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Abstract 

To tackle the threats of global warming, finding effective ways to decrease the CO2 emissions caused by the 

human population must advance with outmost priority. Thus, efficient progress is necessary regarding 

decarbonization, carbon sequestration and carbon recycling. Among these approaches, carbon recycling is 

most promising as it offers a path towards a carbon-neutral circular economy. Through electrochemical 

CO2 reduction reactions for carbon neutral electrosynthesis processes, CO2 can be converted into value-

added chemicals.  

This thesis focuses on the fabrication of three-dimensional, highly interconnected copper (Cu) nanowire 

networks and their application as catalysts for electrochemical CO2 reduction reactions. The networks are 

grown by electrodeposition of Cu in porous polycarbonate membranes which are produced by means of 

ion-track nanotechnology. The geometrical parameters of the networks are varied with respect to length, 

diameter and number density of the nanowires. Compared to a 1 cm² planar sample area, the fabricated Cu 

nanowire networks surfaces reach up to 300 cm². The characterization of the nanowire networks involves 

techniques such as scanning electron microscopy (SEM), X-ray diffraction (XRD) and transmission electron 

microscopy (TEM), both before and after the CO2 reduction reaction. 

The electrochemically active surface area of the nanowire networks is determined by evaluating the double 

layer capacitance via cyclic voltammetry. In all cases, the experimentally measured electrochemically 

active surface surpasses the calculated values based on the geometrical wire surface, most probably due to 

surface roughness resulting from the chemical treatment in the pre-cleaning process.  

A variety of Cu nanowire networks are tested as catalysts for electrochemical CO2 reduction. The 

conversion efficiency and selectivity of CO2 reduction towards liquid- and gas-phase products are studied 

at different applied potentials. The networks exhibit structural stability and conversion efficiencies up to 

30% for the reaction of CO2 to its reduction products within a potential range between -0.5 V and -0.93 V 

vs. RHE. At higher potentials, cathodic corrosion causes nanowire degradation. This directly leads to 

changes in surface structure and wire morphology due to material dissolution and redeposition processes. 

To assess the long-term performance, the CO2 reduction reaction at the nanowire networks is operated for 

8 h at different potentials. No significant trends for the current density and gas-phase reaction products 

are observed within this time frame. However, under operation, the Cu nanowire networks undergo 

gradual degradation as indicated by a loss in cell resistance and increased surface roughness.  

Overall, this thesis offers valuable insights into the design, fabrication, and characterization of highly 

interconnected copper nanowire networks and their application and performance as catalysts for 

electrochemical CO2 reduction. It also highlights the challenges associated with cell design, catalyst stability 

and product analysis during the CO2 reduction reaction and proposes new approaches for future 

experiments. 
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Zusammenfassung 

Um den Gefahren durch globale Erderwärmung entgegenzuwirken, müssen die von der menschlichen 

Bevölkerung verursachten CO2 Emissionen rasch gesenkt werden. Dafür sind effiziente Fortschritte in den 

Bereichen Dekarbonisierung, Kohlenstoffspeicherung und Kohlenstoffrecycling durch die Umwandlung 

von CO2 in höherwertige Chemikalien, unter Anwendung kohlenstoffneutraler Elektrosyntheseprozesse 

durch CO2 Reduktionsreaktionen, erforderlich.  

Diese Arbeit konzentriert sich auf die Herstellung und Prüfung dreidimensionaler, stark vernetzter Kupfer 

(Cu) Nanodrahtnetzwerke mit genau definierten geometrischen Parametern, welche mittels galvanischer 

Kupferabscheidung, in durch Ionenspur-Nanotechnologie hergestellten Polymertemplaten, synthetisiert 

werden. Bevor die Nanodrahtnetzwerke als Katalysatoren für die elektrochemische CO2-Reduktion in 

einem wässrigen Elektrolyten eingesetzt werden, werden sie einem sauren Vorreinigungsverfahren 

unterzogen, welches die katalytische Effizienz von Kupfer erhöht. Die Nanodrahtnetzwerke werden vor 

und nach der CO2-Reduktion mit  Rasterelektronenmikroskopie (REM), Röntgenbeugung (XRD) und 

Transmissionselektronenmikroskopie (TEM) charakterisiert. 

Die elektrochemisch aktive Oberfläche von Nanodrahtnetzwerken mit systematischen Variationen in 

Drahtlänge, Drahtdurchmesser und Nanodrahtdichte wird durch Bestimmung der Doppelschichtkapazität 

mittels zyklischer Voltammetrie ermittelt und beträgt bei den hergestellten Cu Nanodrahtnetzwerken bis 

zu 300 cm² auf einer planaren Probenfläche von 1 cm². Die gemessenen elektrochemisch aktiven 

Oberflächen sind aufgrund der Oberflächenrauheit durch die chemische Vorbehandlung größer als die 

Modellwerte der geometrischen Oberfläche. 

Cu-Nanodrahtnetzwerke werden als Katalysator für die elektrochemische CO2-Reduktion getestet. Die 

Umwandlungseffizienzen und Selektivitäten der CO2-Reduktion zu Flüssig- und Gasphasenprodukten 

werden als Funktion der angelegten Spannung untersucht. Die Netzwerke weisen strukturelle Stabilität 

und CO2-Umwandlungseffizienzen von bis zu 30 % in einem Potentialbereich zwischen -0,5 V und -0,93 V 

vs. RHE auf. Bei höheren Potentialen führt kathodische Korrosion zu Änderungen in Struktur und 

Morphologie der Nanodrähte durch Ablösungs- und Redepositionsprozesse. 

Um die Langzeitstabilität zu beurteilen, wird die CO2-Reduktion für 8 Stunden bei verschiedenen 

Potentialen durchgeführt. Für die Stromdichte und Gasphasenprodukte sind im Laufe der Zeit keine 

signifikanten Trends zu beobachten, jedoch zeigen die Cu-Nanodrahtnetzwerke leichte Degradation. 

Insgesamt liefert diese Arbeit wertvolle Einblicke in das Design, die Herstellung und die Charakterisierung 

hochgradig vernetzter Kupfer-Nanodrahtnetzwerke, sowie ihre Anwendung als Katalysatoren für die 

elektrochemische CO2-Reduktion. Zudem werden die Herausforderungen hinsichtlich Versuchsaufbau, 

Katalysatorstabilität und Produktanalyse während der Reduktionsreaktion hervorgehoben. 
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1 Introduction 

The human population on earth is growing rapidly with rising living standards, demanding more mobility 

and industrial economy [1,2]. The saturation of the resulting massive increase in energy demand is still 

based on the exploitation of earth’s carbon-based fossil resources, leading to a high-level emission of the 

greenhouse gas CO2. This ongoing development has already yielded an imbalance to the planets natural 

carbon circle and resulted in global warming [1,3].  

It was discovered already more than a century ago by the pioneer work of Arrhenius that the concentration 

of CO2 in the earth atmosphere is directly having an influence on the ground temperature [4]. In 1938 a 

first connection was drawn between an increasing average atmospheric temperature from the beginning 

of the industrial age and the huge release of CO2 into the atmosphere by the fossil fuel consumption of the 

human population [5]. This conclusion was affirmed and strengthened by atmospheric temperature 

observations in the following decades. In 1967 a computer model was established, which was the first 

proper computation of global warming and stratospheric cooling, allowing predictions about future climate 

development with regard to greenhouse gas concentrations in the atmosphere [6]. Additionally, a strong 

rise of the CO2 concentration in atmosphere was documented at the Mauna Loa observatory in Hawaii 

around that time and was once more connected to the combustion of petroleum, carbon and natural gas [7]. 

The Mauna Loa measurements continue until today, providing the so-called “Keeling curve” (Figure 1 a)) 

as the longest continuous record of atmospheric CO2 concentration in the world, showing an everlasting 

increase since 1960, which correlates to the increasing average surface temperature on earth that is shown 

in Figure 1 b) [8,9]. 
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Figure 1: a) Atmospheric CO2 concentration from 1958-2022 observed at the Mauna Loa observatory in Hawaii, showing a strong increase 
of ~25 % over the past 60 years [8] and b) global average temperature on land and ocean recorded from 1850 on. Published with permission 
from Dr. Pieter Tans, NOAA/GML (gml.noaa.gov/ccgg/trends/) and Dr. Ralph Keeling, Scripps Institution of Oceanography 
(scrippsco2.ucsd.edu/). 

Due to the clear link between the burning of fossil resources by humans, atmospheric CO2 concentration 

and global warming, scientists largely agree that the current climate change is caused by the human 

population, a fact that is more and more coming to the attention of the general public [10]. The average 

global temperature nowadays is already 0.7 °C higher than in pre-industrial times. Thus, in 1997 the Kyoto 

protocol was established where the industrial nations agreed to reduce their greenhouse gas emissions 

until 2012 by 5.2 % in comparison to the year 1990. In 2009, the Copenhagen Accord pledged to limit the 

global temperature increase to 2 °C. However, the Kyoto protocol did not succeed in reducing the global 

CO2 emissions significantly [11].  
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Since the problem of global warming is still urgent, limiting the global temperature increase to a maximum 

value of 1.5 °C above pre-industrial levels was set as new target during the Paris climate agreement of 195 

states in 2015. To achieve this goal, the global CO2 emissions need to decrease rapidly and reach a level of 

zero latest by 2050 [12,13]. 

As the CO2 concentration in the atmosphere nowadays reaches values around 400 ppm, the climate change 

is already irreversible for at least 1000 years. This is because the CO2 removal from the atmosphere is 

mainly done by the oceans which takes time and ends in an equilibrium state with a higher level of CO2 

concentration in the atmosphere [14]. Moreover, a sudden stop of CO2 emission by mankind cannot be 

expected. The emissions can only be reduced as much as possible by developing sustainable techniques for 

all processes that are based on fossil resources [15]. 

The effects of global warming on regional precipitation, based on a robust physical understanding of the 

atmosphere are simply explained by the “wet-gets-wetter, dry-gets-drier” paradigm [16,17]. The 

precipitation and its distribution around the globe are linked to the atmospheric temperature, since warm 

air can take up more humidity, which is not coming down as rain. Thus, more droughts in warm regions 

are a consequence of global warming and a long-term decrease of rainfall has already been observed for 

the Mediterranean, southern Africa and southwest North America [12,18–22]. This is directly related to an 

intensity increase of rainfall events in the northern hemisphere [15], which is showing the whole range of 

impacts on ecosystems, agriculture and desertification [21,23–25]. 

Another main consequence of global warming is the rise of the sea level. Warming firstly causes water to 

expand, which is the dominant part of temperature induced changes in sea levels, leading to a sea level 

increase of up to 0.5 m already in the coming 100 years for a continuous increase in temperature [26]. 

Secondly, the melting of ice, e.g. land ice and polar ice shields can contribute additional 1-2 m of sea level 

rise already until the year 2100 [27]. 

The changes in precipitation and temperature distribution, as well as the rising sea level, can make some 

areas of the world uninheritable and thus lead to social and economic disturbances, accompanied by 

migration movements and changes in lifestyle across the whole planet [28,29].  

Global warming can only be tackled by efficient scientific and technologic progress in the following three 

areas: Decarbonization, carbon sequestration and carbon recycling. Since full decarbonization and carbon 

sequestration need tremendous measures that overstrain the worldwide economy, enormous research 

efforts are being devoted to carbon recycling [3].  

To prevent a worst-case scenario, every effort must be made to minimize the impact of the negative effects 

caused by anthropogenic CO2 emission. This requires new sustainable approaches in all CO2 emitting 

processes based on fossil resources like power generation from coal or gas, cement and steel production, 

or the synthesis of chemicals like e.g. ethylene or ammonia, which release megatons of CO2 into the 

atmosphere every year [30,31]. The chemical industry is responsible for 20 % of the total CO2 emission 
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from all industrial processes and thus green electrosynthesis provides a certain impact on reducing CO2 

releases [32]. 

By recycling CO2 into value-added products, a circular carbon neutral economy with the potential to 

decouple economic growth from CO2 emission [33] can be established [34–37]. One pathway for CO2 

recycling is the use of electrochemical CO2 reduction reactions towards value-added chemicals, involving 

H2O as proton donor and electrical energy coming from renewables as input.  

Over the years, many catalyst materials have been studied regarding their effect on the CO2 reduction 

reaction. Since this reaction is always in competition with the hydrogen evolution in aqueous media, only 

few materials have proven usable to catalyze CO2 reduction more than hydrogen evolution. A key result of 

these studies was that different materials catalyze the CO2 reduction towards different products, for 

example CO or formate for noble metal catalysts like Au, Ag, Pd [38–44]. 

As early as 1989, Cu has been shown to possess the unique property to transform CO2 electrochemically 

into a mixture of advanced hydrocarbons [45], a chemical reaction that has already been proposed to be 

economically viable [46–48]. 

It has been demonstrated that the product selectivity of CO2 reduction reactions at Cu catalysts depends on 

many factors [49–51]. The surface and crystallographic structure is obviously a key factor that has also 

been used as valuable tool to gain further insight into the selectivity towards specific products [52–55], and 

to clarify reaction mechanisms [56–59]. Thus, nanoporous structures are of great interest in a variety of 

scientific and technological fields such as biology, chemistry and materials science since they provide a 

huge surface to voulme ratio, which has proven to be beneficial for electrochemical reactions as well. 

One of the available methods widely applied to tailor the geometric parameter of nanostructures is the 

template method, where the synthesized material adopts the size and shape of a hosting matrix [60]. In 

particular, this method has been widely applied to fabricate nanowires by depositing material into a 

nanoporous template. The hosting porous templates are made of a variety of materials, for example anodic 

aluminium oxide (AAO) [61–63] or etched ion track membranes, which are usually polymers but also silica 

or mica [64–70]. 

AAO templates are synthesized by the anodic oxidation of aluminium in acidic solutions [71,72], forming 

nanochannels inside the template with controllable diameter and a channel density that is defined by their  

arrangement [73]. An advantage of AAO templates is the possibility of hexagonal channel arrangement, 

achieved by double anodization, allowing high channel densities up to 1012  channels/cm² [74]. However, 

the flexibility to adjust the shape and arrangement of the channels is rather limited [75]. 

In contrast, etched ion track polymer templates offer the huge advantage, that their geometrical parameter 

like nanochannel diameter, length, number density, shape and arrangement (parallel or interconnected 

channels) can be tailored independently by the irradiation and etching parameters [76–78]. Their 
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fabrication is based on the irradiation of an insulating polymer foil with swift heavy ions having an energy 

high enough to penetrate the entire material thickness up to several tens of µm. While passing the material, 

each ion looses its energy and creates an individual track with broken bonds and other defects along its 

path [70,76,79–82]. In a subsequent step, the irradiated foil is subjected to selective etching which converts 

these ion tracks into nanochannels with well-defined shape. Cylindrical, conical, biconical or cigar-like 

shapes and diameter from ~10 nm up to a few µm are possible [68,76–78,83–86]. 

