.2
10.0
8.0
11.4
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 0.3
 0.3
 0.4
 0.3

Co

S

CoSyx

2.3  0.3
2.7  0.4
2.6  0.4
3.1  0.3

1.0  0.1
3.4  0.1
2.7  0.2
4.0  0.1

0.24 
0.47 
0.42 
0.34 

CoNxx
0.02
0.02
0.03
0.01

1.8  0.1
2.1  0.2
2.1  0.1
1.4  0.1
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Impact of the composition on oxygen evolution reaction
(OER) activity and stability
Being aware of the chemical composition and local structural
environments, the electrocatalytic applicability of the catalysts
was investigated. Therefore, in Fig. 6 the linear scan voltammograms (LSVs) for evaluating the OER activity in 0.1 M KOH as
well as the corresponding Tafel plots are shown for a loading of
1 mg cm2 (Fig. S8† shows the OER activity trend for a smaller
loading of 0.5 mg cm2 (0.1 M KOH) and Fig. S9† the comparison of two measurements of each catalyst for high loading).
Considering the low onset potentials, it is evident that the
catalysts displayed a good catalytic activity for oxygen evolution
in agreement with previous ndings.33,36,49
In Fig. S10† measurements with a RRDE electrode were
performed for the catalysts to distinguish between contributions of the desired oxygen evolution reaction and the undesired carbon oxidation reaction. In contrast to Li et al.59 the
applied potential at the ring was 0.45 V (SHE) rather than 0.6 V
in their work. This potential of 0.45 V was chosen to avoid
contributions of the HER or CO2 reduction. Our selected
potential is similar to the recommendations for using the RRDE

Fig. 6 (a) Linear scan voltammetry (LSV) of the catalysts in 0.1 M KOH
at 1500 rpm (catalyst loading 1 mg cm2). The potential was corrected
for iR drop. In (b) the Tafel plots related to these measurements are
given. For reasons of comparison a commercial IrO2 catalyst was
measured (loading 250 mg cm2 at 10 mV s1).

This journal is © The Royal Society of Chemistry 2018
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for eﬃciency determination by Diaz-Molares et al.45 and
McCrory et al.60 It should be pointed out that these data were
measured on aged samples (stored in air) and were not iR corrected as the related bipotentiostat does not oﬀer iR correction.
In addition, eﬃciency determination by the RRDE on a porous
catalyst might underestimate the real OER contribution as part
of the formed O2 might be trapped in the pores.
Nevertheless, there are some important observations to be
made:
(1) Due to the storage in air the activity of the samples
became less, consequently the onset for the OER was shied to
higher potential values (see Fig. S11† for the time-dependent
change of the most active cat D).
(2) The faradaic eﬃciency 3Faraday towards the OER
(Fig. S12†), for the recommended value60 of j ¼ 1 mA cm2, was
in the case of the anodic scan about 20–25% (>50% for cat C)
and in the cathodic scan about 50% (cat A, cat D) or 70% (cat B,
cat C).
The OER activity was found to be highest for cat D followed by
cat A > cat B z cat C. Also the Tafel slope (determined in
a current density range 1–10 mA cm2) varied for the catalysts. A
value of 95  5 mV dec1 was observed for cat D, 125  2 mV
dec1 for cat B, about 128  1 mV dec1 for cat C and 190  5 mV
dec1 for cat A. The error was determined by considering variation in the current density range between 0.9 and 20 mA cm2.
Note, as the faradaic eﬃciency was obtained only for the
aged samples and without iR correction, the absolute values of
the Tafel slopes would change, whereas we assume that the
relative trend between the four samples would remain. It is
interesting to note that while the capacity correlated with the
overall BET SA, the OER activity correlates with the micropore
SA, as indicated in Fig. S1c.† The error bars from double
measurements of the OER activity are included in this graph.
In Fig. 7 both the durability (in terms of activity changes
induced by potential cycling) and the stability (in terms of galvanostatic treatment) of the best performing catalyst (cat D)

(a) LSVs of cat D in 0.1 M KOH at 1500 rpm (catalyst loading
1 mg cm2) at the beginning of life (B.o.L.) and after 500 and 2000
potential cycles. In (b) the Tafel plots related to these measurements
are shown. In (c) the LSVs at the B.o.L. and End of Life (E.o.L.) of the
galvanostatic treatment at 10 mA cm2 (d) are given.
Fig. 7
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were evaluated. The former was performed in order to check for
performance changes induced by carbon oxidation, the latter to
conrm stable performance during constant current operation.
It is evident that the current density was stable or even slightly
increased during these treatments. In addition to this,
a decrease of the Tafel slope from 95  5 mV dec1 to 65  2 mV
dec1 was observed.
In Fig. S13† the change in the CVs during this durability
cycling is shown with only minor eﬀects on the capacity induced
by cycling.
Discussion of possible origins of Tafel slope changes
Here we propose and discuss two diﬀerent explanations for the
observed trends that might even be coupled. More work is
required to enable nal conclusions.
Explanation 1. The obtained value of the Tafel slope could
depend on the degree of overlap between the OER and carbon
oxidation. Under this assumption, the contribution of carbon
oxidation is diﬀerent for the diﬀerent catalysts, causing the
variation in current density and Tafel slopes. In this case, it
could be expected that the Tafel slopes were related to the
properties of the carbon, e.g. the degree of graphitization (as
expressed by the ID/IG ratio) or edge-exposed heteroatoms. (In
the work of Charreteur et al.61 it was shown for other Me–N–C
that the full width at half maximum (fwhm) increased as more
heteroatoms were integrated at the edges of graphene layers.)
The degree of graphitization is inversely proportional to the
ID/IG ratio. Thus if ID/IG increases, a larger contribution of
carbon oxidation to the current density is expected. Consequently, Tafel slopes might increase with increasing ID/IG ratio.
To check this statement, the related graph is shown in Fig.
S14a.† Indeed, related changes in the Raman spectra were
observed by Zana et al.62 for carbon black, that was continuously
cycled between 1.0 and 1.5 V. However, for the catalysts in this
work Raman spectra were not measured aer conditioning.
Similarly, it can be expected that heteroatoms at the edges of
graphene layers get oxidized more easily; to evaluate this the
Tafel slope is correlated with the fwhm of the D band, in
Fig. S14b.† Also here, catalysts that could be assumed to exhibit
a stronger carbon oxidation current show larger Tafel slope
values. Following this explanation, the trends observed within
the stability tests in Fig. 7 could be explained, for example by
a decreasing ratio of ID/IG (as expected in relation to Zana's
work62).
Explanation 2. There is a strong relationship between the
rate determining step (RDS) as well as surface coverage and the
observed Tafel slopes for multi-electron transfer reactions.63–65
For the OER in alkaline electrolyte on single metal sites, the
following mechanism is proposed:63,64,66
M + OH # M–OHads + e

(1)

M–OHads + OH # M–Oads + H2O + e

(2)

M–Oads + OH # M–OOHads + e

(3)

M–OOHads + OH # M + H2O + O2[ + e

(4)

J. Mater. Chem. A

In these equations M indicates the metal of the catalytically
active species. In terms of the catalysis relevant surface
coverage, the equations indicate that empty sites, Co–OH, Co–O
and Co–OOH, will be formed during the oxidation cycle. There
are two extreme cases in terms of the dimension of theoretically
expected Tafel slopes. In general, a Tafel slope of 120 mV dec1
is expected when the species that is formed before the RDS is
dominating the surface coverage, e.g. if the fourth step is the
RDS a surface coverage dominated by OOHads would be
expected.
However, smaller values are observed, if the surface coverage
is shied to species formed at an earlier stage in the oxidation
cycle. For example, if the third step would be rate determining,
it is expected that the surface of the cobalt-based catalytic sites
is mainly determined by Oads. A decrease of the Tafel slope
could then also indicate that the surface coverage with Oads
becomes less, but more OHads is found. Depending on which
species are mainly found on the surface of catalytic sites, the
value might even go down to about 20 mV dec1 when for
instance empty sites remain the dominating surface sites (M
without adsorbate). This has been nicely illustrated by Shinagawa64 (see Fig. 4b–f shown in their work).
How does the second explanation relate to the results obtained in this work?
From Fig. 6 and 7 it was possible to draw the following
conclusion with respect to the activity trend: the Tafel slope of
the best performing catalyst was 95 mV dec1 and became
larger for the catalysts with the lowest performance. In accordance to this, during the stability and durability measurements
the Tafel slope decreased from 95  4 mV dec1 to 75  4 mV
dec1 and further down to 65  2 mV dec1 while the activity got
enhanced. Thus, in this work more active catalysts displayed
smaller Tafel slopes.
As described above, in terms of surface occupation,
a decrease of the Tafel slope could be indicative of a dominance
of species formed prior to the RDS within the overall oxidation
cycle.
To get further conclusions on the mechanism, the O 1s
spectra were deconvoluted into their diﬀerent components.
The spectra were tted with Co–O, Co–OH (assigned to
hydroxide and defective oxide), H2Oads and organic species
(C–O, C]O). Fig. 8 shows the deconvoluted O 1s spectrum of
the most active catalyst and correlates the concentration of
Co–OHads (from O 1s) with the amount of cobalt in the catalysts. Furthermore, it shows that the amount of Co–OHx
increases and the amount of Co–O decreases, when the Tafel
slope decreases.
Even though these data were obtained ex situ, the relationship between Tafel slopes and both Co–O and Co–OH seems to
indicate that the surface occupations of both species was of
importance for the OER on our catalysts. Indeed also the Co 2p
diﬀerence spectra (in relation to the most active cat D) in
Fig. S15† point in the same direction: while the contribution of
CoO decreased in the order cat A > cat B z cat C > cat D, the
contribution for the binding energy associated with Co(OH)2
was largest for cat D while it was approx. similar for cat B, cat A
and cat C.

This journal is © The Royal Society of Chemistry 2018
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relative contribution of the carbon nanotubes to the overall
carbon became larger. The catalysts obtained high catalytic
activity towards the oxygen evolution reaction and even
improved performance with time. The faradaic eﬃciency is
minimum 35% at 1 mA cm2 for the investigated catalysts. The
remaining current contribution is most probably given by
carbon oxidation.
The analysis of Tafel plots in relation to the 1st order region
of carbon in Raman spectroscopy and the near-surface
composition obtained by XPS let us conclude that either carbon
oxidation or a benecial formation of cobalt hydroxide species
at the surface dominated the observed Tafel slope trends. Also
a combined mechanism is possible. In future work, emphasis
should be given to a more detailed study of structural changes
induced by the OER for this group of carbon-based catalysts by
post mortem analysis.
Deconvoluted O 1s spectrum of the most active catalyst (cat D)
of this work (a). In (b) the oxygen content assigned to Co–OH is given
as a function of the as-measured cobalt content in the catalysts.
Illustration of the changes in Tafel slope as a function of O in Co–O (c)
and in Co–OH (d).

Fig. 8

Usually a Tafel slope of 120 mV dec1 is assigned to the rst
electron transfer step as the RDS. However, it seems that on this
group of catalysts, the surface occupation might be more
important for changes of the Tafel slope instead of a change of
the RDS. Comparing our trends in Fig. 8c and d to the relationship of Tafel slope and surface occupation proposed by
Shingagawa et al.,64 the fourth electron transfer step could be
assigned as the RDS.
These results are further supported by the fact that during
OER stability and durability testing (Fig. 7) a decrease of the
Tafel slope could be observed.
Therefore, also for this group of sulphur- and nitrogendoped cobalt-based carbon catalysts the concentration dependence of surface hydroxide on the OER41 was strongly indicated.
To what extent the CoN4 and CoSy species remain intact
during the OER or whether they transform to hydroxides is an
important question that needs to be addressed in more detail in
future work. It is also important to mention that carbon
oxidation and the formation/presence of hydroxide species at
the surface of the catalyst might be related to each other. For
example, the formation of hydroxide species might be initiated
by carbon oxidation and exposure of cobalt species to the
surface of the catalyst.

Experimental
Synthesis procedures
Synthesis of PANIevap. The synthesis of PANIevap was already
described in our previous article.14 Briey, PANIevap was synthesised by oxidative polymerisation of aniline with ammonium
peroxidisulfate (APS) in hydrochloric acid. The molar ratio was
1 : 3. Aer synthesis, the solution was evaporated so that the
product contains polyaniline, the residuals of APS and HCl. The
quantities of PANIevap and the other precursors are given in
Table 2.
Procedure for synthesis of Co–N–C catalysts. In order to
prepare the sulphur- and nitrogen-doped cobalt-based carbon
catalysts (CoAc), 99 mg cobalt acetate tetrahydrate and 680 mg
PANIevap were mixed and ground with a mortar and pestle. In
the next step, 2268 mg dicyandiamide (DCDA) is added as
a structure forming agent (SFA). The elemental sulphur
(Selemental) was added to the mixture aer pre-grinding and the
overall mixture was ground further until a homogeneous
mixture was obtained. Without considering the mass of the SFA
and Selemental, the precursor contains 3 wt% cobalt.
The mixed powder was lled into quartz boats and subjected
to the pyrolysis in a furnace under constant ow of nitrogen.
The synthesis procedure includes two heat treatment steps with
an acid leaching step in between. The rst heat treatment
involves heating from room temperature (RT) to 800  C at 5  C
min1, with intermediate temperature equilibrations at 300  C
for 30 min, at 500  C for 30 min and nally at 800  C for 60 min.
Subsequently, the mixture was cooled down to RT and then

Conclusions
A group of multi-heteroatom doped carbon-based catalysts were
synthesised from PANIevap., DCDA, Selemental and cobalt acetate
by a pyrolysis process. The catalysts revealed a heterogeneous
composition of cobalt nanoparticles, cobalt sulphide, CoN4
sites, and oxidised cobalt. Regarding the carbon morphology, it
was found that with a molar ratio of S/Co > 15 nanotube
formation took place, whereas at the same time the overall BET
surface area decreased. More importantly, the diameter and

This journal is © The Royal Society of Chemistry 2018

Table 2 Mass quantities for the preparation of N- and S-doped
cobalt-based carbon catalysts

[mg]

Selemental

CoAc$4H2O

PANIevap

DCDA

S/Co (molar)

Cat A
Cat B
Cat C
Cat D

0
98
180
362

98.7
98.7
98.7
98.7

680
680
680
680

2280
2280
2280
2280

10
15
25
32
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transferred to 2 M HCl for the acid leaching step (60 min in
an ultrasonic bath, followed by stirring over-night). The
suspension was washed with water, dried and transferred again
to the furnace for the second heat treatment. Also here, the
catalysts were continuously heated in a nitrogen atmosphere
but with a signicantly larger ramp of 38  C min1 up to 600  C.
The heating ramp was then slowed down to 5  C min1 up to
800  C with a dwell time of three hours. Aer cooling down,
the catalyst powder was ground and stored for further
characterisation.
Electrochemical evaluation
Preparation of the working electrode. In order to prepare the
working electrodes, a catalyst suspension was prepared and
then drop-cast on a glassy carbon disc. For the ink preparation,
5 mg of catalyst powder was mixed with 25 ml Naon (5 wt%),
142 ml of ethanol, and 83.2 ml of water. The suspension was
placed for 30 min in an ultrasonic bath. Before use, the ink was
homogenised with an ultrasonic homogenisator. Then, 10 ml of
the ink was drop-cast on the glassy carbon disc to obtain
a loading of 1 mg cm2. It should be noted that the OER activity
was also evaluated with a smaller loading (0.5 mg cm2),
therefore 5 ml of the same ink were used in the working electrode preparation.
Evaluating OER activity. The measurements were accomplished by using a standard three electrode conguration. The
setup contains the RDE electrode with a glassy carbon disc
equipped with the catalyst, a glassy carbon rod (counter electrode), and a Hg|HgO|1 M NaOH reference electrode. First, for
activation of the electrodes, cyclic voltammetry (CV) was carried
out in 0.1 M KOH from 0.0 V to 1.2 V with a sweep rate of 100 mV
s1 with 10 cycles and aerwards in the range 1.2–1.8 V for 30
cycles with a sweep rate of 300 mV s1. To evaluate the OER
activity, linear sweep voltammograms were measured from 1.2
V to 1.9 V with a sweep rate of 5 mV s1 at a rotation speed of
1500 rpm. The reported potentials refer to the standard
hydrogen electrode and are corrected for iR drop.
Evaluation of the faradaic eﬃciency 3Faraday. The faradaic
eﬃciency was determined by rotating ring disc electrode
(RRDE) experiments with a glassy carbon disc (A ¼ 0.238 cm2)
with the deposited catalysts (5 ml ink) and a platinum ring.
Potential control of the disc and ring was made with a Versastat
3/3F bipotentiostat with the same counter and reference electrodes as given above. Aer activation of the catalysts, RRDE
experiments for selectivity evaluation were performed. The
faradaic eﬃciency for oxygen formation during the OER was
determined using the following equation:
3Faraday ¼ IRingIdisc1N1

(5)

where IRing is the measured ring current, Idisc is the as-measured
disc current and N the collection eﬃciency. For the given electrode design N equals 0.38.
The selectivity measurements were made in a potential
range of 1.9 V to 1.2 V for the disc electrode with a sweep rate of
10 mV s1 at a rotation speed of 1500 rpm. The ring potential
was xed to U ¼ 0.45 V (SHE).
J. Mater. Chem. A

The internal resistivity (ohmic) was determined using
a Nordic electrochemistry potentiostat in the corresponding
OER potential window at a constant frequency (5 kHz), obtained
values are depicted in Fig. S16.† Fig. S17† shows the comparison
of the non- and iR-corrected OER polarization curve for cat D.
Compensation for ohmic losses was made according to eqn (6):
UiR-corr. ¼ Uexp  iR

(6)

Fig. S17† also gives the non-corrected OER data of the four
catalysts.
All potentials in this work were converted to the standard
hydrogen electrode (SHE) by measuring the potential shi
between the reference electrode in 0.1 M KOH towards
a commercial SHE (giving a potential diﬀerence of 0.9 V).
This value ts nicely to the theoretically assumed value of
0.907 V.
ESHE ¼ Emeasured + E0Hg|HgO|1

M NaOH

+ 0.059 V pH

(7)

ESHE ¼ Emeasured + 0.140 V + 0.767 V ¼ Emeasured + 0.907 V (8)