The templates used in this work are generated by swift heavy ion irradiation of polycarbonate (PC) foils at 

the accelerator facility of the GSI Helmholtzzentrum (Darmstadt, Germany). The standard irradiation is 

performed normal to the surface using fluences between one single ion and ~1010 ions/cm². Since each 

individual ion creates a track, the applied fluence determines the resulting nanochannel density, with the 

upper limit being defined by the materials stability after the etching process. The ion tracks are 

stochastically distributed, which may create overlapping tracks/pores at high fluences. Ordered track 

patterns can be produced with a microprobe which places ion after ion onto a predefined position. The 

operation is at 1 kHz, therfore this technique has a low production efficiency and is not suitable for large 

samples or high troughput production [87–89]. Sequential ion-irradiation under various tilted angles leads 

to templates with crossing ion tracks. Thus, the etching process finally yields a template with an equivalent 

nanochannel network structure [78,90]. 

Etched ion-track templates with tailored nanochannels have been applied in many ways, i.e. as nanoporous 

membranes for filtration and biotechnological applications [91] or for studies as battery separators [92]. 

Membranes with a single nanopore are suitable model systems for measuring ionic transport properties in 

analogy to biological ion channels [93–102]. Furthermore, they serve as templates for the synthesis of 

nanotubes by atomic layer deposition (ALD) [103–106]. Nanowire arrays or networks can be achieved by 

electroless [107,108] and electrodeposition of a variety of materials including Cu [86,109–114], Ni [115–

117], Au [113,118], Pt [90,119–121], Bi [122], Sb [123,124], Cu2O [125,126] or ZnO [110,127]. Recently it 

was demonstrated that Cu and Cu2O nanowires can be transformed into metal organic frameworks (MOF) 

with promising properties for catalytic applications [126,128]. Nanowire networks synthesized by 

electrodeposition in interconnected nanochannel membranes have been studied for thermoelectric 

applications regarding Bi nanowire networks [122] or as electrode for photoelectrochemical water 

splitting in the case of Cu2O or ZnO nanowire networks [125,127] as well as for catalytic methanol oxidation 

in the case of Au nanowire networks [118].  

This thesis focusses on the application of free-standing three-dimensional Cu nanowire networks as 

catalyst for the electrochemical CO2 reduction reaction. Such nanowire networks are promising catalysts 

because of their large surface area which directly influences the reaction efficiency. The synthesis of Cu 

nanowire networks by the template method allows to tailor the nanowire parameters including wire 

diameter and number density as well as their crystalline structure, which should have an impact on the 

product selectivity. [51,129,130]. So far, the most commonly used Cu nanostructure catalysts consist of Cu 



 

 
  11 

nanoparticles [131–133] or Cu nanowire arrays [134,135] that have random geometric arrangements, a 

certain size distribution and little flexibility to control their parameters. The product selectivity at different 

reaction potentials and the long-term stability of the networks was investigated in this thesis as well. 

Since the surface area is a key parameter for the catalyst performance, a process to determine the 

electrochemically active surface area (ECSA) of Cu nanowire networks was developed.  

Before and after their application as catalyst for electrochemical CO2 reduction, the Cu nanowire networks 

were characterized regarding their morphology and crystalline structure with scanning electron 

microscopy (SEM), energy dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD) and scanning 

transmission electron microscopy (STEM). 
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2 Synthesis and characterization of Cu nanowire networks 
 
2.1 Swift heavy ion irradiation of polymer foils 

The interaction of energetic ions with matter depends on the energy of the projectile ion. At small energies, 

typically up to a few hundred keV that are reached shortly before the stopping of an ion during its passage 

through the material, the process is dominated by nuclear stopping where the ion transfers its energy by 

elastic collisons with the target atoms [77,136]. At higher ion energies, the energy is mainly transferred by 

excitation and ionization of the target atoms. This process is called electronic stopping [137] and leads to 

an electron cascade. This electron cascade finally transfers the energy from the electronic system onto the 

atoms of the target material and thus a straight cylindrical damaged track along the ion path is formed [86]. 

The energy loss ቀ
ௗா

ௗ௫
ቁ

௘
 in the electronic stopping regime is described by the Bethe-Bloch equation (1) 

[76,137–139]. 

൬
𝑑𝐸

𝑑𝑥
൰

௘
=  

4𝜋𝑒ସ ∗ ൫𝑍௘௙௙൯
ଶ

∗ 𝑍௧ ∗ 𝑁௧

𝑚௘𝑣௣
ଶ ∗ ቈ𝑙𝑛 ቆ

2𝑚௘ ∗ 𝑐ଶ ∗ 𝛽ଶ

𝐼
ቇ − 𝛽ଶ − 𝛿 − 𝑈቉           (1) 

In this formula, e is the elementary charge, me the electron mass, vp the ion velocity, Zeff the equilibrium 

effective charge of the projectile ion, Zt the atomic number of the target material, Nt the target atoms 

density, I the ionization energy of the target atoms, and β the velocity of the ions relative to the speed of 

light c. δ and U are correction factors taking into account relativistic effects and contributions from inner 

shell electrons, respectively. 

Currently, there are two theories describing the energy transfer from the electronic system of the target 

material atoms into its lattice structure. One is the Coulomb Explosion or ion spike model, assuming that 

positively charged atomic cores resume in the center of the ion path, causing repelling coulomb forces that 

lead to bond breaking and defect creation with vacancies and interstitials, which finally results in the 

formation of an ion track [140]. 

The other theory is the thermal spike model, assuming a direct energy transfer from the electronic 

subsystem into the lattice, which generates high temperatures along the ion path, leading to local melting 

and track formation [141]. 

In both cases, the processes occur in very short timescales after the ion-impact. The initial ionization 

process happens in the first 10-17 – 10-16 s and the electron cascade spreads within 10-15 – 10-14 s. The energy 

within the electron subsystem is transferred to the lattice by electron-phonon coupling directly after 10-13 

– 10-12 s and heats the atomic system around the ion path [80,142]. The subsequent cooling in the thermal 

spike model occurs within ~10-10 s freezing the structure in the molten zone. In most insulators, the 

resulting track has a diameter of up to 10 nm [79,80,82,141,143,144]. 
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In the past, numerous studies tried to clarify and characterize the damage induced when irradiating 

polymers with swift heavy ions. For high energies in the range of several MeV per nucleon (MeV/u) as used 

in this work, the most important parameter is the electronic energy loss according to the Bethe-Bloch 

formula [81].  

For the irradiation of ion-track templates, the thickness of the irradiated material has to be chosen in such 

a way, that it is smaller than the ions penetration depth described by equation (2) [145]. 

𝑅௣ =  න ൬
𝑑𝐸

𝑑𝑥
൰

௘

ିଵ

𝑑𝐸 
଴

ாబ

  (2) 

 ቀ
ௗா

ௗ௫
ቁ

௘
 describes the energy loss due to electronic stopping. The irradiations in this thesis were performed 

with 5 –11 MeV/u ions providing a constant energy loss along the whole ion trajectory through the target 

and leading to a homogeneous material damage along the track. The nuclear and electronic energy loss of 

Au ions as a function of the specific ion energy in a polycarbonate target and the corresponding ion range 

is presented in Figure 2 a) and b). Both curves were obtained by simulations using the SRIM2003 

code [146]. 

 

Figure 2: The electronic energy loss (dashed green line), the nuclear energy loss (dashed red line) and the resulting total energy loss as sum 
(blue line) as a function of the specific energy of Au ions a) and the projected range b) in polycarbonate according to simulations using the 
SRIM2003 code [146]. The ranges for the irradiation energies of 5.6 MeV/u, 8.3 MeV/u and 11.1 MeV/u used in this work are marked 
with dashed black lines. 

Circular foils with a diameter of 30 mm were cut out of a 30 µm thick polycarbonate roll (Makrofol N, Bayer 

AG, Leverkusen, Germany) and irradiated with swift heavy ions. The irradiations were performed at the X0 

beamline of the UNILAC linear accelerator of GSI Helmholtz Zentrum with Au ions accelerated to specific 

energies of 11.4 MeV/u, 8.6 MeV/u and 5.9 MeV/u.  

For recording the ion flux during sample irradiation, a secondary-electron transmission monitor 

(SEETRAM) measures the secondary-electron emission induced by the ion beam when passing through 
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three 1-µm thick aluminum foils. The ions deposit about 0.3 MeV/u on their way through these three foils, 

reaching the polymer foils with a specific energy of 11.1 MeV/u, 8.3 MeV/u and 5.6 MeV/u, respectively. 

For these three energies, SRIM 2003 code simulations predict a penetration depth of the ions in 

polycarbonate (density 1.24 g/cm3) of ~171 µm, ~133 µm and ~91 µm, respectively [146] as shown in 

Figure 2. For efficient irradiation, the polymer films were mounted in stacks. The stack thickness was in all 

cases less than the ion range to guarantee homogeneous track formation in all polymer foils. Depending on 

the beam energy, the stacks constited of 4, 3, or 2 foils of 30 µm Makrofol N. 

For the fabrication of parallel nanowire arrays, the foils were irradiated under normal beam incidence as 

presented in Figure 3 a) with an ion-fluence of ~109 i/cm². For the fabrication of interconnected nanowire 

networks, the foils were irradiated sequentially under four different incidence angles of 45° with respect 

to the polymer surface normal, as shown in Figure 3 b). For most samples, the beam fluence was adjusted 

to ~2×108 i/cm² for each direction, which is in sum a total fluence of ~8×108 i/cm². In cases where lower 

or higher values were applied, the total fluence is explicitely stated. 

 

Figure 3: Schematics of the irradiation of polymer foils a) perpendicular to the polymer surface and b) under 45° tilt combined with a 
rotation of 90° around the surface normal between irradiation steps. 

After irradiation, the polymer foils were stored in air for at least half a year. Aging is known to improve the 

track etchability, resulting in a narrower diameter distribution during the subsequent ion-track etching 

process [69,79,147]. 

Prior to chemical etching, the irradiated membranes were exposed to ultraviolet (UV) light (30 W Vilber 

Lourmat T-30 M UV fluorescent lamp) with wavelengths between 280 nm and 400 nm for 1 h from each 

side. Similar as the aging effect, this UV treatment increases the track etching rate by polarizing and 

sensitizing new end groups along the ion-track [79,148]. Additionally, it has been shown that UV radiation 

reduces the size distribution of the nanopores obtained in the subsequent etching step to a standard 

deviation of ~3 % [79,148,149]. 



 

 
  15 

2.2 Selective ion-track etching 

To transform the irradiated polymer foil into a template with nanopores, the damaged material along the 

ion tracks is selectively removed in a suitable etchant. The geometry of the resulting nanochannel is 

determined by the employed etching conditions. The etching process is described by a combination of two 

etching rates as illustrated  in Figure 4 a), where vt is the anisotropic fast etching rate along the ion-track 

and vb is the isotropic bulk etching rate of the pristine polymer material. 

 

Figure 4: a) Schematic of the initial stages of etching of the ion-track. The pore opening angle α depends on the ratio of the track etching 
rate vt and bulk etching rate vb. b) For vt >> vb cylindrical nanochannels are achieved as visible in the cross section of the nanopore network 
template that was sequentially irradiated from four directions under an angle of 45 ° to the surface normal. 

The nanochannel geometry is defined by the ratio of vt and vb as well as by symmetric or asymmetric etching 

conditions, i.e. the etchant being applied from both sides or to only one side. The size of the resulting 

nanochannels is adjusted by the concentration and temperature of the etchant as well as by the etching 

time [79,150–152]. The half opening angle of a pore is defined by sin 𝛼 =  
௩್

௩೟
. If vt >> vb, the resulting pore 

can be regarded as cylindrical  [151], whereas for vt only slightly larger then vb biconical pores are obtained 

[153]. In this work, membranes with interconnected cylindrical nanochannels, were synthesized by 

employing symmetric etching conditions via immersion of the whole template in the etching solution as 

shown in Figure 5. 

The selective etching process was performed by immersing four PC foils at a time in 6 M NaOH solution, 

tempered to 50 °C [148]. To prevent the sample foils from touching each other, they were placed in a 

custom-made holder as shown schematically in Figure 5. The etching solution was prepared by dissolving 

120 g of NaOH pellets (≥ 98 %, Carl-Roth, Karlsruhe, Germany) in deionized water (Millipore Direct Q-5) to 

form 500 ml of solution. The etching bath was put in a tempered pot and constantly stirred at ~250 rpm 

with a magnetic stirrer to secure a constant heat distribution and homogeneous etchant concentration in 

the whole bath and thus around each polymer foil [79,151]. 
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Figure 5: Cross section of the thermostatic pot and the sample holders used for selective ion-track etching of the irradiated polymer foils. 
For etching, the pot temperature is controlled to 50 ± 2 °C and a magnetic stirrer is situated under the sample holder. 

The etching process was stopped after the desired time, assuming a diameter growth rate of 25 nm/min 

[79,154] by removing the membranes from the etching solution and immediately immersing them into 

deionized water. To remove all possible etchant residues and small amounts of dissolved polymer material, 

the membranes were immersed for 10 minutes each in two more pots filled with fresh deionized water.  

This etching process transforms the irradiated polymer into a membrane with nanochannels whose 

diameter is precisely controlled by the etching time [76,78,86,155]. Under the applied conditions the 

growth rate of the pore radius is ~12 nm/min.  

Etched polymer membranes were inspected by scanning electron microscopy (SEM) using a low 

acceleration voltage of 0.5 kV to avoid electric charging effects. The working distance was set to 3 mm. To 

determine the pore number density precisely, SEM-images (magnification x5000) were analyzed at four 

different positions distributed over the whole membrane. Pore counting was performed in a square region 

of 20 x 15 µm at each position. Finally, the number densities determined at the various positions were 

averaged and are given as effective pore number density. 

To image the cross-sections of the pores by SEM, the polymer membranes were immersed in liquid 

nitrogen. This leads to embrittlement and facilitates breaking them without distorting the pores. Cross-

section images allow the visualization of channels along their entire length. Fractured membrane sections 

were fixed  with a carbon tape on a special SEM holder that allows obtaining a 90° cut vertical surface. Such 

samples were sputter coated with Au before analysis to reduce charging effects from the electron beam. 

Figure 6 presents two representative SEM images of polymer membranes irradiated with different fluences 

of a) 1×108 cm-2 and b) 2.5×108 cm-2 from four directions each. 
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Figure 6: SEM images of polymer membranes with interconnected nanopores of 150 nm diameter. Both samples were irradiated under a 
tilting angle of 45° from four directions with fluences of a) 1×108 cm-2 and b) 2.5×108 cm-2, each. The frame marks the region of 20 x 15 

µm in which the pores are counted for fluence determination. 