Evaluating OER stability and durability. The durability test
was performed with cycling between 1.1 and 1.8 V vs. SHE and
a sweep rate of 0.3 V s1, and the stability test was carried out
galvanostatically at 10 mA cm2 at a rotation speed of 1500 rpm.
Structural characterisation
X-ray diﬀraction. The measurements were performed at RT
using a Bruker D8 Advance diﬀractometer in Bragg–Brentano
geometry employing a monochromatised Cu Ka radiation
source and a VANTEC detector. Data were recorded in an
angular range between 5 and 50 (2q) for a total measurement
time of one hour using a step size of 0.007 , a step time of 0.5
step per s and a xed divergence slit of 0.3 . Due to the low
signal to noise ratio, assignment of the reections was made
using a logarithmic plot of the data and the presence of the
phases could be conrmed by Rietveld analysis.
TEM imaging. TEM characterisation was performed with
a FEI CM20 STEM (Eindhoven, the Netherlands) microscope
equipped with a LaB6 cathode and a Gatan double tilt holder at
a nominal acceleration voltage of 200 kV. The catalyst powder
was dissolved in ethanol and ultrasonicated for 30 seconds.
Large agglomerates and particles were allowed to settle down,
before a small quantity was dropped on a cupper grid with
a carbon lm (Baltec MED010).
Raman spectroscopy. The measurements were performed
using an alpha 300R confocal Raman microscope from WiTec
(Ulm, Germany) with a grid of 600 lines mm1 and an excitation
laser of l ¼ 532.2 nm with a power of 1 mW. The catalyst was
suspended and then dropped on a silica disc and le to dry. The
data were obtained for three diﬀerent spots in a wavenumber
range of 0 to 2000 cm1. An integration time of 10 s was used for
each data point. The as-given spectra are the sum-spectra of the
three measurements obtained for each catalyst. The main
paragraph text follows directly on here.
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N2 sorption measurements. N2 sorption measurements were
performed with an Autosorb test station from Quantachrome.
Prior to the measurements, the samples were degassed at 200  C
for 16 h. From N2 sorption data the BET specic surface area as
well as the micropore surface area from V–t-plots were determined. Micropores are pores with a diameter < 20 nm. The
given data of the mesopore surface area are calculated by subtracting the micropore surface area from the overall BET SA.
X-ray photoelectron spectroscopy. XPS measurements were
performed using a Specs Phoibos 150 hemispherical analyzer
and a Specs XR50M Al Ka X-ray source (E ¼ 1486.7 eV). For the
survey scans, an energy step of 1 eV has been applied and two
scans were overlaid. In addition, ne scans were obtained for
the Co 2p, O 1s, N 1s, C 1s and S 2p regions. For the ne scans
an energy step of 0.05 eV has been used. For the tting of the
spectra, the soware Casa XPS was used. The standard deviation corresponding to each species was determined by using
Monte Carlo simulation and error propagation.
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Figure S1. Cyclic voltammetry in N2 saturated 0.1M KOH at 100 mV s-1 (a) and correlation attempts of
the double layer capacity with the BET surface area (b) and of the current density at 1.6 V versus
micropore surface area.
Figure S2. TEM images of the catalysts at different magnifications, on top the related scaling of the
scale bar is given.
Figure S3. Deconvoluted Raman spectra of the 1st order region assigned to carbon blacks for all four
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Figure S4. Correlation between ID3/IG ratio and the sum of NMe-N plus Npyrid. and correlation between
ID/IG ratio and the relative fraction of C-S-O (increase).
Figure S5: Co 2p full spectra range for all investigated catalysts as well as reference systems.
Figure S6: Exemplary fit of Co 2p 3/2 region of cat D with different components. The spectrum of
Co9S8 was digitalized from data provided in Alstrup et al., J. Catalysis 1982, see reference 57 of the
main manuscript.
Figure S7. Correlation of the atomic concentrations of Npyridinic., and C-S as a function of the S/Co ratio
in the precursors.
Figure S8. The linear scan voltammograms (LSVs) and Tafel plots for evaluating the OER activity with
lower catalyst loading (0.5 mg cm-2) in 0.1M KOH (rpm1500).
Figure S9. Repetition of the OER activity measurements of the catalysts and standard deviation of the
overpotential
Figure S10: RRDE data of the four aged catalysts measured at 10 mV s-1 with 5 µl ink (corresponding
loading on disc: 0.412 mg cm-2), the ring potential was kept at 0.45 V (SHE). Darker colors refer to the
anodic (initial) scan, lighter colors to the related cathodic scan that was performed after.
Figure S11. LSVs of the most active catalyst measured at different time intervals after preparation (as
indicated in the label) and plot of the overpotential versus time after preparation. It becomes visible
that there is a strong decay of the catalyst with storage time.
Figure S12. Trends in faradaic efficiency as a function of applied potential for the aged catalysts A to
D. See Table S1 for summary of average values at 1 mA cm-2.

Figure S13. CVs during durability cycling (compare Figure 7a), shown are every 100th cycle, whereas
the initial cycle, cycle No. 500 and cycle No. 2000 are highlighted in the respective color. All other
cycles displayed in black. Cycling in 0.1M KOH at 1500 rpm with a sweep rate of 300 mV s-1.
Figure S14. Correlation attempts of the ID/IG ratio (a) and the full-width at half maximum (fwhm) of
the D-band (b) versus the Tafel slopes.
Figure S15. Co 2p difference spectra of catalysts A-C in relation to the most active cat D. The arrow at
ca. 778 eV might be attributed to Co-O species, whereas the arrow at ca. 782 eV is indicative of
hydroxide species.
Figure S16. As-measured resistivity data (related to Figure 6 of the main manuscript) versus applied
potential for the four catalysts A-D.
Figure S17: Comparison of the original activity scan of cat D and after iR correction (top graph) and
comparison of the original data of all four catalysts (bottom graph). All measurements for a loading
of 1 mg cm-2.
Table S1: Summary of the faradaic efficiencies of catalysts A-D at a current density of 1 mA cm-2 in
the anodic and cathodic scan.
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the double layer capacity with the BET surface area (b) and of the current density at 1.6 V versus
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Figure S10: RRDE data of the four aged catalysts measured at 10 mV s-1 with 5 µl ink (corresponding
loading on disc: 0.412 mg cm-2), the ring potential was kept at 0.45 V (SHE). Darker colors refer to the
anodic (initial) scan, lighter colors to the related cathodic scan that was performed after.
The increase of efficiency from anodic to cathodic sweep might have been caused by the decrease in
the carbon oxidation contribution as it was shown for some carbon blacks that carbon oxidation
decreases with number of cycles.

Figure S11. LSVs of the most active catalyst measured at different time intervals after preparation (as
indicated in the label) and plot of the overpotential versus time after preparation. It becomes visible
that there is a strong decay of the catalyst with storage time.

Figure S12. Trends in faradaic efficiency as a function of applied potential for the aged catalysts A to
D. See Table S1 for summary of average values at 1 mA cm-2.
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Figure S14. Correlation attempts of the ID/IG ratio (a) and the full-width at half maximum (fwhm) of
the D-band (b) versus the Tafel slopes.
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Figure S16. As-measured resistivity data (related to Figure 6 of the main manuscript) versus applied
potential for the four catalysts A-D.
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comparison of the original data of all four catalysts (bottom graph). All measurements for a loading
of 1 mg cm-2.

Table S1: Summary of the faradaic efficiencies of catalysts A-D at a current density of 1 mA cm-2 in
the anodic and cathodic scan.
εFaraday / %
Anodic
Cathodic
Average

Cat A
20 ± 1
49 ± 4
35

Cat B
21 ± 2
68 ± 2
44

Cat C
55 ± 3
77 ± 1
66

Cat D
24 ± 1
49 ± 3
36

For the efficiency determination all values in the range 0.9 – 1.1 mA cm-2 were considered to
determine the average and standard deviation.

4.2.2 Comparative study of structural changes of Co-based catalysts for the OER
In this project, a manganese-doped and a sulfur-doped catalyst within the PANI approach were
prepared and characterized under oxygen evolution reaction in alkaline media. XPS and
Identical Location TEM (IL-TEM) were performed to establish the post mortem analysis of the
catalysts. Therefore, near-surface and bulk properties of the catalysts were investigated before
and after electrochemical conditioning in order to identify the origin of the excellent OER
activity.
Contribution to the project: Catalysts preparation, XPS characterization, Electrochemical
characterization, Post mortem analysis (XPS), Data analysis and writing
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Post mortem evaluation of sulfur- and manganese-doped cobaltbased catalyst under water oxidation
Ali Shahraei, Natascha Weidler, Markus Kübler, Lingmei Ni, Ioanna Martinaiou, Bernhard
Kaiser, Robert W. Stark, Wolfram Jaegermann, Ulrike I. Kramm

Abstract
In order to develop non-precious catalysts for the water oxidation reaction, a fundamental
understanding of the nature of active center is required. Herein, we present a comprehensive
study performing X-ray Photoelectron Spectroscopy (XPS) and Identical Location Transmission
Electron Microscopy (IL-TEM) before and after electrochemical conditioning within multiple
steps to investigate potential-induced changes to the structure and morphology of S- and Mndoped PANI-based cobalt catalysts. We were able to identify that the change in structure does
strongly depend on the type of doping and the type of active sites present in the catalysts. Based
on the post mortem analysis of the here presented Co-N-C catalysts and the comparison with
thin film cobalt based model systems, we could even show that both, metal oxyhydroxides and
MeN4 species,can activate the oxygen evolution reaction in alkaline medium. Moreover, the
combination of IL-TEM with XPS as characterization methods applied to carbon based materials
presents an highly innovative approach to address the effect of doping on the unavoidable
carbon oxidation.