For selected samples and specific etching times, the diameter of the nanopores was determined from top 

view as well as cross-section SEM images as shown in Figure 7 a) and b), respectively. The cross-section 

image clearly illustrates the interconnected nanopore network structure. 

 
Figure 7: Representative SEM images of etched ion-track membranes with interconnected nanopore network structure, a) top-view and b) 
cross-section view. 

Determining the precise nanopore number density is important to later know the geometrical surface area 

of the nanowire networks grown in these templates. By analyzing top-view and cross-section SEM images, 

the nanopore diameter for the used track-etching conditions as a function of time yields an etching rate of 

the radius of 12.1 ± 0.4 nm/min. The etching rate is calculated from the pore sizes of three different etched 

ion-track membranes each for etching times of 2, 4, 6 and 8 minutes as presented in Figure 8. 
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Figure 8: Average pore radius as a function of etching time in 6 M NaOH solution at 50 °C. Each data point represents a mean value 
from all pores placed in a square region of 20 x 15 µm on three independently etched membranes. 

 
2.3 Electrodeposition of Cu nanowire networks 

The nanowire networks are synthesized by electrodeposition of Cu into the etched ion track nanopores. 

Electrodeposition is a common galvanic process. Here, some of the basic principles are explained.  

When a metal electrode M is immersed into an electrolyte containing its ions and no external force 

(i.e. current or potential) is applied, a dynamic equilibrium between metal dissolution (oxidation) and ion 

deposition on the electrode (reduction) is established at the metal-electrolyte interface, described by 

equation (3).  

𝑀௭ା +  𝑧 ∙ 𝑒ି   ⇌ 𝑀          (3) 

The reaction from left to right, which is the reduction of a positively charged metal ion Mz+ to the metal M 

is consuming z electrons e-, whereas the oxidation in the reverse direction is releasing electrons. In dynamic 

equilibrium, oxidation and reduction are occurring at the same rate, thus the interface is not polarized and 

the anodic and cathodic currents are equalizing each other. This equilibrium potential Eeq depends on the 

metal and the electrolyte parameters and is described by the Nernst-equation (4) [156]. 

𝐸௘௤ = 𝐸଴ +
𝑅𝑇

𝑧𝐹
∙  ln

𝑎ெ೥శ

𝑎ெ
          (4) 

E0 defines the standard potential, 𝑅 the gas constant, T the absolute temperature, z the number of 

transferred electrons and 𝐹 the Faraday constant. aMz+ and aM denote the activities of the metal ions in 

solution and electrode respectively. In a pure metal electrode, the ion activity has a value of 1, whereas for 
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highly diluted electrolytes the ion activity is equivalent to the concentration cM+, neglecting ion-ion 

interactions. Thus, in this case, the Nernst-equation results in equation (5). 

𝐸௘௤ = 𝐸଴ +
𝑅𝑇

𝑧𝐹
∙  ln 𝑐ெశ          (5) 

To measure and control the electrode potentials in a reliable way, a reference electrode with a constant 

well-known equilibrium potential, needs to be inserted into the electrolyte as well. A standard reference is 

the standard hydrogen electrode (SHE), whose standard electrode potential is defined as zero at all 

temperatures or its subtype the reversible hydrogen electrode (RHE), having a pH dependent standard 

potential. Other widely used reference electrodes are saturated calomel electrodes (SCE) and silver 

chloride electrodes (Ag/AgCl). 

An electrochemical process occurs between two electrodes that are removed from their equilibrium 

potential by an external potential E generating a current flow I between the two electrodes. In such a two-

electrode setup, the electrochemical cell consists of two half cells with their own half-cell potentials. The 

cell potential is equivalent to the sum of the two half-cell potentials plus the potential drop (I·R) resulting 

from the electrolyte resistance R (IR-drop) as described in formula (6). 

𝐸 = 𝜂௖ − 𝜂௔ + 𝐼 ∙ 𝑅          (6) 

with ηc being the cathodic overpotential and ηa being the anodic overpotential. For measuring the half-cell 

overpotentials, a reference electrode is inserted into the setup, leading to a so called three-electrode setup. 

If the reference electrode is placed close to the working electrode and the electrolyte conductivity is high, 

as it is usually the case in electrodeposition processes, the IR-drop can be neglected. 

For electrodeposition, the setup is pushed out of its equilibrium by an applied potential, leading to the 

dissolution of ions at the anode, if it is a sacrificial anode made of the material that is to be deposited. These 

ions are then transferred through the electrolyte as current and deposited at the negatively polarized 

cathode. Electrodeposition can be carried out in different ways, either potentiostatically by applying a 

constant potential over a period of time or galvanostatically with a constant current, as well as by more 

advanced methods like pulsed plating, where a potential is switched between potentials with different 

deposition rates to give the system time to equalize between each deposition step [157]. The mass m of the 

material deposited in a certain time t is described by Faraday’s law (formula (7)) and is directly 

proportional to the current I. M is the molar mass of the metal with an ionic valence z, and F is the Faraday 

constant. 

𝑚 =
𝑀

𝑧𝐹
∙ න 𝐼 𝑑𝑡

௧

଴

          (7) 
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The magnitude of the generated ionic current depends on the reaction rate upon potential application, 

defined by a multitude of parameters like temperature, electrolyte composition and concentration, sample 

geometry and many more [156]. 

The electrochemical reaction during electrodeposition is a sequence of reaction steps, with the necessary 

overpotential being directly defined by the thresholds of each partial reaction step. The overpotentials are 

given by the charge transfer across the electrochemical double layer, which is formed as soon as a metal is 

in contact with an electrolyte. Also, the diffusion limits for mass transfer of the ions through the electrolyte 

and the chemical reaction and material crystallization on the cathode play a role. The slowest of these 

processes is limiting the whole reaction speed and thus considered as the rate determining step (RDS). 

If the charge transfer is the rate determining step, the current density j flowing through the cell is described 

by the Butler-Volmer equation (8), where α is the charge transfer coefficient and jo the exchange current 

density, R the gas constant and T the temperature. 

𝑗 = 𝑗଴ ൬𝑒
(ଵିఈ)௭ிఎ

ோ் − 𝑒
ିఈ௭ிఎ

ோ் ൰          (8) 

The two exponential terms describe the current densities for the anodic and cathodic partial reactions.  

At very high cell overpotentials, the ions directly get reduced at the electrolyte-metal interface, which 

becomes ion depleted. In this case, the mass transport Ji(X) of a species i with charge zi, described by the 

Nernst-Planck equation (formula (9)) is the rate determining step. 

𝐽௜(𝑋) = 𝐽௜,ௗ(𝑋) + 𝐽௜.௠(𝑋) + 𝐽௜,௖(𝑋) =  −𝐷௜ ∙ ∇𝑐௜ −
𝑧𝐹

𝑅𝑇
𝐷௜𝑐௜∇ϕ + 𝑐௜ ∙ 𝑣(𝑥)           (9) 

Here, Ji,d describes the diffusion induced flux, Ji,m the flux due to migration, Ji,c the convection induced mass 

transport and ∇ci and ∇ϕ are the concentration and potential gradients, respectively, with Di as diffusion 

coefficient. If the species i is charged to a value of z, the flux Ji corresponds to a current density ji according 

to equation (10). 

𝑗௜ = 𝑧𝐹𝐽௜           (10) 

When the electrolyte is not stirred and a highly conductive electrolyte is applied, as it is the case for 

electrodeposition, the terms for migration and convection can be neglected. 

For the electrodeposition of Cu nanowires into the channels of the track etched PC templates, two 

preparation steps were necessary. First, to make the polymer foil electrically conductive, the rough side of 

the membrane was sputter coated with a ~200 nm thick Cu layer. In a second step, the sputtered Cu layer 

was reinforced by electrodepositing a ~10 µm thick Cu layer. This extra layer was electrodeposited 

potentiostatically for 20 minutes at room temperature in a two-electrode setup at U = -0.5 V vs. Ag/AgCl 
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employing a 238 g/l CuSO4 (99.995 %, Sigma-Aldrich, Taufkirchen, Germany) + 21 g/l H2SO4 (99.999 %, 

Sigma-Aldrich, Taufkirchen, Germany) electrolyte in an electrochemical cell setup, schematically presented 

in Figure 9 a) [112]. The sputtered Cu layer in this case was acting as cathode, being electrically contacted 

with a Cu ring, whereas a Cu-rod (99.95 %, Goodfellow, Huntingdon, UK) was applied as sacrificial anode. 

The resulting layer is thick enough to close the nanochannels of the track-etched membrane and serves as 

a solid backelectrode for the next electrodeposition process inside the pores. 

For the second step, the electrodeposition of Cu into the nanochannels, the membrane was placed between 

two Teflon compartments of the electrochemical cell, with the previously deposited Cu backelectrode layer 

being contacted from the back side with a Cu plate, thus serving as working electrode. The compartment 

towards the open pores was filled with an electrolyte composed of 238 g/l CuSO4 (99.995%, Sigma-Aldrich, 

Taufkirchen, Germany) + 21 g/l H2SO4 (99.999%, Sigma-Aldrich, Taufkirchen, Germany) + 0.5 ‰ DOWFAX 

2A1 surfactant. The addition of the surfactant improves the wettability of the membrane, which is in 

particular essential for homogeneous electrodeposition of interconnected nanochannels [158]. Before 

starting the electrodeposition, the electrolyte was tempered for 45 minutes at the deposition temperature 

of 60 °C. This ensures a uniform temperature distribution in the electrolyte bath and thus homogeneous 

filling of all pores. Deposition was performed in a three-electrode setup at a constant potential of 

U = -20 mV vs. Ag/AgCl controlled by an Interface 1000 (Gamry Instruments, Warminster, PA, USA) 

potentiostat, as presented in Figure 9 b). 

 

Figure 9: a) Scheme of the electrochemical two-electrode setup, applied for electrodeposition of the Cu backelectrode onto the Cu-sputtered 
rough side of the PC membrane. The arrows indicate the deposition direction of the Cu ions from anode to cathode. b) scheme of the 
electrochemical three-electrode setup, applied for electrodeposition of Cu nanowires into the interconnected nanochannels of the PC 
membrane.  
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The Cu-electrodeposition process was monitored by recording current-time (I-t) curves as shown 

exemplarily in Figure 10. 

 
Figure 10: Representative I-t curve recorded during the electrodeposition of Cu at an applied potential of U = -20 mV vs. Ag/AgCl into a 
track-etched membrane with interconnected nanochannels. As schematically indicated, three different regimes can be distinguished during 
the deposition process. The arrow is indicating the beginning of cap growth when the pores are completely filled. 

During the Cu electrodeposition into the pores, three different stages can be distinguished due to the fact 

that the current density is rather constant. In section I, double layer charging at the working electrode and 

first nucleation processes occur and lead to a current increase directly after the potential is applied, and a 

subsequent decrease during the formation and stabilization of the diffusion layer. In section II, during the 

electrodeposition of material from the bottom of the channels towards the upper side of the membrane, 

the current slightly increases (~15%) during 5 – 6 min. This rise of the current is attributed to the decrease 

in remaining channel length, which facilitates the diffusion of the electrolyte inside the channels. In section 

III, the pores are completely filled and caps start to grow on top of the membrane leading to a current 

increase due to the larger area of the effective working electrode on which the deposition occurs. In this 

work, the Cu electrodeposition process was usually stopped when the pores were fully filled, i.e., as soon 

as the current increase due to cap growth was identified (see arrow in Figure 10). The deposition time of a 

nanowire network until the beginning of cap growth, is depending on the amount of material that needs to 

be deposited with a constant deposition rate. Thus, this time is depending on membrane height, nanopore 

diameter and nanopore number density [159].  

To release the nanowire network from the membrane, the sample was fixed on an aluminum holder and 

immersed into dichloromethane (CH2Cl2, purity >99.5 %, Carl Roth GmbH & Co.KG, Karlsruhe, Germany). 

The solution was exchanged regularly for at least 48 h to ensure complete removal of the dissolved polymer 

residues.  
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Analysis of the nanowire networks was performed by scanning electron (SEM) imaging and energy 

dispersive X-ray spectroscopy (EDX) as well as X-ray diffractometry (XRD) and scanning transmission 

electron microscopy (STEM). For SEM imaging, usually an acceleration voltage of 1 kV and a working 

distance of 3 mm were used. For top-view imaging, the free-standing network was mounted on a pin-holder 

fixed with a ring-shaped holder. For cross-section SEM imaging, the nanowire network was cut into two 

pieces and placed vertically in a holder, fixing the sample from both sides. The length and the  diameter of 

the wires as well as the height of the network were measured using the internal, calibrated length 

measurement tool of the Zeiss Gemini SEM software. 

To ensure the elemental purity of the networks and identify possible contaminations, EDX analysis 

available in our SEM was applied. When the electron beam hits a sample, X-rays are emitted whose energy 

is specific for a given element. The technique thus provides information on the elemental composition of 

the sample [160,161]. 

EDX multipoint spectra and EDX mappings were recorded with a Bruker XFlash 5030 detector and using 

an acceleration voltages of 20 kV and a working distance of 8.2 mm. The spectra and qualitative mapping 

images, giving the spatial distribution of the detected elements along the nanowire network, were analyzed 

with the Quantax software from Bruker, belonging to the EDX detector. The acquisition time for the EDX 

spectra was ~15 minutes. 

Figure 11 shows SEM images for a) top view and b) cross section view of a Cu nanowire network deposited 

at a potential of -0.02 V vs. Ag/AgCl. The height of the network is 30 ± 2 µm, the nanowire diameter is 136 

± 6 nm and the measured nanowire number density is 8.0×108 wires/cm². Complete and homogeneous 

pore filling is indicated by charge calculations from the I-t curve recorded during electrodeposition similar 

to the example shown in Figure 10. The deposited charge until the beginning of cap growth amounts to 19 

± 2 C and thus a deposited Cu mass of 6.3 ± 0.5 mg which corresponds to a material volume of 0.7 ± 0.1 

mm³. Taking into account the total number of pores, this value gives a filling rate of 96 ± 7 % with regard 

to the calculated volume of all pores. Since all nanowire networks in this work were homogeneously 

deposited into the pores until the beginning of cap growth, pore filling rates of ~100 % are typical for all 

networks studied in this thesis. Details on calculating the volume of a nanopore network are described 

below in section 3.1.  
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Figure 11: SEM images of a Cu nanowire network electrodeposited for 15 minutes at -20 mV vs. Ag/AgCl with a clearly visible network 
structure in a) top view and b) cross sectional view. 

 
2.4 Preparation of Cu nanowire networks for catalysis: Cleaning and anodization  

For a successful and fully comprehensible CO2 reduction reaction, the cleanliness of the surface of the Cu 

wire as catalyst is of significant importance.  Contaminations of other metal atoms need to be ruled out, 

since they favor the hydrogen evolution reaction (HER), which competes with the CO2 reduction reaction 

[162–165]. Therefore, an acidic pre-cleaning and anodization procedure, leading to an increased CO2 

reduction efficiency [166,167] had been previously developed [50] and successfully applied to other Cu 

structures [53,168]. 