Introduction
Electrochemical energy conversion plays a tremendous role in the transition from fossil fuels to
renewable energies. In particular, zero-emission electrolysis is a promising technology to
produce hydrogen by water splitting, which is regarded as a future energy carrier. This process
includes a cathodic half-cell reaction, hydrogen evolution reaction (HER) and an anodic halfcell reaction, oxygen evolution reaction (OER). Unlike the HER, the OER is considered as a
sluggish complex reaction with four sequential electron transfer steps, which requires a large
overpotential to overcome the thermodynamic barriers.1 In order to decrease the overpotential,
numerous studies have focused on developing stable catalysts activating oxygen evolution
reaction based on noble metal oxides (Ir and Ru)2–4, complex composites of transition metal
oxides5–7, sulfides8–10and proviskites11. More recently, metal- and nitrogen-doped carbon-based
materials, known as Me-N-C, have gained increased attention due to their astonishing activity
toward oxygen reduction reaction (ORR)12–15. Despite the accelerating progress in the
development and optimization of these catalysts for ORR, the progress in the field of OER is
much more dawdling. The main reason for this is the lack of detailed systematic studies

exploring the nature of active sites, the reaction mechanism and atomic-scale catalytic
properties in the case of OER.16 During the last decade, several authors investigated model
catalysts to gain a fundamental understanding of OER mechanism for transition metal
complexes.7,16,17,18 There is still a strong debate whether the non-oxide metal complexes (MeN, Me-S) are participating directly in the electrochemical reaction or if the improved activity is
originating from their decomposition to metal oxides.19,20 Daniel et al. reported the
decomposition of cobalt porphyrin deposited on FTO substrate (as a model catalyst) into CoOx
species during water oxidation. In this work, the newly formed film was considered as the main
active catalyst for OER.17 In contrast to this report, Wang et al demonstrated the formation of
Co4+-porphyrin cation radical as the reactive oxidant which is responsible for oxygen evolution.
Indeed, the authors claimed that the catalyst was stable during electrochemical conditioning
with no evidence of cobalt oxide film formation.21 Despite the great knowledge regarding model
catalysts, it is required to study the real complex catalyst systems and compare them with the
models to acquire a reliable explanation of the nature of the active sites. In our recent
publication, we reported an active sulfur modified Co-N-C catalyst active toward OER in
alkaline medium. It was found that the hydroxide formation during pyrolysis plays an important
role for the OER mechanism and the rate determining step. Besides, numerous studies have
been made to develop OER catalysts on the basis of manganese inspired by the tetranuclear
manganese cluster in the photosystem II.22,23In order to get a comprehensive insight into the
role of oxide species and MeNx complexes on Me-N-C catalysts, we performed post mortem
analysis of S- and Mn-doped Co-N-C as catalyst for water oxidation. Based on the the structural
changes observed for differently doped Co-N-C catalysts in comparison to thin film cobalt oxide
model catalysts, we were able to elucidate the origin of OER activity in dependence on the
dopant.

Experimental
- Catalyst preparation
To synthesize Co-N-C catalysts, PANIevap (previously reported in our publications,24 elemental
sulfur, dicyandiamide (DCDA) and metal acetates (manganese and cobalt) were used. For nondopant Co-N-C, 99 mg cobalt acetate tetrahydrate and 680 mg PANIevap were mixed and
grounded using a mortar. In a next step, 2268 mg dicyandiamide (DCDA)) was added to the
mixture. In case of the S-doped sample, 362 mg of elemental sulfur (S8) was added to the
precursor mixture that was described before for the non-dopant catalyst. For Mn-doped sample,
68 mg cobalt acetate tetrahydrate, 31 mg manganese acetate and 680 mg PANIevap were mixed
and grounded with a mortar. Then, 2268 mg dicyandiamide (DCDA) was added to the mixture.

All three catalysts were subjected to the heat treatment step at 800° C with a ramp of 300° C/h.
This step was including 300° C (dwelling 30 min), 500° C (dwelling 30 min) and 800° C
(dwelling 60 min). Then, the cooled down powder was transferred to 2M HCL for acid leaching
followed by 2 hours sonication and remained overnight. After washing with distilled water, the
remaining powder was subjected to the second heat treatment including a fast ramp of 38°
C/min to 600° C and a heating to 800° C with the ramp of 300° C/min (dwelling 3 hours).
Cobalt oxide model catalysts were prepared by plasma-enhanced chemical vapor deposition as
described elsewhere.7

-

X-ray photoelectron spectroscopy (XPS)

The XPS characterization of the as prepared S-, and Mn-doped Co-N-C catalysts were performed
using Indium-foil as a substrate. For the post mortem analysis of the S-, and Mn-doped Co-NC catalysts a custom-made sample holder was developed to perform XPS directly from the
catalyst ink coated on the working electrode.
The measurements were carried out with A Specs Phoibos 150 hemispherical analyzer and a
Specs XR50M Al X-ray source (E = 1486.7 eV). The energy steps of 1 eV and 0.05 eV were
applied for survey scnas and high resolution scans. The spectra were analyzed with CasaXPS
software using a shirely background and the Gaussian to Lorentzian ratio GL30.

-

Identical Location Transmission Electron Spectroscopy (IL-TEM)

Before each measurement, the catalyst powder was dispersed in ethanol and sonicated of 30
sec in ultrasonic bath. After settlement of the large particles in the suspension, a drop was
placed on a gold mesh (perforated carbon layer on gold finder grid F1/200) suitable for
identical location TEM measurement. The FEI CM20STEM (Eindhoven, The Netherlands)
microscope equipped with a LaB6 cathode and a Gatan double tilt holder at a nominal
acceleration voltage of 200 kV were used to perform he measurement.

-

Raman Spectroscopy

Raman spectra were conducted using an alpha 300R confical Raman microscope from WiTec
with a grid of 600 lines mm-1. To obtain Raman spectra, a laser with the power of 1 mW with
excitation of 532.2 nm was applied. The average reported spectra is obtained with overlapping
10 scans (integration of 10 seconds per scan) in four different positions.

-

Electrochemical characterization

Catalyst ink: The catalyst ink was prepared by mixing 5 mg of catalyst powder with 25 µl
Nafion (5 wt%), 142 µl of ethanol, and 83.2 µl of water. In order to prepare the working
electrode, 10 µl of the ink was drop-casted on glassy carbon resulting in a catalyst
loading of 1 mg cm-2.
Cyclic voltammetry (CV): The CVs were obtained using a RDE setup in standard three
electrode configuration.

The setup was including a glassy carbon coated with the

catalyst as working electrode, glassy carbon rod as the counter electrode and Hg/HgO
as a reference electrode. First, a CV was carried out in 0.1M KOH from 0.0 V to 1.2 V
with a sweep rate of 100 mV s-1 as an activation step. To evaluate the OER activity, linear
sweep voltammograms were measured from 1.2 V to 1.9 V with a sweep rate of 5 mV s1

at a rotation of 1500 rpm. The reported potentials refer to the standard hydrogen

electrode and are corrected for iR drop.
Electrochemical activity: The polarization curve was reported after 30 cycles with a
sweep rate of 300 mV s-1 between 1.2 to 1.8 V.
Electrochemical conditioning: The durability test was performed with cycling (2000
cycles) between 1.2 and 1.9 V versus standard hydrogen electrode and the sweep rate
of 300 mV s-1. The stability test was carried out galvano-statically at 10 mA cm-2 and
potentio-statically at 1.85 V (versus hydrogen electrode). All the measurements were
performed at the rotation speed of 1500 rpm.

-

Post-mortem

suitable Sample hwolders were specifically designed for each technique. For XPS, a male screw
thread was constructed on a standard XPS sample holder for mounting the electrode. To
maintain the electronic conduction, a gold pin was installed in order to connect the glassy
carbon to the sample holder. The height of the electrode was optimized to maintain the beam
radiation. To perform electrochemical conditioning, the working electrode was unscrewed and
mounted on a RDE shaft.

Figure E1. Designed apparatus for Post mortem XPS experiments

For electrochemical condition related to IL-TEM, the gold mesh was placed on the glassy carbon
and mounted on the RDE shaft for the electrical connection. A cap was designed to be mounted
on the electrode to fix the position of gold mesh in contact between the glassy carbon and
electrolyte. This method was adapted from Meier et al.25

Figure E2. Designed apparatus for Post mortem IL-TEM experiments
First of all, each catalyst was drop-cast on a glassy carbon (GC) disc or gold mesh and
characterized without any conditioning. Then, three steps electrochemical conditioning (EC)
with different timing (increasing consecutively) were performed followed by the
characterization within each step. The EC steps might be Galvanostatic (GS), Potantiostatic (PS)
or cycling. Table E1 shows the post mortem analysis performed for different conditions.
Table E1. Post-mortem analysis performed in this work
GS

PS

Cycling

XPS

Reference cat.

XPS

S-doped

XPS

XPS, IL-TEM

Mn-doped

XPS

IL-TEM

Results
Part I: Effect of doping on catalyst properties
Previously we reported the positive effect of multi-heteroatom doping on the electrochemical
activity of the unique PANI-based Co-N-C catalyst system.24 Based on the experimental postmortem approach, the effect of doping on the potential induced changes in structure and
morphology occurring under OER conditions. And hence their influence on the electrochemical
OER activity and stability of the PANI-based Co-N-C catalyst were investigated.
In this study, a PANI-based dopant free, a sulfur doped and a manganese doped Co-N-C catalyst
were prepared and characterized with respect to their surface and bulk properties. First, the
electronic structure and elemental composition of the as prepared catalysts were investigated
with XPS. As reported in Table1, doping elemental sulfur or manganese decreased the nitrogen
content in the final Co-N-C catalysts. These findings agreed with the results reported in our
recent works.24,26 Besides, the overall decrease in nitrogen content, a change in oxygen
concentration was identified, that depends on the type of dopant. It was observed that sulfur
doping increases the oxygen content, while doping with manganese causes a drop in the oxygen
content.
Table 1. Summary of the elemental composition derived from XPS
C

N

O

Co

S

NMeN

SMeS

OMeO

OMeOH

Not-doped

76

13,5

7,2

2,3

1

1,8

0,24

1,7

2,5

S-doped

71,2

10,2

11,5

3,1

4

1,4

0,34

1,36

5,2

Mn-doped

91

4,9

1,6

0,39+1,1

0,85

0,43

0,22

0,51

0,51

At%
Co-N-C
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The high resolution XP spectra of the Co 2p3/2 and O 1s, presented in Figure 1, revealed that the
type of dopant strongly determines the type of inorganic species that is finally formed in the
catalysts after the pyrolysis. The Co 2p3/2 line of the dopant-free Co-N-C consisted of a main

peak at a binding energy of 780 eV and a satellite at a distance of 6 eV as it was typically found
for Co(II) in CoO and CoN4.7,27,28

Figure 1. The high resolution XPS spectra of the Co 2p, Mn 2p and O 1s of the as prepared
catalysts.
The small shoulder at a binding of 778 eV referred to the presence of metallic Co nanoparticles.
It should be noted that this peak overlaps with the one attributed to Co9S8.29 In comparison, the
low binding energy feature attributed to lattice oxygen in CoO appears at a binding energy of
529.8 eV.30 With sulfur doping, the main peak was shifted to higher binding energy (~780.5
eV) compared with non-doped catalyst, as it was typically found for Co(II) in Co(OH)2.28 In
addition, the O 1s line identified Co(OH)2 being present as inorganic species supported on the
Co-N-C by the high binding energy feature at 531.4 eV. Therefore, one can conclude that the
increase in oxygen content was related to an increased formation of Co(OH)2.28 In contrast to
the sulfur-doped catalysts, the Co 2p3/2 peak of the manganese doped sample did not show a
shift in binding energy. The Co 2p line identified the presence of metallic Co by the Co 2p3/2
peak at a binding energy of 778 eV and of Co(II) by the Co 2p3/2 peak at a binding energy of
780 eV. Indeed, according to literature reports and the reference spectrum of CoTMPP that is
shown in Figure S1, the Co 2p peak at 780 eV can be assigned to Co(II) in CoN4 or CoO. But
especially the low oxygen content of only 1.6 % indicated Co(II) predominantly being present
as CoN4 sites. The Mn 2p3/2 signature of the Mn- doped catalyst (Figure S2) showed a peak at
641.1 eV and a satellite at 647.1 eV which was attributed to Mn(II).31 The main peak at 642 eV
is suggested as Mn(III) in MnN4 coordination in agreement with MnTMPyP XP spectrum
reported in literature.32
One can conclude that the addition of Mn as a dopant seems to suppress the formation of CoO
and Co(OH)2 during the preparation and hence reduces the amount of inorganic impurities.

The latter conclusion was confirmed by analyzing Raman spectra of the Co-N-C catalysts in the
lower wavelength range, which is shown in Figure S3. The peaks can be assigned to oxide
species, such as CoOx and Co3O4 observed for dopant-free and S-doped catalysts.33 The absence
of Co3O4 can be confirmed as the XP spectra show no presence of any Co3+ species. In contrast,
no peaks in this region were observed in the case of Mn-doped catalyst, which underlines the
effect of manganese in suppressing formation of metal oxide species.

Figure 2. OER polarization curves of the as prepared catalysts
Figure 2 shows the OER polarization curves of the as prepared catalysts recorded in 0.1 M KOH
before the galvanostatic conditioning was performed. It was observed that both, manganese
and sulfur doping enhance the OER activity. At a current density of 10 mA cm-2, the
overpotential decreased by 50 mV for the Mn-doped and by 120 mV for the S-doped catalyst.
So far, it was shown that heteroatom doping determines the formation of oxide species, which
affects the electrochemical activity. Here the question arises if the improved electrochemical
activity is attributed to the metal oxides/hydroxide species or MeN4 sites.
Exploring the origin of activity for S-doped catalyst
To get further insight into the single contributions of different species (inorganic, CoN4 and
cobalt nanoparticles) to the OER activity, the electronic structure and morphology of sulfur
doped Co-N-C catalyst was investigated post mortem with XPS and IL-TEM. The analysis was
made after performing a stepwise galvanostatic polarization at 10 mA cm-2 for 5, 10 and 60
minutes as it is described in experimental part.

Figure 3. High resolution XP spectra of the a) Co 2p, b) O 1s, c) VB, d) N1s regions of the Sdoped catalyst after electrochemical conditioning (GS)
Figure3 shows the high resolution XP spectra of the Co 2p, the O 1s, N1s, and VB regions of the
not-conditioned S-doped catalyst in comparison to the spectra that were subsequently carried
out after the respective galvanostatic polarization. The Co 2p signature of the not-conditioned
sample showed a broad peak at 781.4 eV and a satellite at 786.4 eV (5 eV difference), which
was ascribed to Co(II) in Co(OH)2. After five minutes of electrochemical conditioning the
Co 2p3/2 peak was shifted to a lower binding energy of 779.7 eV. Associated to this binding
energy shift, the intensity of the Co(II) satellite at 786.4 eV decreased and a satellite attributed
to Co(III) appeared at a binding energy of 790.1 eV. In addition, the valence band region
showed the 3d(t2g)6 feature at 1.5 eV that was assigned to the Co(III) oxidation state.7,18
Interestingly, the cobalt phase was not changed while continuing the galvanostatic polarization
for prolonged time (10 and 60 minutes).
The change in binding energy of the Co 2p peak as well as the change in satellite structure
clearly pointed to the oxidation of Co(OH)2 to CoOOH. In agreement with the change in Co 2p

line, the O 1s line showed an increased intensity for the low binding energy peak at 529.5 eV
after the galvanostatic conditioning which is related to M-O in CoOOH.
Recently, Weidler et al. reported a correlation between the presence of hydroxide moieties and
the OER activity studying thin film Co- and Ni-oxides as model catalysts. They found that the
overpotential decreases with increasing hydroxide moieties.7,34 By characterizing the catalysts
as prepared surface and post mortem after the electrochemical characterization, they found that
the presence of hydroxide moieties support the formation of the active cobalt oxyhydroxide
phase during OER in which the Co(III) oxidation sate is stabilized the best.7

Figure 4. High resolution XP spectra of the Co 2p an O 1s region recorderd for the initial
hydroxylated CoO(OH)2 and after the galvanostatic conditioning (a and c) and for the initial
and galvanostatically conditioned CoO (b and d).
To discuss the single contribution of Co(OH)2 in more detail, the post mortem analysis was
conducted in addition for support-free hydroxylated thin film cobalt oxide (CoOx) as model
catalyst prepared by PECVD. The hydroxylated CoO was further denoted as CoOx(OH)2 . Figure