Due to the reduced diameter of the nanowires, the pre-cleaning process parameters needed to be adjusted 

with the goal to yield clean pure nanowire surfaces while maintaining the geometry and morphology of the 

nanowires and the network. As shown in section 4.5, the adjusted pre-cleaning process resulted in 

increased CO2 reduction efficiencies on the Cu nanowire networks as well and thus has shown to be 

beneficial. 

The adjusted pre-cleaning procedure consists of: (i) 5 min immersion in 0.1 M H2SO4. For this, a polyether 

ether ketone (PEEK) holder is used. (ii) cleaning for 10 min in deionized H2O. (iii) immersion for 5 min in 

0.1 M H3PO4, and (iv) 10 min immersion into deionized H2O.  

The following anodization of the sample took place at U = 1 V for 1 min in a two-electrode configuration 

with the Cu nanowire network as working electrode and a platinum wire as counter electrode. This 

anodization process forms a thin surface film of copper oxide on the nanowires, which is later removed 

dircetly before the CO2 reduction procedure, leading to a clean Cu surface. The positive oxidative potential 

was applied with a Gamry Interface 1000 potentiostat. The anodization configuration is shown 

schematically in Figure 12. 
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Figure 12: Setup for the anodization of the Cu nanowire network with 0.1 M H3PO4 in an electrochemical cell. The network serves as 
working electrode and is contacted from the back side with a Cu plate, whereas a Pt wire serves as counter electrode for the potential 
application in a two-electrode setup. 

The sequence of SEM images shown in Figure 13 demonstrates that the adapted procedure only slightly 

increases the surface roughness without influencing the general nanowire network structure, i.e. without 

causing changes in the nanowire diameter. 

 

Figure 13: SEM images of the Cu nanowire network before and after consecutive pre-cleaning and anodization steps. a) pristine state b) 
after immersion in 0.1 M H2SO4, c) after immersion in 0.1 M H3PO4 and d) after anodization. 

The images reveal that the overall 3D network structure of the Cu nanowire network is maintained during 

all pre-cleaning and anodization steps. After the first pre-cleaning step in H2SO4 (b)) the Cu nanowire 
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surface does not exhibit any changes. After the pre-cleaning procedure in H3PO4 (c)) the images show a 

very slight increase in surface roughness. Phosphoric acid is known to reduce the native surface copper 

oxide, which is probably responsible for the slightly rougher surface [169,170]. The anodization procedure 

oxidizes the Cu nanowire surface resulting in a further and more significant increase of the surface 

roughness as clearly evident from the SEM images shown in Figure 13 d). Just before the CO2 reduction, 

this surface oxide is later removed by surface reduction CV scans in a reductive potential region and 

together with the increased roughness this explains a more active surface of the catalyst structure as 

described in section 4.5. 

To verify that this pre-cleaning procedure is not contaminating the nanowire network surface, the 

composition of the wires was analyzed afterwards by EDX and compared to a pristine Cu nanowire 

network. The EDX spectra of the pristine and the pre-cleaned Cu nanowire networks are presented in 

Figure 14 a) and b), respectively, with the peaks of the detected elements marked in red and the positions 

of the possible sulfur and phosphor contaminations marked in green [171]. 

 

Figure 14: EDX spectra of Cu nanowire networks, synthesized on a Cu backelectrode. a) before (pristine) and b) after pre-cleaning. The 
position of the copper signals are marked in red and the positions of possible contaminations of sulfur and phosphor are marked in green 
[171]. 

The EDX spectrum of the pristine Cu nanowire network (Figure 14 a)) exhibits, as expected, the main Cu 

peaks together with a small oxygen peak, attributed to the native surface oxide layer on the Cu nanowires 

and a very small carbon peak attributed to a slight C contamination, which could either belong to a very 

small amount of polymer residue, or electron-beam induced effects. Otherwise, no additional peaks from 

contaminating elements are identified, leading to the conclusion, that the Cu nanowire networks are quite 

pure structures.  

The EDX spectrum of the Cu nanowire network after the acidic pre-cleaning procedure is shown in Figure 

14 b). Besides the main Cu peak an O peak appears, which is smaller than the one of the pristine sample, 

indicating the dissolution of copper oxide during the acidic pre-cleaning treatments. The slight carbon 

signal is ascribed to a contamination. No additional peaks due to contaminating material are observed, and 
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no signals are found at the expected positions of sulfur and phosphor. The electrodeposition of Cu wires 

from high purity CuSO4 electrolyte in combination with a special cleaning procedure, obviously provides 

nanowire networks with surfaces of high purity as necessary for CO2 reduction application with the Cu 

nanowire network as catalyst. 
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3 Determination of the electrochemically active surface area of Cu nanowire networks 
 
3.1 Theoretical calculations regarding the nanowire network geometry 

The geometrical parameters (length, diameter, number density) of Cu nanowire networks synthesized by 

electrodeposition in etched ion track membranes can be varied in a defined way during the synthesis 

process. The nanowire diameter corresponds to the diameter of the nanochannels in the template, which 

is adjusted by controlling the duration of the track etching process. The nanowire number density is the 

same as the nanochannel density and is controlled by the ion irradiation fluence since each ion produces 

an individual track that is converted into an open channel [79,86,88,90]. The network height is adjusted by 

the thickness of the polymer and the electrodeposition time. 

A two-dimensional scheme of the network structure is depicted in Figure 15 a) with nanowires being 

interconnected under an angle of 90°. The irregular distances of the nanowire crossings are illustrated in 

the representative SEM image in Figure 15 b), and are due to the random distribution of the ion-tracks on 

the sample, as well as the resulting random distribution of the nanochannels as displayed in Figure 6. The 

yellow circles mark interconnections of two wires. The stochastic distribution of the wires in each of the 

four directions results in a highly complex geometry, for which the estimated surface area cannot be readily 

calculated. We thus applied a simplified model that includes the wire length L (resulting directly from 

network height h), the wire diameter d and the total number of wires n to estimate the surface of such a 

nanowire network, and that does not consider the stochastic wire distribution resulting in pore overlaps 

and wires passing each other closely instead of ordered crossings. 

 

Figure 15: a) Two-dimensional scheme of the nanowire network of height h, full wire length Lf, effective length Le of wire segments with 
accessible surface, nanowire diameter d, total number of nanowires n and spacing x between adjacent wires. b) SEM image of a nanowire 
network with examples of intersecting nanowires marked by yellow circles 

Due to the irradiation under 45°, the nanowire length Lf is larger than the network height h as described by 

equation (11). 
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𝐿௙ =
ℎ

sin(45°)
          (11) 

The geometric surface A of the network depends on the effective wire length, wire diameter d and the total 

nanowire number n of the sample. Regarding the wire length, it needs to be considered that the nanowire 

crossings reduce the accessible surface as well as the volume and mass of the network compared to the 

integrated surface of all individual wires. For a given nanowire, the crossings reduce the full wire length Lf 

to the effective length Le which is considered as the sum of all wire segments Lei between the crossings (Le 

= Le1 + Le2 + Le3 + Le4 in Figure 15 a)). The model calculation considers two limit cases as a function of two 

nanowire categories: Nx wires of full length Lf and (1-Nx) wires of maximum reduced length Le (𝐿௘ = 𝐿௙ −

൫√𝑛 ∙ 𝐿௙ ∙ 𝑑൯. The total surface A and volume V of the network is composed of the contribution of wires of 

category Nx and 1-Nx given by equation (12) and (13), respectively. 

𝐴 = ൬𝑁௫ ∗ 2𝜋
𝑑

2
𝐿௙ ∗ 𝐹൰ + ൭(1 − 𝑁௫) ∗ 2𝜋

𝑑

2
𝐿௘ ∗ 𝐹൱            (12) 

𝑉 = ቆ𝑁௫ ∗ 𝜋 ൬
𝑑

2
൰

ଶ

𝐿௙ ∗ 𝐹ቇ + ቌ(1 − 𝑁௫) ∗ 𝜋 ൬
𝑑

2
൰

ଶ

𝐿௘ ∗ 𝐹ቍ           (13) 

By multiplying the network volume with the mass density of the material, the estimated mass m of the 

nanowire network is obtained (𝑚 = 𝑉 × 𝜌). The two limit cases correspond to (i) all wires having the full 

length without any crossings, which is equivalent to a nanowire array and (ii) all nanowires have an 

effective length reduced to the minimum value by a maximum number of possible crossings defined by the 

number of nanowires n, which is equivalent to a totally regular arranged nanowire network structure. 

Figure 16 presents a) the calculated surface area Atheo, b) volume V, c) mass m and d) specific surface area 

(SSA = 
஺೟೓೐೚

௠
) for Cu nanowire networks (ρ = 8.92 g/cm³) as a function of network height for a planar sample 

area of 1.8 cm². The nanowire diameter is 150 nm and the nanowire number density 8×108 cm-² 

(corresponding to the sum of the four sequential irradiations with an ion beam fluence of 2×108 i/cm² 

each). The graphs represent the upper limit when all wires have the full length Lf (blue), the lower limit 

when all wires have a reduced length Le (red), and a more realistic situation, were 50 % of the wires have 

the full length and 50 % have a reduced length (green). These calculations illustrate the dependence of the 

surface and volume of the network on the wire length. 



 

 
  30 

 

Figure 16: Model calculation of a) surface area, b) volume, c) mass and d) specific surface area as a function of network height for fixed 
nanowire diameter (150 nm) and number density (8×108 cm-²) on a planar sample of 1.8 cm² size. 

The surface area, volume and mass increase linearly with increasing network height. This is not surprising, 

considering that an increase in network height corresponds to longer wires, which is a linear factor in both 

parts of the surface area calculation given in formula (12) and (13). In these calculations the percentage of 

wires considered without crossings, that are not counting for surface, mass or volume, is a linear factor. 

Thus, the slope of the boundary conditions curve for 100 % of the wires having no crossings is higher than 

for the realistic consideration of 50:50 wire length distribution or even all wires having a reduced wire 

length by the full number of crossings. The specific surface area of all cases is identical with a value of 29.76 

cm²/mg, since the slope of surface and mass is equal for each case, thus the division causes a fixed value. 

Figure 17 presents a) the calculated surface area A, b) volume V, c) mass m and d) specific surface area (SSA 

= 
஺೟೓೐೚

௠
) for Cu nanowire networks as a function of nanowire diameter at a constant network height of 30 

µm and a fixed nanowire number density of 8×108 wires/cm². The graphs represent the upper limit of all 

wires considered with full length Lf (blue), the lower limit of all wires with reduced length Le (red), and a 

realistic value, were 50 % of the wires can be considered as full length and 50 % as effective length (green).  
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Figure 17: Model calculation for a) surface area A, b) volume V, c) mass m and d) specific surface area as a function of nanowire diameter 
for a nanowire network with a constant network height of 30 µm and a fixed nanowire number density of 8×108 wires/cm² on a planar area 
of 1.8 cm². 

Considering all nanowires as full-length wires, the surface area of the network increases linearly with wire 

diameter. However, as soon as crossings come into play, the increase is sublinear due to the more 

prominent impact of the surface reduction by crossings between adjacent nanowires with increasing wire 

diameter. This sublinear increase is even more pronounced for the lower boundary condition when all 

wires are assumed to have the maximum possible number of crossings. The same effect is observable for 

the volume and mass model calculations. Here, for the boundary condition of all nanowires considered with 

maximum length, the curve shows a parabolic behavior, as expected from formula (13). The evolution of 

the SSA is identical for all three cases, since the considerations regarding the crossings apply equally for 

mass and surface. 

Figure 18 displays the graphs for a) the calculated surface area A, b) volume V, c) mass m and d) specific 

surface area (SSA) for Cu nanowire networks as a function of nanowire number densities, but constant 

nanowire diameter of 150 nm and a constant network height of 30 µm. 
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Figure 18: Model calculation of the Cu nanowire networks a) surface area A, b) volume V, c) mass m and d) specific surface area as a 
function of nanowire number density with constant network height and nanowire diameter of 30 µm and 150 nm, respectively, on a 
planar area of 1.8 cm². 

For changes in the nanowire number density, the curves of surface area, volume and mass follow the same 

trend for each model case of different wire length distribution. For the boundary condition of all wires 

having the full length, they increase linearly with the nanowire number density. However, the curves are 

sublinear, when crossings are considered. Additionally, at high irradiation fluences and large pore 

diameters, pore overlap occurs in the ion track membranes, which also contributes to this sublinear 

behavior. 

The specific surface area of all networks with different nanowire number densities is identical with a value 

of 29.76 cm²/mg, since the curve shapes of surface and mass are equal for each case, thus the division 

causes a fixed value. 
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3.2 ECSA determination using the electrical double layer capacitance (CDL)  

To date, no standardized procedure exists for evaluating catalyst activities. Reported results have thus to 

be checked carefully regarding their acquisition procedure and especially their normalization to a certain 

surface area, when comparing different catalyst efficiencies for electrochemical CO2 reduction [172]. 

Mainly three methods are used to normalize the activity of an electrocatalyst. One is the mass activity 

defined as reaction current per catalyst loading. However, this method is not separating the bulk of the 

catalyst, which is not contributing to catalytic activity. Thus, a normalization to the real surface area 

provides a better approach. Such a normalization considers the geometric surface activity described by the 

reaction current normalized to the geometric electrode area. This straightforward method is used for the 

normalization of the CO2 reduction activities in this thesis. Another method allowing deeper insight by 

taking into account also the catalyst structure is the normalization of the catalyst activity regarding the real 

surface area participating in the reaction, which can be determined as electrochemically active surface area 

(ECSA) by electrochemical methods such as hydrogen adsorption, surface oxide reduction, CO stripping, 

metal underpotential deposition, nitrous oxide reactive frontal chromatography [173–176]  or 

determination of the electrical double layer capacitance [177].  

The ECSA determination via measurements of the electrical double layer capacitance (CDL) by cyclic 

voltammetry scans offers the advantage that it takes place in the non-Faradaic region. It thus does not alter 

the catalyst surface and can be performed in basically every electrolyte [173–175,177,178]. 

When a metal is inserted into a liquid electrolyte, an electrical double layer (EDL) is formed at its surface, 

caused by the surface charges.  For a given material-solution combination, the surface charges of the metal 

are defined by number and type of acidic and basic groups of the solution due to protonation or 

deprotonation [179,180]. The electrical double layer is directly depending on the pH value of the electrolyte 

with a specific pH value. The situation when the surface charge is neutralized, is called the point of zero 

charge (pzc). The electrical double layer is formed by ions being bound to the surface by van der Waals 

forces acting at short distances, as well as by electrostatic interaction of electrolyte ions with the materials 

surface charge. Those interactions are described by Derjaguin, Landau, Verwey, and Overbeek in the DLVO 

theory [181], which assumes an infinite flat surface exhibiting a uniform surface charge density. In contrast 

to those electrostatic forces, van der Waals forces are very insensitive to the electrolyte concentration and 

pH value [182]. 