4a and 4c show the high resolution XP spectra of the Co 2p, the O 1s regions of the as prepared
CoOx(OH)2 film and post mortem after the galvanostatic polarization.
In agreement with the changes in Co 2p spectrum observed for the sulfur-doped Co-N-C (+S)
catalyst, the Co 2p3/2 peak of CoOx(OH)2 shifted towards lower binding energies from 780.6 eV
to 780.1 eV. Furthermore, the satellite structure changed while the Co(II) satellite at a distance
of 5.5 eV to the main peak vanished, the Co(III) satellite at a distance of 10 eV appeared. The
oxidation of the hydroxylated CoO to CoOOH was also confirmed by the appearance of the
valence band feature at 1.4 eV identifying Co(III) as the dominant oxidation state. (Figure S4)
For the model catalyst, the change in the O 1s line after the galvanostatic test was more
pronounced compared to the highly complex S-doped catalyst system: The decrease in intensity
of the high binding energy O 1s peak of to Co-OH is associated with the increase in the low
binding energy feature of Co-O. In addition, the binding energy difference between the M-OH
and M-O peak was found to be decreased as it was typically observed for Co-OOH.7,18 The XP
spectra of the model catalyst provides the advantage to carry out component fits, whereby one
can determine the content of Co(III) as well as the content of Co-OH. All in all, it can be proven
that the Co(III) content increased from below 1% to 91 % after the galvanostatic polarization.
In contrast to the hydroxylated CoO model catalyst, the hydroxide-free CoO was not able to
oxidize from CoO to CoOOH during galvanostatic polarization. The presence of both satellites,
(790 eV for Co(III) and 786 eV for Co(II)) as well as the double peak feature of the Co 2p3/2
peak at a binding energy of 779.9 eV identified the presence of Co(II) and Co(III) as it was
reported for spinel type Co3O4. The presence of Co(III) was further confirmed by the Co(III)
feature at 1.4 eV in the valence band (Figure S4). Furthermore, the O 1s spectrum clearly shows
the predominant presence of cobalt oxide by the O 1s peak at 529.7 eV that was assigned to
lattice oxygen.
The cyclic voltammograms recorded in 0.1 M KOH for the hydroxide-free and the hydroxylated
CoO model catalysts (Supporting Information) clearly showed that the presence of hydroxide
moieties in the as-prepared catalyst promoted the potential-induced formation of the highly
active CoOOH under operating conditions. (Figure S5) Based on the results derived for the
model catalysts, one can suggest that the increase in activity due to sulfur doping is most
probable related to the increased content of hydroxide moieties.
In the N 1s region, a constant decrease in pyridinic nitrogen groups can be identified with
conditioning. Besides, the increase in intensity at a binding energy of 402 eV can be observed.
Therefore, the peak related to the graphitic species is increased while pyridine was reduced
stepwise. Also, for carbon-based systems, the contribution of carbon oxidation to OER cannot

be neglected. In our previous work, the S-doped catalyst revealed a Faradic efficiency of 50%
in the cathodic sweep based on RRDE measurements.24 Therefore, it is crucial to explore C 1s
spectra after water oxidation in order to evaluate the carbon oxidation effects on the structure.
As typical for carbon based materials, carbon corrosion can be identified by the shift of the C 1s
from 284.3 eV for the as prepared catalyst to 284.7 eV after galvanostatic conditioning (Figure
S6). 35
To study the effect of conditioning on morphology of the catalyst, Identical location TEM
experiments (IL-TEM) were carried out. The potentiastatic method was chosen since other
methods easily tear down the fine gold mesh specifically designed for IL-TEM. It was shown in
Figure S7, and S8 that the main conclusion for GS, PS and cycling were similar for S-doped
catalyst). Therefore, low and high magnification TEM images recorded after 5, 10 and
60 minutes of potentiostatic polarization are reported in Figure 5 in comparison to the initial Sdoped Co-N-C. The carbon morphology of the initial S-doped Co-N-C was characterized by socalled bamboo-type carbon tubes that encapsulate cobalt particles. The fine bamboo tubes have
a diameter between 40-70 nm. It was observed that after conditioning of the catalyst, the cobalt
particles were protected within the bamboo tubes and they were kept intact. This drops to the
conclusion that the potential induced carbon corrosion was mainly occurring on the edges/walls
of the bamboo tubes.

Figure 5. Low and high magnification TEM images of S-doped catalyst recorded after
electrochemical conditioning (PS)

Exploring the origin of activity for Mn-doped catalyst
The comparison of XP spectra of the as-prepared catalysts revealed that in contrast to the Sdoped Co-N-C, the Mn-doped Co-N-C catalyst exhibits Co(II), Mn(III) predominantly present as
MeN4. To explore the activity and stability of MeN4 as the active sites post-mortem analysis
were performed analog to that of the S-doped catalyst. Figure 6 presents the Co 2p3/2 spectra of
the initial Mn-doped Co-N-C and after 5, 10 and 60 minutes of galvanostatic conditioning at a
current density of 10 mA cm-2. Interestingly, no potential-dependent change in structure was
observed for the Mn-doped catalyst. The Co 2p3/2 peak associated to CoN4 is positioned at a
binding energy of 780.4 eV for the initial Mn-doped Co-N-C and after the galvanostatic
conditioning. In agreement with this observation, the valence band spectra confirmed the
absence of Co (III) species after the galvanostatic conditioning. It should be noted that the broad
and narrow Co 2p peak at 783.3 eV was most probably related to cobalt impurities in the initial
catalysts.

Figure 6. High resolution XP spectra of the a) Co 2p, b) Mn 2p, c) O 1s, and d) VB regions of
the Mn-doped catalyst after electrochemical conditioning (GS).

Nevertheless, since the Co 2p spectra after conditioning did not exhibit this peak, one can
exclude that these impurities immediately dissolved and did not contribute to the activity.
Similarly, in Mn 2p spectra, the peaks at 641.1 and 642 eV related to Mn(II) and Mn(III)
remained at the same position after galvanostatic conditioning. A broad peak at 644 eV related
to higher Mn oxidation states vanished after conditioning which was considered as impurities.
Similar to the S-doped catalyst, the N 1s spectrum revealed the increase of graphitic nitrogen
by an increased intensity at above 400 eV. The C 1s spectra of the Mn- doped Co-N-C catalyst
shows identical shift of the C 1s peak towards higher values indicating the oxidation of the
carbon. (Figure S9) The identical location TEM measurements carried out for the Mn-doped
catalyst confirmed the low corrosion resistivity of the carbon structure. The initial structure was
characterized by fine graphene layers in which cobalt and manganese particles were wrapped
by graphene layers. After conditioning, it was observed that carbon layers were mostly covered
with KOH from the electrolyte and corroded on the surface, and consequently the particles were
partially removed or replaced.

Figure 7. Low and high magnification TEM images of S-doped catalyst recorded after
electrochemical conditioning after electrochemical conditioning (PS)

Discussion
In order to investigate subtle changes on the structure of S- and Mn-doped Co-N-C in more
detail, we calculated difference spectra between the initial spectrum and from the spectrum
recorded after the galvanostatic conditioning (Figure 8). Positive (negative) area is assigned to
the increase (decrease) of the corresponded component. Regarding carbon region, steep

changes at the energy of 284.3, 285.7, 286.3 and 288.7 eV were spotted, shown in Figure 8. In
the case of S-doped sample a negative peak at 284.3 eV and positive peak at 285.7 eV, revealed
the formation of surface group C-OH with oxidization of carbon in C=C. In contrast to S-doped
catalyst, no negative peak at C=C region was observed while the formation of C=O and COOH
was detectable in the case of Mn-doped catalyst.36 Therefore, the conclusion can be drawn that
both catalysts suffer from carbon corrosion, though the carbon oxidation mechanism might be
different.36 Regarding cobalt region, a systematic uprising of the positive peak at 779.7 eV and
negative peak at 783 eV, confirmed the transition of Co(II) to stable Co (III) species.
Comparison of O 1s region difference spectra showed two identical positive peaks at 529.5 eV
and 530.7 eV confirming the formation of CoOOH species similar as it was observed in case of
the model catalysts. In fact, it was reported that the unique O 1s line of CoOOH typically
consisted of two O 1s peaks with the same intensity: A low binding energy peak at 529.9 eV
assigned to Co-O and a high energy peak at 531.2 eV attributed to Co-OH, which was in
agreement with our results.30

Figure 8. Comparison of difference spectra of S- and Mn-doped catalyst after 5 and
10 minutes galvanostatic conditioning
The equivalent Mn-doped difference of Co 2p spectra showed a negative peak at 778 eV
corresponded to cobalt nanoparticles. This observation implied that the cobalt nanoparticles
were removed during water oxidation and they were not participating in OER activity. Indeed,
it can be shown that CoN4 sites were stable during the conditioning since no peak changes was
observed at 780.1 eV. It should be noted that the difference spectra of Mn 2p region showed
negative peaks at 642 eV and 644 eV attributed to MnN4 and manganese oxide impurities,

respectively (Figure S10). Thus, it could be concluded that MnN4 species are not stable during
water oxidation and destructed after electrochemical conditioning.
Therefore, the dominant active sites participating in OER for Me-N-C catalyst is strongly
depending on the surface structure controlled by dopant. However, it is crucial to study this
influence of inorganic species on the reaction kinetic. The OER mechanism in alkaline medium
(for a single metal atom) is described below,

M + 𝑂𝐻 − ⇌ 𝑀 − 𝑂𝐻𝑎𝑑𝑠 + 𝑒 −

(1)

𝑀 − 𝑂𝐻𝑎𝑑𝑠 + 𝑂𝐻 − ⇌ 𝑀 − 𝑂𝑎𝑑𝑠 + 𝐻2 𝑂 + 𝑒 − (2)
𝑀 − 𝑂𝑎𝑑𝑠 + 𝑂𝐻 − ⇌ 𝑀 − 𝑂𝑂𝐻𝑎𝑑𝑠 + 𝑒 −

(3)

𝑀 − 𝑂𝑂𝐻𝑎𝑑𝑠 + 𝑂𝐻 − ⇌ M + 𝐻2 𝑂 + 𝑂2 ↑ +𝑒 − (4)

Figure 9. Comparison of stability measurement of S- and Mn-doped catalyst (a and c) and
Tafel plots for initial (b and d), 5 and 10 minutes galvanostatic conditioning
Therefore, Tafel slopes were derived for initial, 5 and 10 minutes conditioning depicted in
Figure 9. S-doped catalyst showed systematic decrease in Tafel slope, unlike the ones for Mn-

doped catalyst. This decrease to 65 mV/dec corresponded to the formation of oxy/hydroxide
(high hydroxide coverage) and transition of Co(II) to Co (III) as it was reported in the recent
studies confirming XPS results.7,24 As a conclusion, primary discharge step would not be the rate
determining step (RDS) after 10 minutes conditioning. 37 However, Mn-doped catalyst showed
a 120 mV/dec slope corresponded to the first discharge step as RDS. The comparable behavior
was observed for long-term stability test shown in Figure S11. It might be concluded that the
presence of inorganic species on the surface define the rate determining step and reaction
mechanism.