As soon as the pH value of the liquid deviates from the point of zero charge, the surface charges at the 

liquid-solid interface result in the formation of the EDL as screening layer of oppositely charged 

counterions to secure charge equalization [156,183,184] and is described as homogeneous layer in the 

DLVO theory. The Gouy-Chapman-Stern model divides the EDL more precisely in three regions as shown 

in Figure 19 [182]. 
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Figure 19: Gouy-Chapman-Stern model of the electrical double layer at the solid-electrolyte interface, with the corresponding potential 
distribution as a function of distance from the material [182]. 

The first intermediate layer is called inner Helmholtz plane and consists of co- and counterions, which are 

non-hydrated and specifically adsorbed on the surface. The second layer is the outer Helmholtz plane and 

is formed by hydrated and partially hydrated counterions. Between inner and outer Helmholtz plane, the 

Stern layer is placed, in which charge and potential gradient are assumed to be linear. In the third layer, 

mobile co- and counterions are present and thus it is called diffuse layer, containing the slip plane. The EDL 

thickness is directly depending on pH and ionic strength of the liquid [185,186]. Physically the EDL can be 

treated as capacitor, with its capacitance being dependent on its area and thus directly proportional to the 

metal surface area [178,187,188]. 

The application of a potential on a metal electrode immersed in an electrolyte leads to different behaviors 

in different potential regions, which can be studied by cyclic voltammetry (CV). For certain applied 

potentials different chemical reactions occur due to charge transfer processes through the 

electrode/electrolyte interface such as e.g. conversion reactions like surface oxidation and reduction, 

corrosion reactions like catalyst dissolution, and catalytic reactions like hydrogen or oxygen evolution or 
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CO2 reduction reactions. These reactions occur in the so-called Faradaic regions of the CVs and affect the 

electrical double layer. Therefore, to deduce the electrochemically active surface area from the 

measurement of the double layer capacitance, a potential window in the CV is chosen where no reaction 

occurs. These potential windows are called non-Faradaic regions [173]. In the non-Faradaic region, the 

application of the potential results in a constant current flow related only to the charging and discharging 

of the EDL. 

In the non-Faradaic regions, the differential double layer capacitance CDL is described by formula (14) 

and (15). 

𝐶஽௅ =
𝑑𝑄

𝑑𝑈
             (14) 

𝐼 =
𝑑𝑄(𝑈)

𝑑𝑡
             (15) 

The measured current I depends directly on a charge Q over time t for an applied potential U, leading to the 

relation between double layer capacitance CDL and current I as presented in formula (16). 

𝐼 = 𝐶஽௅ ∙
𝑑𝑈

𝑑𝑡
             (16) 

Consequently, the double layer capacitance CDL is obtained by plotting a set of CV scans with different scan 

rates around a specific potential in the non-Faradaic region. Taking the current difference ΔI from the 

distance of the two CV branches and plotting it for various scan rates v, a linear regression is obtained 

whose slope is CDL according to formula (17) [174,189]. 

𝐶஽௅ =
𝛥𝐼

𝑣
             (17) 

Finally, the ECSA is obtained by the ratio of the measured CDL of the electrode (here the nanowire network) 

to the specific double layer capacitance of a sample of well-known surface area As of the same material CS 

measured in the same electrolyte and setup (equation (18)). 

𝐸𝐶𝑆𝐴 =
𝐶஽௅ ∗ 𝐴௦

𝐶௦
             (18) 

To determine the ECSA by double layer capacitance measurements, a modified polyether ether ketone 

(PEEK) cell (adapted from the cell proposed by Kuhl et al. [50]), was constructed and employed (Figure 

20). 



 

 
  36 

 
Figure 20: a) Schematics and b) photography of components of the PEEK electrochemical cell used for double layer capacitance 
measurements. The nanowire network mounted on a Cu stamp is inserted from the front side. Both front and rear cell parts are screwed 
together. The counter electrode is electrically contacted from the rear side with an Al foil. 

This electrochemical cell (Figure 20) consists of two components: First, the rear part on which a Ti plate is 

placed as counter electrode that is electrically contacted from the back via an aluminum foil and second, 

the front part, which has a free space of 13 ml inside, with a N2 inlet from one side and the Ag/AgCl reference 

electrode inserted from the other side. The Cu nanowire network is inserted into a circular opening at the 

front-side plate and kept in place by a Cu stamp, which also contacts it electrically. Thus, the Cu nanowire 

network is the working electrode. On the top side, this compartment has an exhaust port for the N2 gas to 

exit. For the CV measurements, the cell was filled with 13 ml 0.1 M KHCO3 (99 %, Santa Cruz Biotechnology, 

Dallas, Texas, United States) electrolyte (pH = 7), which is the same one as later used for CO2 reduction 

experiments. To ensure that every measured charge can be attributed only to the electrochemical double 

layer formation and to avoid surface oxidation, the electrolyte was saturated with N2 by constant purging 

to remove gas phase hydrogen and oxygen directly from the system.  

All CV scans for ECSA determination were performed in this three-electrode setup controlled by a Gamry 

Interface 1000 potentiostat. 

 

3.2.1 ECSA reference measurements on a flat Cu plate 

According to equation (19), the determination of the electrochemically active surface area of the nanowire 

networks, requires the measurement of the double layer capacitance values of a flat reference plate with a 

well-known geometrical surface area Aplate . CDL_network  and CDL_plate  denotes the double layer capacitance 

values measured for the nanowire network and for the flat reference plate, respectively. 
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𝐸𝐶𝑆𝐴 =  
𝐶஽௅_௡௘௧௪௢௥௞ ∗ 𝐴௣௟௔௧௘

𝐶஽௅_௣௟௔௧௘
           (19) 

A test of the surface area determination by measuring CDL with CV scans in the non-Faradaic region was 

performed on a pristine Cu plate, which was measured firstly over a surface area of 1.8 ± 0.1 cm² and 

secondly on a reduced area of 1.1 ± 0.1 cm² obtained by covering parts of the surface with Kapton tape. The 

results for the CDL deduced from CV scans are presented in Table 1. 

Table 1:  Geometrical surface areas and CDL of the full Cu plate and the same plate with a surface area reduced with Kapton tape. 

 Full size Reduced size Relation 

Geometrical surface [cm²] 1.8 ± 0.1 cm² 1.1 ± 0.1 cm² 1.6 

CDL [µF] 20.1 ± 0.5 13.7 ± 0.7 1.5 

The deviation of the two relations is 6 %, possibly due to surface scratches not being fully equally 

distributed along the whole plate surface. 

This control experiment performed at the Cu plate shows that the ECSA of Cu electrodes can be determined 

using the double layer capacitance method. These experiments served also to select the appropriate scan 

rates and potential windows in the non-Faradaic region for further experiments. 

To eliminate uncertainties in the surface area, caused by scratches and surface roughness, we used a flat 

Cu plate with a well-defined lapped and polished surface, prepared at the target laboratory of GSI 

Helmholtzzentrum, Darmstadt, Germany, as reference for further experiments. The smoothness of the 

surface was controlled by optical microscopy and profilometry mapping (Veeco Instruments, DEKTAK 8). 

Analyzing three profilometry maps on an area of 2 x 2 mm2 yielded a roughness factor of 1.01, i.e. a flat 

surface. 

For the ECSA determination via CDL of the lapped and polished Cu-plate, first, three CV scans were 

performed in a region from -0.5 to 0.5 V vs. Ag/AgCl with a scan rate of 10 mV/s in a 0.1 M KHCO3 electrolyte 

that are shown in Figure 21 with the non-Faradaic region being indicated. 
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Figure 21: CV scans recorded for a lapped and polished Cu reference plate in 0.1 M KHCO3. The blue box shows the non-Faradaic region 
between 0.2 and 0.4 V. 

Figure 22 shows the CV scans for ECSA determination, which were performed around 280 ± 10 mV, 320 ± 

10 mV and 360 ± 10 mV using three different scan rates (30 mV/s (blue), 40 mV/s (red) and 50 mV/s 

(yellow)). 

 

Figure 22: CV scans performed on the 1.8 cm² lapped and polished Cu plate with scan rates of 30 (blue), 40 (red) and 50 mV/s (red) at 
potentials of 280 ± 10 mV, 320 ± 10 mV and 360 ± 10 mV.  

The CV scans show an increase in current difference (ΔI) of the two branches of the CV scans with increasing 

scan rates as given by the definition for the double layer capacitance (equation (17)). The CV scans 

performed at 40 mV/s are found at slightly different absolute current positions, which might be attributed 

to a disturbance in the cell setup, probably some increased resistance by dirt or gas bubbles on the counter 

electrode or reference electrode.  
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For the calculation of CDL the values obtained by three scans with different scan rates at each potential were 

averaged. Due to the low roughness factor of the lapped and polished Cu plate, its geometrical area of 

1.8 cm² ± 0.1 cm² is assumed to be the actual surface area. Thus, the measured double layer capacitance 

CDL = 14.3 ± 2.4 µF provides the reference double layer capacitance Cref = 8.1 ± 1.4 µF/cm².  

 

3.2.2 ECSA determination of Cu nanowire networks 

Figure 23 shows three consecutively measured CVs of a Cu nanowire network with a base area of 1.8 cm², 

height 30 µm, wire diameter 150 nm, and nanowire number density 2×109 cm-². The CVs were recorded 

with a scanning rate of 10 mV/s from U = -0.5 V to U = 0.5 V vs. Ag/AgCl, to determine the non-Faradaic 

region. 

 

Figure 23: Three CV scans for a representative Cu nanowire network (1.8 cm² area, 30 µm height, 150 nm nanowire diameter, 2×109 cm-² 
nanowire number density) recorded between U = -0.5 V and U = 0.5 V (vs. Ag/AgCl) at a scan rate of 10 mV/s. The non-Faradaic region 
is highlighted in the light blue box.  

The CVs display an oxidation peak at ~0.3 V and a reduction peak at ~-0.3 V, as well as a non-Faradaic 

region from -0.1 V to 0 V vs. Ag/AgCl. To provide a clean surface for the following measurements, each CV 

was stopped at 0 V at the end of a branch coming from the reductive potential region.  

In the next step, additional CV scans in a region of ±10 mV around -90 mV, -70 mV, -50 mV and -20 mV were 

performed with different scan rates of 30 mV/s, 40 mV/s and 50 mV/s each to determine the CDL of the 

nanowire networks as shown exemplary in Figure 24 for a Cu nanowire network with h = 30 µm, d = 150 

nm and number density = 4·5×108 cm-2. 
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Figure 24: CV scans with scan rates of 30 mV/s, 40 mV/s and 50 mV/s at potentials of -90 ± 10 mV, -70 ± 10 mV, -50 ± 10 mV and -20 ± 
10 mV. 

The values for ΔI and thus also for CDL deduced from these CV scans are larger than the ones for the lapped 

and polished Cu plate due to the larger ECSA of the nanowire networks. At each potential, ΔI strongly 

increases for larger scan rates as expected from the CDL definition. Additionally, the CV scans slightly shift 

for the different scan rates at each potential, but this does not influence the resulting ΔI values. 

3.2.3 ECSA of Cu nanowire networks with different network heights 

A measurement series was conducted for nanowire networks with different heights. The CDL determined 

by CV scans in the non-Faradaic region was then divided by the reference CDL (Cref) of the lapped and 

polished Cu plate to get the ECSA of the nanowire network. Figure 25 compares the measured ECSA values 

(black) with the geometrical surface area of the model calculation for the realistic case with an 

equidistribution of the nanowires with full and with reduced length (red line) adapted to the same 

geometrical network parameter, i.e. planar sample area, nanowire diameter, nanowire number density and 

network height. All nanowire networks of this series had a wire diameter of 150 ± 5 nm and a nanowire 

number density of 8×108 ± 8×107 cm-² on a planar sample area of 1.8 cm² determined by pore counting on 

SEM images. The analysis of the respective SEM images was conducted on five areas of 300 µm² each, 

distributed regularly over the whole membrane to average beam inhomogeneities. The nanowire diameter 

was measured on SEM images of the nanowire networks, while the network height was determined by SEM 

cross section imaging after the ECSA determination measurements.  
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Due to the random nanowire arrangement, the precise number of intersections cannot be determined. The 

calculated surface Stheo values therefore have an uncertainty, which is represented in Figure 25 by the 

shaded areas around the solid lines. 

 

Figure 25: Experimentally determined ECSA values (black squares) and calculated theoretical surface areas (red line) (shaded areas indicate 
uncertainties in the model due to the stochastic nanowire arrangement) of Cu nanowire networks with systematic variations of the network 
height h. The inset displays the fixed wire parameters of this series. 

The measured ECSA values increase from 133 ± 20 cm² to 447 ± 68 cm² with increasing network heights 

from 9 ± 1 µm to 30 ± 1 µm. Considering the error bars, this increase could be regarded as rather linear as 

expected due to the linear influence of the network height on the surface area.  

ECSA values smaller than the theoretical surface area for individual networks could be expected due to the 

presence of contaminations (e.g. polymer residues) on the nanowire surface, diminishing the contact area 

with the electrolyte. But surprisingly, this is not the case here. All our experimentally determined ECSA 

values are higher than the theoretical surface area by almost a factor of 1.8. These higher values are 

attributed to the surface roughness of the nanowires, which increases significantly during the acidic pre-

cleaning treatment, as shown exemplarily for a network of 30 µm height in Figure 26. The calculations of 

the geometrical surface area presented in section 3.1 do not take the nanowire roughness into account but 

assume smooth cylinders. 
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Figure 26: Nanowire network a) before and b) after the acidic pre-cleaning process. The as-synthesized networks have a smooth surface 
while acidic cleaning obviously roughens the wire surface. 

 
 
3.2.4 ECSA of Cu nanowire networks with different nanowire diameter 

In a second series, the ECSA of nanowire networks with different nanowire diameter was determined via 

the double layer capacitance method. Figure 27 shows the measured ECSA values for the nanowire 

networks with average wire diameter of 113 ± 4 nm, 142 ± 4 nm and 171 ± 4 nm (black) together with 

the theoretical values from the model calculation (red line) taking into account a realistic wire length 

distribution regarding the number of crossings. The respective SEM images of these networks are shown 

in  

Figure 28. All other geometrical parameters of the network were kept the same i.e. a height of 30 ± 1 µm, 

a nanowire number density of 8×108 ± 8×107 cm-² and a planar sample area of 1.8 cm². 