Conclusion
In this work, sulfur- and manganese doped Co-N-C catalysts were presented as promising
electrocatalysts for OER in alkaline medium. The catalysts were evaluated by XPS and IL-TEM
with respect to structural and morphological changes induced by water oxidation. It was shown
that the formation of metal oxide and the carbon morphology can be controlled during the
synthesis with heteroatom doping (sulfur or manganese). In the case of the sulfur-doped
catalyst with predominant cobalt hydroxide species, the transformation of Co(II) to Co(III)
(cobalt oxyhydroxide) similar to model film catalyst was observed. In contrast to S-doped, the
Mn-doped catalyst with predominant MeN4 sites did not show the abovementioned
transformation with stable MeN4 sites during water oxidation. Besides, both catalysts suffered
from carbon oxidation as side-reaction of water oxidation observed by XPS and IL-TEM
measurements. However, doping with sulfur or manganese can control the carbon morphology
and affecting the carbon oxidation mechanism.
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4.3 Comparison of the different catalyst types for HER and OER
Carbon-based catalysts are recently reported as promising electrocatalysts for water splitting
reactions, particularly in alkaline media.[41] In order to improve the activity and stability of
the carbon-based materials, heteroatom (non-metal and metal) doping was suggested.[37, 77,
139] Besides, it has been shown that the choice of the precursors, specifically the choice of
carbon source, affects the material structure and catalytic activity. However, the majority of the
optimization techniques have been adapted from those in oxygen reduction reaction (ORR)
since 1960s.[41] Despite the focus of active site identification in Me-N-C for ORR, a few reports
were published considering the origin of the activity of those for hydrogen evolution reaction
(HER) and oxygen evolution reaction (OER). In this work, two main approaches were
introduced to synthesize Me-N-C catalysts for water splitting reactions, namely MOF and PANI.
Within the MOF approach, Z1200, phenanthroline and metal acetate used as the precursors and
the catalysts prepared at the temperature of 950° C. Within the PANI approach, PANIref, PANIevap
and PANIevap+S as the nitrogen and sulfur sources (multi-heteroatom doping), dicyandiamide
as the structure forming agent and metal acetate are used to prepare Me-N-C catalysts at the
temperature of 800° C (Figure 4.1). The metal loading in the precursors are set to 2 wt% (CoPANIevap+S is an exception because of the high sulfur loading). It should be noted that the sulfur
content in the precursors is changing in the order of zero = MOF< PANIref < PANIevap <
PANIevap+S. In this section, the aforementioned samples are compared with respect to the
structural properties and their catalytic activity for HER and OER. Besides, the effect of a second
metal (Mn) is discussed for the first three approaches in this summary. This comparison is
limited to alkaline media for a straight forward discussion.

Me-N-C
PANI approach

MOF approach

PANIref

PANIevap

PANIevap +S

Figure 4.1 Schematic of the reported approaches for synthesizing Me-N-Cs in this thesis
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Structure characterization
X-ray photo electron spectroscopy (XPS) was performed to study the elemental compositions
and electronic structure of catalysts obtained by different approaches. Table 14 shows that the
catalysts mostly contain carbon (70-80%), nitrogen (7-16%) and oxygen (5-11%) in at%. It
should be noted that MOF-based catalysts contain a fraction of zinc due to incomplete
evaporation of zinc included in MOF (Z1200). The most notable change considering elemental
compositions is related to the resulting nitrogen content comparing the different approaches. It
becomes clear that the PANI catalysts contain more nitrogen doped into carbon than the ones
prepared by the MOF approach. This is most probably related to the use of different nitrogen
sources and/or the different pyrolysis temperature. Nevertheless, for PANI synthesis routes,
increasing sulfur reduces the nitrogen content from 17 to 10 wt%.
Table 14 elemental composition of the reported catalysts, derived by XPS
At%

N

C

O

Co
+
Mn

S
or
(Zn)

Me

MeS

MeO

MeOH

N

Co-MOF

7.5

79

12.4

0.5

(0.6)

1.2

0

0.38

4

Co,Mn-MOF

7.4

83.35

7.3

0.9

(1.1)

0.8

0

0.69

1.7

0.23

Co-PANIref

17

72.5

5.1

1.8

0.57

1.2

0.06

1.02

1.9

Co,Mn-

17

73.8

5.6

1.7

0.77

2.7

0.07

0.63

1.96

PANIref

0.9

Co-PANIevap

16.3

73

7

2.7

0.96

2

0.25

1.11

2.5

Co,Mn-

15.1

72.3

7.5

1.5

1.9

2.1

0.49

1.17

3.37

4

1.4

0.34

1.36

5.2

PANIevap

Co- PANIevap

1.6

10.2

71.2

11.4

3.1

+S
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An increase of sulfur leads to an increase in the metal content as a sign of the formation of
metal nanoparticles/composites (carbides, oxides), as well. Interestingly, no significant changes
in elemental compositions are observed after introducing manganese as the second metal to the
synthesis route for all three approaches. As it was described before, the Me-N-C catalysts have
a complex hybrid structure containing various composites or inorganic species. Therefore, XPS
fine scans of N 1s, S 2p and O1s were analyzed and reported above.

Figure 4.2 Deconvolution of N 1s, S 2p and O 1s spectra of Co-based catalysts

Analysis of the spectra suggests that the content of MeSy and oxide/hydroxide species are
increased with increasing sulfur content in the precursors. Although the content of MeN x
moieties is increased with exchange of the MOF to the PANIref/evap , addition of the ulta-high
amount of elemental sulfur in PANIevap sample seems not beneficial for MeNx formation. In order
to investigate the effect of the precursors on the morphology of the catalyst, transmission
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electron microscopy (TEM) was performed. It is observed that all samples (independent of the
type of doping and precursors) contain metallic nanoparticles/composites. In the case of the
MOF-based sample, cobalt particles are dispersed in turbostratic carbon. In contrast to MOF,
PANI-based samples contain metallic particles embedded in bamboo-shaped/nanotube carbon
structure where the thickness of the tubes increases with the addition of sulfur.
Co-MOF

Co-PANIref

100 nm

100 nm

Co-PANIevap

100 nm

100 nm

100 nm

Co-PANIevap+S

100 nm

100 nm

Figure 4.3 TEM images (100 nm) of different approaches, monometallic top and bimetallic below
images

Figure 4.4 Raman spectra of a Co-PANIevap+S sample in the first order region

Raman spectroscopy was performed to evaluate the carbon morphology obtained with different
approaches. Figure 4.4 shows the Raman spectra for the Co-PANIevap+S sample as an example.
The D band at 1355 cm-1 related to the C-atoms at the edges of graphene layer and G band at
1586 cm-1 is related to the C-atoms (in plane) bond stretching vibrations.[140, 141] The
deconvolution of Raman spectra was performed for all the catalysts and the respective ratio of
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ID/IG and ID3/IG are reported in Table 15. ID/IG demonstrates the degree of graphitization and
ID3/IG is suggested as an indicator MeNx integration in graphene layers.[142]
MOF- and PANIref-based samples obtained higher degree of graphitization (lower ID/IG ) related
to the turbostatic carbon structure as shown in TEM images. However, lower degree of
graphitization is corresponded to the PANIevap samples with higher sulfur doping. These results
are in agreement with the literature claiming sulfur as a hindering component for the
graphitization process.[143]
Table 15 Degree of graphitization and defect ratio

ID/IG

ID3/IG

Co-MOF

1.07

0.65

Co,Mn-MOF

1.05

0.61

Co-PANIref

1.07

0.52

1

0.98

Co-PANIevap

1.41

0.75

Co,Mn-PANIevap

1.36

0.65

Co-PANIevap +S

1.15

0.57

Co,Mn-PANIref

Figure 4.5 low wavenumber range (< 1000 cm-1) of Raman spectra and the peak assignments of the
different preparation, solid line: Co-based and dashed like: (Co,Mn)-based

Moreover, the Raman spectra in low wavenumber range from 400 cm-1 to 800 cm-1 can be used
to identify the possible presence of metal composites close to the surface of carbon, where XRD
is not an applicable technique. The low wavenumber range of Raman spectra and corresponding
assignment is shown in Figure 4.5. No feature related to metal composites is found in the case
52

of MOF-based samples which is in agreement with XPS data and in disagreement with TEM
images in which metallic particles are detectable. PANI-based monometallic samples
demonstrates peaks at 670, 467 and 603 cm-1 corresponding to cobalt oxides species based on
literature.[144] However, these features vanished when the catalysts were co-doped with
manganese. Therefore, one can conclude that the addition of manganese prohibits the
formation of cobalt oxide during the synthesis and stabilized CoN4 formation.
Electrochemical characterization
-