 

Figure 27: Experimentally determined ECSA values (black squares) and calculated theoretical surface areas (red line) (shaded areas indicate 
uncertainties due to the stochastic nanowire arrangement) of Cu nanowire networks with systematic variations of the nanowire diameter d. 
The inset displays the fixed parameters for this series. 
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Figure 28: SEM images of Cu nanowire networks with different wire diameter used for ECSA determination. The images were taken after 
the acidic pre-cleaning, but before the ECSA measurement. The inset displays the average nanowire diameter calculated from 
10-20 nanowires measured as shown exemplarily in the images. 

The measured ECSA values increase with nanowire diameter, as expected from the theoretical model 

calculation. In the experimental values, as well as in the model calculation this increase is slightly sublinear, 

due to the more prominent impact of the surface reduction by crossings for larger wire diameters. Thus, 

the behavior of the measured ECSA values correlates well with the theoretical calculations. 

However, all measured ECSA values are again up to a factor of 1.8 larger than the theoretical values. This 

effect is again ascribed to the surface roughness, which is observable in  

Figure 28 and caused by the acidic pre-cleaning treatment. 

3.2.5 ECSA of Cu nanowire networks with different nanowire number density 

In a third series, the ECSA of nanowire networks with different nanowire number density was determined. 

The nanowire number density for the networks was determined by pore counting on SEM images of the 

corresponding etched ion-track membrane before electrodeposition of the Cu nanowires, as described in 

section 2.2. A comparison of the measured ECSA values of networks with nanowire number densities of 

1.8×108 cm-², 4.2×108 cm-², 8×108 cm-² and 1.1×109 cm-² (black) with the model calculations for the realistic 

crossing number (red line) is shown in Figure 29. All other geometrical parameters were kept the same for 

the nanowire networks, with a network height of 30 ± 1 µm, a nanowire diameter of 150 ± 5 nm and a 

planar sample area of 1.8 cm². 
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Figure 29: Experimentally determined ECSA values (black squares) and calculated theoretical surface areas (red line) (shaded areas 

indicate uncertainties due to the stochastic nanowire arrangement) of Cu nanowire networks with systematic variations of the nanowire 

number density F. The inset displays the fixed parameters for this series. 

As presented in Figure 29, the measured ECSA of the Cu nanowire networks, as well as the geometrical 

surface area from the model calculation does not increase linearly with nanowire number density. This 

behavior is again due to the increasing amount of nanowire crossings with increasing nanowire number 

density, which reduces the effective nanowire length with the exposed nanowire surface, coinciding with 

the model calculation presented in chapter 3.1. 

Due to the nanowire roughening caused by the pre-cleaning treatment, the measured values are again 

larger than the ones predicted by the theoretical model calculation. For the nanowire networks with a 

nanowire number density of 1.8×108 cm-² the ECSA is by a factor of 5.2 higher than the geometrical surface 

area (SGeo). The factor of this increase gets smaller with increasing nanowire number density, via values of 

2.9 for 4.2×108 cm-², 1.7 for 8×108 cm-² towards 1.4 for 1.1×109 cm-². This decrease in influence of the 

surface roughness with increasing nanowire number density is also coming from the increase in the 

number of crossings, which is reducing the exposed surface area of the nanowires between them. Thus, the 

surface area on which the roughness has an influence gets smaller, decreasing the impact of the roughness, 

which causes a smaller difference to the model calculation. This decreasing influence in roughness effect 

also explains the decrease of the curve slope for the measured ECSA values with increasing number density. 

In all cases the measured ECSA values are higher than the corresponding geometrical surface areas from 

the model calculations. For the series with different network height and different nanowire diameter, this 

surface area increase caused by roughness is relatively constant by a factor of 1.8. For the series with 

varying nanowire number density, this increase factor decreases with increasing nanowire number 

density, which is explainable by the larger number of crossings. Overall, the data follow an expected 
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behavior without inconsistencies which demonstrates that the whole surface area of the nanowire network 

is electrochemically active and thus available for chemical reactions.  

All nanowire networks presented ECSA values up to 500 cm² on a flat sample area of only 1.8 cm² which is 

an increase by a factor of almost 300. 

In each of the above series, one nanowire network had identical geometrical parameter, their respective 

ECSA and capacity values are summarized in Table 2. They show excellent agreement within the 

experimental uncertainties. 

Table 2: Double layer capacity CDL and ECSA values for different samples with identical geometrical parameters (30 µm network height, 
150 nm wire diameter and a nanowire number density of 8×108 cm-² on a planar sample area of 1.8 cm²) from independent ECSA 
determination measurements. 

 CDL [mF] ECSA [cm²] 

From series with different height 3.6 ± 0.5 447 ± 68 

From series with different diameter 3.5 ± 0.2 433 ± 27 

From series with different number density 3.6 ± 0.3 450 ± 37 

 

Nanowire networks with these geometrical parameters of 30 µm network height, 150 nm nanowire 

diameter and a nanowire number density of 8×108 cm-² were used as catalyst for the CO2 reduction 

experiments in this thesis since they provide an ECSA of ~440 cm² on a planar sample area of only 1.8 cm², 

which is a surface area increase by a factor of almost 250. Additionally, they obtain excellent mechanical 

stability by still providing enough porosity between the wires to allow sufficient gas and liquid transport. 

On the other hand, as stated in chapter 4.2 the nanowire interspace is small enough to limit release and 

diffusion of the intermediate products to promote C-C coupling for C2+ product formation. 
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4 Cu nanowire networks as catalyst for electrochemical CO2 reduction 
 
4.1 Electrochemical CO2 reduction 

The application of CO2 as feedstock for the electrochemical synthesis of value-added chemicals is already 

used industrially for the synthesis of urea [190], salicylic acid [191], cyclic carbonates [192,193] and 

polyols [194]. Currently a lot of research is progressing, evaluating the necessary processes and catalysts 

to economically convert CO2 into other more advanced chemicals [34–37], especially methane or methanol 

that can be used as synthetic fuels [195–202]. These processes offer the opportunity to include CO2 

reduction reactions into a sustainable carbon cycle as shown in Figure 30 [203]. 

 

Figure 30: Scheme of a sustainable carbon cycle based on the transfer of CO2 into synthetic fuels by electrochemical CO2 reduction 
reactions [203]. 

Since CO2 is one of the most stable molecules, energy has to be applied to transform it into other chemicals 

by reduction reactions. Usually this energy is provided by the application of an electric potential, which 

delivers electrons that are consumed in the reduction reactions [204]. The thermodynamic standard 

electrode potential E0 at standard conditions for the CO2 reduction reaction is defined by formula (20).  

𝐸଴ = −
𝛥𝐺଴

𝑛𝐹
= −

𝛥𝐻଴ − 𝑇 · 𝛥𝑆଴

𝑛𝐹
              (20) 

With ΔG0 being the change of Gibbs free-energy, ΔH0 the enthalpy change, T the reaction temperature, ΔS0 

the entropy change, n the amount of transferred electrons per atom and F the Faraday 

constant [156,178,205]. 

The resulting thermodynamic equilibrium potentials versus reversible hydrogen electrode (RHE) at pH = 7 

for half-cell reactions of CO2 to several value-added chemicals are provided in Table 3. 
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Table 3: Half-cell reactions and standard equilibrium potentials for CO2 reduction reactions to value added chemicals in aqueous solution 
at pH = 7 [50,206,207]. 

Product Half-cell reaction E0 vs. RHE [V] 

carbon monoxide COଶ + HଶO + 2 eି ⇌  CO + 2 OHି -0.10 

formate COଶ + HଶO + 2 eି ⇌  HCOOି+ OHି -0.02 

methanol COଶ + 5 HଶO + 6 eି ⇌  𝐶𝐻ଷOH + 6 OHି 0.03 

methane COଶ + 6 HଶO + 8 eି ⇌  𝐶𝐻ସ + 8 OHି 0.17 

ethylene glycol 2 COଶ + 8 HଶO + 10 eି ⇌  Cଶ𝐻଺𝑂ଶ + 10 OHି 0.20 

ethylene 2 COଶ + 8 HଶO + 12 eି ⇌  Cଶ𝐻ସ + 12 OHି 0.08 

ethanol 2 COଶ + 9 HଶO + 12 eି ⇌  Cଶ𝐻ହOH + 12 OHି 0.09 

n-propanol 3 COଶ + 13 HଶO + 18 eି ⇌  Cଷ𝐻଻OH + 18 OHି 0.21 

Each of these CO2 reduction reactions is a multi-step reaction. Thus, kinetic barriers have to be overcome 

and more energy than suggested by the equilibrium potential is necessary for a successful reaction. This 

more negative potential that needs to be applied for a certain reduction reaction to happen is called 

overpotential. Overpotentials can be reduced tremendously by suitable catalysts that either lower the 

energy that is needed for the formation of intermediates or open new reaction pathways leading to an 

increased product formation rate and thus a higher reaction efficiency [178,208]. 

The ratio of the different products resulting from a CO2 reduction reaction is called selectivity and since the 

standard equilibrium potentials are all relatively close together, a good catalyst has to reduce the 

overpotential of only one reaction significantly to enhance the selectivity. Additionally, the CO2 reduction 

reaction in aqueous electrolyte is always competing with the hydrogen evolution reaction (HER), which 

occurs at a similar equilibrium potential (0 V vs. SHE). Thus, a good catalyst to enhance CO2 reduction 

efficiency should also suppress or minimize the HER [209–211]. 

The electrochemical CO2 reduction reaction products in heterogeneous catalysis, i.e. when inserting a metal 

as not consumed catalyst electrode into the electrolyte, strongly depend on the type of material used as 

catalyst [56,162–164,212]. While Hg, Cd, Pb, Ti, Sn or In reduce CO2 primarily to formate (HCOO-) at high 

overpotentials [165] and Au, Ag, Zn mainly generate carbon monoxide (CO) [165,213], Cu is the only metal 

that possesses the ability to transform CO2 electrochemically into a mixture of advanced 

hydrocarbons [3,45,50]. Additionally, CO2 reduction at Cu benefits from less favorable HER compared to 

other metals. 

The selectivity towards certain products during the CO2 reduction is described by the Faradaic efficiency 

(FE), which is the yield of electrons for the reaction towards one certain product. The CO2 reduction on Cu 

is currently widely studied, since especially a tuning of the selectivity into the direction of multi-carbon 

C2+ products is still desired [37,214]. It is known that the product selectivity of CO2 reduction reactions at 

Cu surfaces is influenced by the electrolyte type, concentration and pH-value [49,57,215], the applied 

reduction potential [50] and the topology and crystallographic surface orientation of the Cu catalyst 
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[51,129,130]. By the comparison of crystalline Cu nanoparticles to spherical Cu nanoparticles it was shown 

that (100) facets support the formation of ethylene (C2H4) and (111) facets support the formation of 

methane (CH4) [216]. Cu single-crystals with a (110) surface orientation promote C2-binding, leading to a 

higher selectivity towards C2+ products [217]. 

To understand selectivity trends and to successfully tune catalyst structures, it is of key importance to 

know the CO2 reduction reaction mechanisms towards a certain product. Thus, this has been a major topic 

of research in the community. A shown in Figure 31, all CO2 reduction reaction mechanisms start with the 

reduction of CO2 towards a simple intermediate such as carbon monoxide (CO) or formate (HCOO-) and its 

binding as adsorbate on an active center of the Cu catalyst surface [218]. The latter is an energy intensive 

step as it includes a change of the atomic arrangement in the molecule from a linear towards a bent 

structure. Due to this required high energy, this step is always considered as the first rate-determining step 

(RDS) [219]. 

 

Figure 31: Proposed CO2 reduction reaction pathways for hydrocarbon products (black) via intermediates (grey) on Cu catalysts, as 
indicated by studies with dendritic Cu foam catalysts modified by ionic liquids. The carbene pathways are marked with yellow arrows, 
the dimerization pathways in green [53]. 

 

Two binding arrangements of the CO2 molecule on the surface are possible during this first reduction step. 

On the one hand, one or two oxygen atoms can bind to the surface, forming an *OCHO intermediate that is 

reduced further on and desorbed as HCOOH or HCOO-. On the other hand, the carbon atom can bind to the 

catalyst as *COOH, and then be further reduced by releasing an OH- ion. In this latter case, further reduction 

to *CO occurs, which can either be released as product or reacts onwards by coupled electron-proton 

transfers to *CH2OH and finally methanol (CH3OH). There are more reaction possibilities for this adsorbed 

*CO, which are, e.g. (i) oxygen loss and reduction towards *CH3 and then desorption as CH4 or (ii) pairing 
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of neighboring adsorbates in different hydrogenation states and further reaction towards more advanced 

C2 and C3 products [162,219–221]. The hydrogenation of the adsorbed *CO intermediate can proceed via 

two reaction pathways. One of them is the Tafel-process, where adsorbed *CO and adsorbed *H react to 

adsorbed *CHO [222]. 

𝐶𝑂௔ௗ௦ +  𝐻௔ௗ௦ →  𝐶𝐻𝑂௔ௗ௦ 

Another possibility is the hydrogenation occurring via a Heyrovsky process were the adsorbed *CO reduces 

and reacts with water from the electrolyte [222]. 

𝐶𝑂௔ௗ௦ +  𝐻ଶ𝑂௔௤ + 𝑒ି → 𝐶𝐻𝑂௔ௗ௦ + 𝑂𝐻௔௤
ି  

This *CHO intermediate is formed as only type of hydrogenated intermediate at Au and Ag surfaces, 

whereas another hydrogenated form in the shape of *COH occurs as sole intermediate on Co, Ni, Rh, Pd, Ir 

and Pt catalysts. Cu is the only metal allowing the formation of both hydrogenated *CO intermediate forms 

[58]. 

Various pathways are proposed for the reaction of intermediates towards C2+ products. For the first C-C 

bond formation step of two adsorbed intermediates, two possibilities exist, which were shown by density 

functional theory (DFT) to depend on the applied overpotential. At low overpotentials dimerization of 

adsorbed *CO molecules is the preferred process, whereas at high overpotentials an adsorbed *CO reacts 

with an adsorbed, hydrogenated *CHO molecule [222].  

The formation of ethylene glycol (C2H6O2) is proposed to occur via dimerization of two adsorbed *CO 

accompanied by a protonation [3,50]. However, recent studies using ionic liquids suppressing the *CO2- 

showed less efficiency for C2H6O2 formation. This finding leads to the conclusion that its formation more 

likely occurs via the dimerization of two adsorbed *CO2- molecules [53] forming an oxalate species that 

reacts on to C2H6O2 which was proposed earlier as possible pathway [223]. The dimerization of two 

adjacent adsorbed *CO molecules with further reduction and protonation also leads to C2H4 product 

formation. In the course of this process, one adsorbed *CO needs to be transferred into an adsorbed *OCH 

intermediate [53]. 

Ethane (C2H6) results from the reduction product of C2H4 after two more protonation steps. Significant 

Faradaic efficiencies were only observed in nanoporous Cu catalysts, the formation of C2H6 is therefore 

attributed to re-adsorption and reduction of C2H4 [3,224,225]. Newer studies using ionic liquids for 

suppressing the C2H4 formation have shown no influence of the ionic liquid on the C2H6 formation efficiency 

[53]. Thus, a CO dimerization pathway via an ethoxy intermediate is proposed for the C2H6 formation 

[134,226]. 

Ethanol (C2H6O) is considered to follow similar reaction pathways as C2H4 [227,228]. However, studies with 

ionic liquids revealed  suppressed C2H4 formation, thus this pathway is ruled out [53]. 
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The same applies to the synthesis of n-propanol (C3H8O), which, as generally accepted, undergoes 

intramolecular C-C coupling between adsorbed CO and adsorbed carbene intermediates to form 

propionaldehyde (C3H6O), which is further reduced to C3H8O [227–229]. Thus C3H8O is also only formed 

via the carbene pathway [53]. 

The other family of reaction pathways for C2+ product formation is predominant at higher overpotentials. 

They are called carbene pathways and include the direct hydrogenation of adsorbed *CO into either *CHO 

or *COH. The latter is directly reduced to *CH2 and then transferred by C-C coupling between two *CH2 or 

CO insertion into ethylene [230].   

Additionally, the formation of acetate (C2H3O2-) is proposed to occur via CO2 addition to an adsorbed *CH3 

molecule, which is formed previously from dehydrogenization of *CH2OH coming from two times 

hydrogenation of an adsorbed *CO [53]. 

Porous structures have shown to tune the product selectivity into a certain direction, by being energetically 

favorable for a specific reaction mechanism. Thus, systematic variations of the surface structure have been 

a valuable tool to gather further insights into the reaction selectivity towards certain products [52–55] and 

to clarify the proposed reaction mechanisms [56–59]. 

However, the electrochemical CO2 reduction reaction at porous electrodes is a highly complex process, 

influenced by many factors. The electrochemical reaction conditions like local reactant concentration and 

pH value, as well as temperature and applied potential directly play a role. Furthermore, the mass transport 

of gaseous and liquid reactants and products along the porous electrode structure are crucial factors for 

the reaction selectivity and efficiency. They are influenced by convection, diffusion and migration as well 

as the wettability of the porous electrode. Finally, the reactions are also influenced by phase transitions of 

molecules during the reaction. For the CO2 reduction reaction, the gaseous CO2 needs to be dissolved in the 

electrolyte and to be reduced towards a product, which can be released as gaseous bubbles, or remain 

dissolved in the liquid electrolyte as well. Not only do these phase transitions consume energy, but also 

evaporation or trapping of reactants and products by the catalyst structure must be considered, since they 

can favor the reaction mechanism in a certain direction [52]. 

Recently, numerous Cu nanostructures, as shown exemplary in Figure 32, have been studied regarding 

their CO2 reduction efficiency and product selectivity. 
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Figure 32: Examples of Cu nanostructures that are presented in literature as activity enhanced catalysts for CO2 reduction reactions, such 
as a) dendritic Cu foams [53], b) spherical nanoparticles [231], c) nanocubes [232], d) nanoparticles on a polycrystalline Cu film [233] 
and  e) nanowire arrays derived by the reduction of CuO nanowires [134]. 

Dendritic mesoporous Cu foams with large surface area (Figure 32 a)) are synthesized by an HER-assisted 

electrodeposition process of Cu under acidic conditions, where the hydrogen gas bubbles introduce the 

porosity [234]. Such Cu nanofoams show a lower onset potential for electrochemical CO2 reduction as well 

as a different product distribution and yield in comparison to flat Cu surfaces [235]. Their product 

selectivity is increased for ethylene (C2H4) and further C2+ products (up to 55 % Faradaic efficiency). This 

effect is assigned to trapping of the intermediate reaction products carbon monoxide (CO) and formic acid 

(HCOOH) in the porous foam structure leading to enhanced C-C coupling [54,55,235,236]. Due to this 

outstanding CO2 reduction behavior, these dendritic Cu foams were used as catalyst for CO2 reduction 

reaction in an ionic liquid modified electrolyte to clarify reaction pathways. This was achieved by checking 

the product distribution when suppressing an intermediate reaction step with the ionic liquid [53] and 

applying the ionic liquids suppression power to tune the reaction selectivity towards one specific product. 

Thus, a formation efficiency for formic acid (HCOOH) of 85 % [237] was achieved. 

While foams are formed by nanostructures and pores with a large size distribution, Cu nanoparticles of 

well-defined dimensions, offer the chance to study the influence of size effects on the CO2 reduction 

reactions, current density, and product selectivity. First studies on spherical Cu nanoparticles (Figure 32 

b)) showed that the current density increases with decreasing particle size. However, the nanoparticles did 

not exhibit reaction selectivity towards advanced hydrocarbons, since small nanoparticles with diameter 

below 10 nm show Faradaic efficiencies for hydrogen evolution and carbon monoxide (CO) formation of 

~65 % and ~25 %, respectively [131]. Additionally, it was shown that a decrease in interparticle distance 
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leads to an increase in Faradaic efficiencies for hydrocarbon formation with a decrease in hydrogen 

evolution, indicating an increase in CO intermediate re-adsorption and further reaction to hydrocarbons in 

smaller interparticle spaces [133]. 

Another distinctively shaped Cu nanoparticle type allowing inference on the catalyst size and shape 

properties on the CO2 reduction reaction are Cu-nanocubes (Figure 32 c)). Using these nanocubes, it was 

shown that larger particles have higher reaction efficiencies and higher selectivity towards ethylene (C2H4) 

formation up to 41 % [238]. Density functional theory indicated that edge sites are key sites for the 

adsorption and stabilization of CO2 reduction intermediates and thus lead to an inhibition of the HER. For 

the C-C coupling towards C2 products, an optimal ratio of edge sites over plane-sites is crucial. A nanocube 

edge length of 44 nm showed best performance for CO2 reduction towards ethylene (C2H4) [238]. In 

addition, nanocubes have proven to be most beneficial towards ethylene (C2H4) synthesis since they exhibit 

(100) surfaces, which have already been shown on single crystals to favor ethylene (C2H4) 

formation [232,238–240].  

Nanoparticles with no distinct shape and diameters between 2 and 15 nm, placed on a carbon support were 

studied as CO2 reduction catalyst as well and showed strong selectivity by generating only methane (CH4) 

and ethylene (C2H4) as reaction products with Faradaic efficiencies of ~40 % for C2H4 and ~10 % for CH4, 

respectively. The HER was suppressed to a great amount by only taking ~20 % of the applied charge at -

1.1 V vs. RHE. A decrease of particle size showed a decrease in C2H4 efficiency, which is in agreement with 

the studies of spherical Cu nanoparticles and can be attributed to an increase of the number of low-

coordination sides as edges and corners [132]. In accordance, Cu nanoparticles (Figure 32 d)) on a 

polycrystalline Cu support showed relatively high Faradaic efficiencies of 32 % for C2H4 as well and 

additionally 16 % efficiency for the formation of ethane (C2H6) at -1.0 V vs. RHE [233]. Several works show 

that the type of support for the nanoparticles also influences the product selectivity of the CO2 reduction 

reaction. It has been stated that the interface of a carbon base structure and the metal catalyst influences 

the CO2 reduction reaction by enhanced electrical conductivity and exposure of the interfacial catalytic 

sites [241]. Thus, the leading Cu catalyst structures regarding the Faradaic efficiency for C2H4 formation 

are Cu nanoparticles on a carbon support in a flow electrolyzer setup [242,243].  

In further studies, randomly arranged Cu(OH)2 nanowire arrays (Figure 32 e)) were synthesized on a Cu 

foil or Cu mesh [135] by a wet-chemical method and then transformed into CuO nanowires by thermal 

annealing. For CO2 reduction they were transformed into Cu nanowire arrays by application of a reductive 

potential. In first studies, those nanowire arrays showed a Faradaic efficiency for the CO2 reduction towards 

carbon monoxide (CO) of 50 % at a low applied overpotential of only -0.49 V vs. RHE, which was ascribed 

to a higher stabilization of the adsorbed CO2- intermediate at the large surface area of the nanowire array 

[244]. In further studies, the nanowire length and number density were varied and the effect on the 

selectivity towards different hydrocarbons investigated. It was shown that the selectivity towards certain 

hydrocarbons could be tuned by geometrical variations. Longer nanowires lead to higher formation 



 

 
  53 

efficiencies for hydrocarbons in general and C2+ molecules in particular. This effect was linked to an 

increased local pH value in the nanowire array structure leading to a favoring of the dimerization of 

adsorbed CO molecules [134]. Research on these nanowire array structures led to a deeper insight into the 

mass-transfer process that has a significant influence on the reaction efficiency and selectivity at the 

surface of Cu nanostructures and plays an important role in the electrocatalytic performance at high 

overpotentials by placing an upper limit on the CO2 conversion rate  [245,246]. 

Advanced computational modelling studies propose densely-arranged Cu nanopyramids with ~25 nm 

height and width as efficient catalysts for the CO2 reduction towards diols such as ethylene glycol C2H6O2. 

The simulations propose that the pyramids are able to retain two oxygen atoms for hydroxyl formation by 

decreasing the reaction barrier due to their spatial alignment. For pyramids exhibiting Cu (111) facets, 

three aspects promote the diol formation: improved adsorption of the CO intermediate, geometrically 

preferable sites for C–C coupling arranged close to each other, and a boosted surface electron transfer due 

to interatomic bonds [247,248]. However, the synthesis of such Cu nanopyramids to experimentally proof 

these computational prospects is still a challenge. 

Most of the Cu nanostructures investigated so far exhibit random geometrical arrangements and a certain 

range of size dispersity. They usually served as model system to provide insight on the influence of size and 

porosity on the electrochemical CO2 reduction reaction as well as on the reaction pathways. Ordered 

assemblies and monodispersed nanostructures like the nanowire networks with well-defined geometrical 

parameters synthesized by electrodeposition in etched ion-track membranes, in turn, offer new 

opportunities to investigate not only reaction mechanisms but also the influence of 3D structure and 

porosity on the transport of gaseous reactants, electrolyte access, and reaction product dynamics. 

The CO2 reduction reaction on Cu produces a mixture of liquid and gas phase products. Thus, for the 

analysis several methods that allow the qualitative and quantitative detection of these products need to be 

combined. Gas products are usually analyzed online by electrochemical mass spectroscopy [249–252] or 

online gas chromatography (GC) [40,50,253,254]. For the analysis of the liquid phase products, high-

performance liquid chromatography (HPLC) [40,253–255] or nuclear magnetic resonance (NMR) 

[50,254,256–259] have proven to be valuable. In this work, the combination of online GC and NMR analysis 

of the electrolyte after the CO2 reduction reactions was chosen. 

Chromatography is a separation technique based on two phases. One is the mobile phase, i.e. the mixture 

to be separated that moves in a definite direction along a stationary phase, which adsorbs the components 

of the mixture with different affinities, leading to the separation [260]. Chromatography can be applied 

with suitable tools and techniques for liquid mixtures as well as for mixtures of gases. In GC the gas mixture 

is transported as volatile phase along a stationary phase that can either be a liquid [261,262] or a solid 

component in a separation column. The gas sample is first introduced into the apparatus either with a 

syringe or by a sampling valve. Then it is transported by an inert carrier gas through the narrow analytical 
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column which contains the stationary phase inside on the walls and is heated inside an oven, The different 

mixture components are thus separated by being adsorbed for different times inside the column. Finally, 

they exit the column into a detector at different retention times. Thus, the signal of the detector giving the 

amount of chemical components leaving the column can be directly attributed to a specific gas [263].  

NMR proves advantageous for quantitative analysis of liquid phase CO2 reduction reaction products due to 

its ability to detect smallest amounts of organic molecules [264]. NMR is based on magnetic resonance, a 

phenomenon that interacts with the atomic nuclei when applying a suitable radiofrequency radiation [265–

267]. Each atom possesses a specific frequency at which a change of the orientation of the nuclear spin can 

occur. The resonance frequency is specific for the element. In 1H-NMR as used in these studies, the magnetic 

excitation of the hydrogen atoms is used for sample analysis. The resonant frequency of the molecules, also 

known as chemical shift, is defined by the number and binding of hydrogen atoms in the molecules of the 

analyzed liquids. E.g. the three protons of the methyl group (CH3) are magnetically equivalent and have the 

same chemical shift. Thus, the signals of these atoms generate one reflex at the same position. The chemical 

shift positions and intensity relations of NMR signals are specific for each substance. For example, ethanol 

(CH3CH2OH) generates signals at three specific chemical shifts, i.e. one for the CH3 group around 1 ppm, 

one for the CH2 group 4 ppm and one for the OH group between 2–6 ppm. The strength of this reflexes is 

detected by a magnetic recording coil. Comparison of the signal to the intensities of a calibrated reference 

allows qualitative and quantitative inference on the composition of the analyzed liquid mixture. The 

number of H atoms in such a specific group defines whether its NMR reflex is either a singlet, doublet, triplet 

or quadruplet. The combination of these reflexes finally provides the spectrum of the molecule under study 

[268]. 

The electrochemical CO2 reduction applying the Cu nanowire network as catalyst was performed in an 

electrochemical cell made of the inert polymer PEEK, as shown in Figure 33. The cell design is based on the 

cell reported by Kuhl et al [50]. 
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Figure 33: a) Schematics and b) photograph of the electrochemical cell used for CO2 reduction experiments. The nanowire network is 
inserted in the corresponding front opening of the cell by a Cu stamp, all cell parts are screwed together and the counter electrode is 
electrically contacted from the back side by an Al foil. 