Hydrogen Evolution Reaction (HER)

The HER activity of the catalysts was evaluated in alkaline media (0.1M KOH). The polarization
curves are reported in Figure 4.6. The order in the HER activity for monometallic catalysts is
Co-PANIevap > Co-PANIevap+S > Co-MOF > Co-PANIref . Accordingly, the highest activity among
catalysts with different preparation methods is related to the PANIevap-based catalysts with the
overpotential of 250 mV at 10 mA cm-2 . It is observed that the excessive amount of elemental
sulfur negatively affects HER activity, in the case of PANI-based samples for this condition.
Interestingly, addition of Mn as the second metal improves the HER activity for MOF- and
PANIref – based samples, unlike the actvity for Co-PANIevap

Figure 4.6 HER polarization curves of Me-N-Cs prepared with different approaches

It was shown before in chapter 2.14.1 that the HER activity is correlated with MeN4 content
determined by XPS in the PANIevap catalysts. Interestingly the same correlation, in the case of
monometallic samples, is found for the different preparation routes, this is shown in
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Figure 4.7. This important finding confirms that the MeN4 sites are the main contributor to the

HER activity independent of the preparation method. However, the bimetallic samples do not
fit to the correlation in this case. This lack in correlation might be caused by the fact that CoN4
and MnN4 sites present in the bimetallic catalyst cannot be distinguished by XPS. Therefore, the
total amount of MeN4 corresponds to both CoN4 and MnN4 species. It was reported in
chapter 4.1 that the MnN4 sites are less active and less stable than CoN4 sites in the potential
range of hydrogen and cobalt coordinated with nitrogen promoting HER activity, though
manganese is not participating in the reaction directly. Nevertheless, this idea needs to be
assessed further with in-situ characterization techniques in order to draw a comprehensive
conclusion.

Figure 4.7 Correlation of the HER activity of a) monometallic b) bimetallic with N(MeN4) content from
XPS for different preparation
Oxygen Evolution Reaction (OER)

The OER activity of Me-N-C catalysts was investigated in alkaline media (0.1M KOH). Co-MOF
shows the lowest OER activity among differently prepared catalysts and the PANI-based samples
follow the order of Co-PANIref < Co-PANIevap < Co-PANIevap+S. The main reason for the poor
performance of the MOF-based catalysts might be the unstable turobstratic carbon under
corrosive conditions. In contrast to MOF, PANI provides high-surface area nanocarbons with
proper structure, more applicable for OER in harsh condition.[124] Indeed, it is observed that
using the approach with more sulfur involved in the synthesis is more likely to establish an
active and stable OER catalyst.
It was shown in the chapter 4.2.1 that more hydroxide species were formed in the preparation
when more sulfur was introduced through the synthesis of Co-PANIevap catalysts. In this
summary, it is observed that the oxide/hydroxide and sulfide contents in the samples increase
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in the order of PANIref < PANIevap < PANIevap+S which correlates with the OER activity
improvement. Therefore, the origin of activity improvement can be explained by formation of
the inorganic species which can possibly participate in the reaction.
Figure 4.8 shows the progress of the catalyst optimization for OER with multi-heteroatom
doping method in this work. It is observed that introducing manganese as the second metal
enhances the OER activity for each preparation route.

Figure 4.8 a) OER polarization curves of the catalysts with different preparation, b) catalytic activity
improvement of the catalyst by multi-heteroatom doping

It was reported in the previous chapter that manganese complexes stabilize CoN4 sites in the
potential region of the oxygen evolution reaction for PANIevap –based sample. This conclusion
might be expanded to different preparation techniques, although more fundamental
characterization is required to make a concrete conclusion.
From comparison of different preparation methods in this work, it can be concluded that:
1) MeN4 sites are the dominant species attributed to the HER activity in alkaline and acidic
media
2) Heteroatom doping is an effective way to control the formation or blockage of oxidic
species in the synthesis process
3) Combination of cobalt and manganese is an effective way to improve OER activity of
Me-N-C catalysts
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5

Conclusions and outlook

In this work, two different approaches (MOF and PANI) were used to synthesize Me-N-C
catalysts for HER (acid and alkaline media)and OER (alkaline media). The catalysts were
intensively investigated regarding their electrochemical and physico-chemical properties.
Within different projects, the role of transition metals, synergetic effects in bimetallic catalysts,
the influence of heteroatom doping and co-doping and the nature of active sites were explored.
This broad knowledge can be employed to the rational design of the carbon-based catalysts
applicable for water splitting reactions in the future.
Variation of metal species on HER (in alkaline). In this project, it was aimed to elucidate the
role of transition metals on catalytic activity, structure and morphology of the mono- and
bimetallic catalysts. Owing to DFT calculations, indications were found that the most favorable
configuration for different transition metals is MeN4 sites embedded in the edge of graphene
layer among other proposed configuration (Me3CN, Me….). The structure-activity correlations
derived from XPS, DFT calculations and electrochemical characterization gave indication of the
importance of the nature of the metal in Me-N-C catalysts. It was concluded that the type of
metal can affect the active site density, the charge distributing within the complex and the
hydrogen binding energy (HBE). Moreover, it was shown that doping with a second metal
(manganese or molybdenum) significantly enhances the HER activity . The synergetic effect
related to tuned HBE was suggested as the origin of activity improvement.
Variation of Co-content for HER (in acid). A method for co-doping of nitrogen and sulfur
using PANI was reported to prepare Co-N-C catalysts. The project was defined to explore the
effect of co-doping and the nature of active sites considering the hybrid structure of the
catalysts. Therefore, beside CoNx moieties, the catalyst contained cobalt sulfide (CoSy) and
metal nanoparticles/nanocomposites (oxides). It was found that co-doping of nitrogen and
sulfur is an effective way to promote CoNx formation. Based on the established correlation
between CoNx content and HER activity as well as post mortem analysis, the high catalytic
activity for HER was attributed to CoNx sites.
Variation of sulfur content of Co-N-C for OER (in alkaline). This project focused on multi
heteroatom doping, in which the effect of introducing elemental sulfur to the preparation route
for PANI-based catalysts was studied. It was found that the addition of sulfur might change the
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carbon morphology of the catalysts as well as formation of inorganic species (hydroxide).
Moreover, the important role of hydroxide species on the reaction kinetic was discussed using
the Tafel analysis.
Comparative study of structural changes of Co-based catalysts for OER. A manganese
doped and a sulfur doped Co-based catalyst were evaluated considering structural and
morphological changes induced by oxygen evolution reaction in order to elucidate the origin of
catalytic activity. It was shown that the S-doped catalyst with predominant cobalt hydroxide
species (Co(II)) transforms to cobalt oxyhydroxide (Co(III)) as the real active site. In case of
the Mn-doped catalyst with predominant MeN4 species and cobalt nanoparticle, the main
activity was attributed to stable MeN4 sites. Due to different carbon morphology, it was found
that the contribution of carbon oxidation to OER current is unalike for the case of S- and Mndoped catalyst, which was observed by XPS and IL-TEM analysis.
Finally, within the choice of precursors and the use of multi-heteroatom doping method, it was
possible to tune the structure of the catalysts for the requirement assigned to a particular
reaction. Overall, it was possible to address the effect of co-doping (S and N), effect of metallicheteroatom doping (manganese) and the nature of active sites for HER and OER in the scope
of this thesis.

500
450

Uover / V vs. SHE

400
350
300
250
200
150
100
50
0

HER-PH1

HER-PH13

OER-PH13

Figure 5.1 The activity comparison of cobalt- and nitrogen-doped carbon-based materials for HER
(acid and alkaline) and OER (alkaline) with best-off catalysts in this work (spheres)
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Even though great progress in developing of Me-N-C catalysts for water splitting reactions has
been made in this work (Figure 5.1), there are still open issues that need to be addressed in the
future:
1) Validation of the active site identification for different catalytic systems
2) Stabilization of the active sites under different operation conditions
3) Synthesis of a pure catalyst including only one specific active site activating the reaction
4) Optimization for a scale-up synthesis of Me-N-Cs for the real electrolyzer operation.
In order to address the aforementioned concerns, it is required to provide more controlled
doping/co-doping methods to study the structural changes systematically and compare them
with model studies. Furthermore, in-situ synthesis is a valuable technique to construct one
specific active moiety in the favor of the reaction. Therefore, owing to the controlled preparation
methods combined with in-situ characterization, it is possible to address the reliability of active
site identification and to discuss the density of active sites. It is also necessary to investigate
more novel preparation techniques with a variety of the precursors, particularly the carbon
source. A great effort is required to study carbon corrosion and possible active site destruction
under different conditions. Indeed, it is necessary to optimize and tune the catalyst composition
via adapting the new methods used for other catalytic systems in order to improve the catalytic
activity. For instance, surface modification via Ionic Liquids (IL) and modifying the surface
functional groups via plasma treatment could be possible improving strategies. It is strongly
recommended to test the suggested carbon-based catalysts under the real performance
condition in electrolyzers or photo-electrochemical devices. Hence, the obtained results and
information can be applied to optimize the synthesis for a large-scale application.
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