In this cell the Cu nanowire network is inserted in the front opening of the cathode compartment and 

electrically contacted by a Cu stamp as working electrode with a nanowire network of a planar area of 1.8 

cm². The cell is composed of two compartments separated by an anion exchange membrane (Selemion 

AMV, AGC Inc., Amagasaki, Japan). This membrane is suitable for catholyte and anolyte separation in 

aqueous CO2 electroreduction. It suppresses further oxidation of the CO2 reduction products, but does not 

fully prevent the passage of formate and acetate into the anode compartment [50,269]. For activation, i.e. 

swelling and exposure of the anion-conducting molecule groups [270,271], the membrane was stored in 

deionized water before usage. Each compartment has a CO2 inlet from the side at its bottom part and an 

outlet on the top side, which on the cathode side is directly connected to the injection valve of the gas 

chromatograph by a plastic tube. For the electrochemical CO2 reduction measurements all cell parts shown 

in Figure 33 are screwed together and sealed with Viton rings to prevent electrolyte leakage. 5 ml of 0.1 M 

KHCO3 electrolyte, which is CO2 saturated by constant purging for at least 1 h, was filled into the cathode 

compartment of the cell and 8 ml into the anode compartment. The pH value of the CO2 saturated 0.1 M 

KHCO3 electrolyte was measured to be pH = 6.8. During the reaction, a constant CO2 gas flow of 30 ml/min 

through the cathode compartment and 7 ml/min through the anode compartment was applied to prevent 

a strong effect of pressure difference. The gas flow was regulated by two mass flow controllers (MFC) 

(Bronkhorst FG-201CV, Wagner Mess- und Regeltechnik, Offenbach, Germany), which were calibrated in a 

range from 0-200 ml/min for CO2 flow. The volume flux of these MFC is directly adjusted by a digital 

controller set next to them. The CO2 streamed from the bottom of the cell compartments towards the top, 

maintaining the saturation of the electrolyte. An Ag/AgCl (3 M KCl) reference electrode was inserted into 
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the cathode compartment as well. An Ir-mixed oxide coated Ti plate (Metakem, Usingen, Germany) was 

used as anode at the back of the anode compartment and was contacted with an aluminum stripe from its 

back side in a way that it cannot get in contact with the electrolyte. The electrochemical process was carried 

out with a PARSTAT (Ametek, Berwyn, Pennsylvania, US) multichannel potentiostat. The gas output of the 

cathode led to a gas chromatograph (GC2030, Shimadzu, Kyoto, Japan), for analysis of the gas phase 

reaction products. During the CO2 reduction, the GC triggered an injection into the capillary column every 

12 minutes with a ball valve. After the reaction experiment, the catholyte was collected and analyzed ex-

situ by nuclear magnetic resonance (NMR) for detection of liquid phase reaction products. 

The CO2 reduction measurements were performed in six steps. First, the solution resistance (Ru) was 

measured by electrochemical impedance spectroscopy (EIS) in a frequency range of 1000-0.01 Hz at -0.9 V 

vs. Ag/AgCl. However, due to the oxidized nanowire network surface, this check yielded unprecise Ru values 

and thus was only used to check the validity of setup and electrical contacts. In a second step, all oxide 

layers at the nanowire surface were removed by applying ten cyclic voltammetry scans in a reductive 

potential range from -0.5 V vs. Ag/AgCl to -1.8 V vs. Ag/AgCl. with a scan rate of 200 mV/s. The CVs were 

repeated until they stabilized, indicating the complete removal of the oxide layer. Figure 34 presents 10 CV 

scans applied for the surface reduction of a 3D Cu nanowire network with d = 150 nm, h = 30 µm and F = 

8×108 cm-². The arrow indicates the movement of the position of following CV curves until they remain at 

one position, when all surface oxide is removed. 

 

Figure 34: Exemplary CV scans from -0.5 V vs. Ag/AgCl to -1.8 V vs. Ag/AgCl recorded during the surface reduction of a Cu nanowire 

network with d = 150 nm, h = 30 µm, F = 8×108 cm -2. 

To study possible changes of the network morphology during the surface reduction step, the morphology 

of a pre-cleaned and anodized Cu nanowire network (d = 150 nm, h = 30 µm, F = 8×108 cm-2) was analyzed 

before and after its exposure to a certain number of CV scans (namely 5, 10, 20, 50, 100, 150, 200 CV scans). 
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In addition, electrochemical impedance spectroscopy was performed to determine the resistance Ru, which 

is shown in Figure 35. 

 

Figure 35: Resistance Ru of a Cu nanowire network after a certain number of CV scans for surface reduction. 

 

Before any surface reduction CV, a Ru value of 27.6 Ω was measured, which decreased to 24.6 Ω after the 

first 5 CV scans, indicating the removal of surface oxide. The value decreased further to 24 Ω during the 

next 5 scans and after 10 CV scans the first minimum resistance is reached, indicating a full removal of 

surface oxide after 10 CV scans without further change in the surface structure as observed in the SEM 

images presented in Figure 35. When continuing with further CV scans, the resistance staid stable with only 

slight changes until decreasing down to values of 22.4 Ω after 100 CV scans on to values ~20 Ω after 150 

and 200 scans. As observed in the SEM images in Figure 35, already for the network exposed to 100 

reduction CV, cathodic corrosion occurred, leading to surface roughening and the formation of pinholes. 

Thus, a larger surface area is in contact with the electrolyte, leading to more charge transfer with 

decreasing resistance. This corrosive impact of a large number of surface reduction CV is not beneficial for 

the Cu nanowire network, but does not play a role for the CO2 reduction reaction protocol applied in this 

thesis, since in this work, we consistently applied only 10 CV scans to attain a full removal of surface oxide 

without sample degradation. 

In a third step, RU of the setup and sample was precisely determined with potentiostatic EIS at a potential 

of -0.9 V vs. Ag/AgCl which is a potential where no significant reaction falsifying the impedance 

measurement is to be expected. EIS was started at a frequency of 10 kHz which has shown to be appropriate 

for determining RU, a value that is necessary later for transforming the applied potential vs. Ag/AgCl 

reference electrode into a potential vs. reference hydrogen electrode (RHE) that is compensated by the IR-

drop of the setup. The Nyquist plot in Figure 36 shows the imaginary impedance Zim over the real 
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impedance Zre of such an exemplary EIS measurement performed after the surface oxide reduction. Ru is 

defined by the crossing of the Nyquist plot with the X-axis leading in this case to a resistance of Ru = 26.4 Ω. 

 

Figure 36: Electrochemical impedance spectroscopy measurement for a Cu nanowire network (d = 150 nm, h = 30 µm, F = 8×108 cm-2), 
performed after the electrochemical surface reduction. 

Finally, electrochemical CO2 reduction was performed at a constant potential for one hour. After three 

minutes of entry time, the first injection of the exit gas mixture into the GC was performed, which was 

repeated for four more times in 12-minute intervals. An exemplary chronoamperometry curve of such a 

potentiostatic CO2 reduction for one hour is presented in Figure 37 for the same Cu nanowire network 

characterized in Figure 34 and Figure 36. The electrode potential is Uel = -0.75 V vs. RHE, resulting from the 

applied potential of Uappl = -1.66 V vs. Ag/AgCl. The red arrows indicate the times of injection of the collected 

gas into the GC analysis column. 
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Figure 37: Exemplary chronoamperometric current density over time (J-t) for one-hour potentiostatic CO2 reduction at a Cu nanowire 
network at an electrode potential Uel of -0.75 V vs. RHE. 

After injection into the GC, the collected gas phase products are transported by the carrier gas N2 into the 

ShinCarbon ST Packed analysis column (Restek, #19043) of 500 µL volume. After passing through the 

column, the gas stream is separated by a splitter into a field ionization detector (FID) for the identification 

of methane (CH4), ethylene (C2H4), ethane (C2H6), formic acid (HCOOH), acetic acid (CH3COOH), ethanol 

(C2H6O), n-propanol (C3H8O) and ethylene glycol (C2H6O2). A thermal conductivity detector (TCD) provides 

the detection of hydrogen (H2) and carbon monoxide (CO).   

The mole fraction 𝑥p of a specific product is calculated using the GC response factors that were determined 

by calibration with sample gases of known concentration. The Faradaic efficiency FE [%] is calculated by 

equation (21) 

𝐹𝐸 [%] =  
ூ೛

ூೌ ೡ೒
=  

ఞ೛∙௭∙ி∙௡̇(஼ைమ)

ூೌ ೡ೒
               (21) 

where Ip denotes the partial current assigned to the specific product and Iavg is the total current of the CO2 

reduction reaction. Ip is defined by the mole fraction 𝑥p of the product, the number of transferred electrons 

z by the chemical reaction of CO2 to this product and F is the Faraday constant. The molar CO2 gas flow 

𝑛̇(𝐶𝑂ଶ) is deduced from the ideal gas law (equation (22)). 

𝑛̇(𝐶𝑂ଶ) =  
௣௏̇(஼ைమ)

ோ்
               (22) 
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with the operating pressure p = 105 Pa, the CO2 volume flow 𝑉̇(𝐶𝑂ଶ) = 2×10-5 mol/s, the universal gas 

constant R and the operating temperature T =298.15 K.  

For the NMR analysis of the electrolyte after the CO2 reduction reaction, 0.5 g of the catholyte was mixed 

with 25 µg of 0.01 M maleic acid (99 %, Acros Organics, Geel, Belgium) as reference for the quantitative 

analysis, and D2O (99.9 %, Sigma-Aldrich, St. Louis, Missouri,US) as solvent. H-NMR was performed with a 

Bruker 500 MHz DRX 500 NMR spectrometer including a water suppression mode [272]. For quantitative 

analysis, the proton normalized area of the maleic acid standard was compared to the proton normalized 

area of a significant functional group of the product molecule. 

After this chronoamperometric CO2 reduction, another EIS was performed to detect changes in Ru, which 

would indicate a change of the catalyst structure. Such an exemplary Nyquist plot is shown in Figure 38. 

 

Figure 38: EIS measurement for the same Cu nanowire network, measured after potentiostatic CO2 reduction for one hour at -0.75 V vs. 
RHE. 

The impedance measurement after the reduction reaction for this network shows a resistance of 25.3 Ω, at 

the crossing of the plot with the Zre axis. Thus, compared to the Ru determined before the CO2 reduction (see 

Figure 36), a resistance loss of only 1 Ω occurred at the nanowire network. Such a small value, as well as 

the stability of the current density during the 1 h of CO2 reduction is an indication for a good stability of the 

network. 
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4.2 CO2 reduction reaction products for different Cu structures: planar, nanowire array and 
nanowire network 

To evaluate whether the Cu NWNWs are suitable catalysts for CO2 reduction, we first compared the 

performance, in particular the product selectivity, of four types of Cu samples with different geometries, 

namely, (i) an as-purchased high purity 1 mm thick Cu-plate (99.99 %, Alfa Aesar, Haverhill, Massachusetts, 

US), (ii) a flat electrodeposited Cu backelectrode, prepared under identical conditions as the substrate for 

the Cu nanowire networks (details in section 2.3), (iii) an array of Cu nanowires with 150 ± 3 nm diameter 

and an average wire length of 3.9 ± 0.5 µm (determined from wire length measurements on 30 nanowires 

in  cross-section SEM images) and 2×109 ± 1×108 cm-² nanowire number density, and (iv) a Cu nanowire 

network with 30 ± 0.5 µm height, 150 ± 4 nm wire diameter and 2×109 ± 1×108 cm-² nanowire number 

density. SEM images of these four different structures are presented in  

Figure 39.  

 

Figure 39: High magnification SEM images of the a) as purchased Cu plate, b) electrodeposited fine-grained Cu film, c) Cu nanowire array 

(cross-section image) and d) Cu nanowire network, all before the CO2 reduction experiments. 

For every sample geometry, the CO2 reduction reaction was performed at Uel = -0.66 V vs. RHE, -0.7 V vs. 

RHE and -0.83 V vs. RHE. The potentials were applied sequentially from lower to higher for one hour each. 

In between each voltage step, the catholyte was removed for NMR liquid phase product analysis, the anolyte 

was also removed and new electrolyte was inserted in both cell compartments. Then, EIS was performed 

with the electrolyte for Ru determination, which is necessary for correct adjustment of the electrode 

potential. Before the measurement, all samples were pre-cleaned with 0.1 M H2SO4 and 0.1 M H3PO4 and 

oxidatively anodized in 0.1 M H3PO4 as described in chapter 2.4. When placed into the electrochemical cell, 

the surface oxide was removed by ten reductive CV scans for all samples. To test the reproducibility, three 

identical samples of each type were studied and their values for IR-compensated potential, current density 

and Faradaic efficiencies were averaged. Figure 40 shows the averaged J-t curves for these CO2 reduction 

reactions at the different electrode structures. 
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Figure 40: J-t curves for the CO2 reduction reactions at an as-purchased Cu plate (blue), electrodeposited back-electrode film (red), parallel 
Cu nanowire array (d= 150 nm, F = 2×109 cm-2, h = 4 µm) (yellow), and Cu nanowire network (d = 150 nm, F = 8×108 cm-2, h = 30 µm) 
(green) at the three potentials of Uel = -0.66 V vs. RHE, -0.75 V vs. RHE and -0.83 V vs. RHE, applied for 1 h each. The current density 
refers to the planar electrode area. 

The potentials and current densities applied and recorded for each step are summarized in Table 4. 

Table 4: Applied Uappl vs. Ag/AgCl, resulting Ures vs. RHE, compensated by the IR-drop, and J for the different structures used as electrode 
in the CO2 reduction. All values are the median from measurements with three samples each. 

 Uel vs. RHE = -0.66 V Uel vs. RHE = -0.75 V Uel vs. RHE = -0.83 V 

 
Uappl vs. 

Ag/AgCl [V] 
J 

[mA/cm²] 
Uappl vs. 

Ag/AgCl [V] 
J 

[mA/cm²] 
Uappl vs. 

Ag/AgCl [V] 
J [mA/cm²] 

As purchased 
Cu plate 

-1.3 -1.0 ± 0.1 -1.5 -1.8 ± 0.2 -1.6 -3.2 ± 0.3 

Electrodeposite
d Cu film 

-1.3 -0.9 ± 0.1 -1.5 -2.0 ± 0.1 -1.6 -3.7 ± 0.2 

Cu nanowire 
array 

-1.4 -1.0 ± 0.0 -1.5 -2.4 ± 0.1 -1.7 -3.9 ± 0.1 

Cu nanowire 
network 

-1.5 -5.9 ± 0.1 -1.6 -7.2 ± 0.1 -2.0 -12.7 ± 0.3 

 

Since the current density increases generally with increasing surface area from Cu-plate via Cu-film and 

nanowire array towards the nanowire network, the IR-drop, which is calculated by multiplying the current 

density J by the sample area of 1.8 cm² and the series resistance Ru, increases in the same manner. This is 
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due to the average resistance Ru determined for each sample before, after and in-between the different 

potential steps is equal within the error bars with values of Ru = 27.3 ± 1.7 Ω for the Cu plates, Ru = 29.5 ± 

2.4 Ω for the electrodeposited Cu film, Ru = 24.8 ± 3.2 Ω for the nanowire array and Ru = 25.6 ± 1.8 Ω. Thus, 

for reaching the same electrode potentials Uel vs. RHE, which are adjusted to differ only slightly for the 

different structures, the applied potential Uappl vs. Ag/AgCl also needs to be adjusted accordingly. The 

difference from plate to the film is only a factor of ~0.1 V for all potential steps due to the relatively small 

change in current density. In contrast, for a nanowire array, which has already twice the current density of 

the film, the applied potential needs to be between -0.3 to -0.6 V vs. Ag/AgCl higher, since the IR-drop that 

needs to be compensated is more significant. For the Cu nanowire network, the current density doubles 

again, leading to an even higher potential application that is necessary to achieve comparable IR-

compensated Uel vs. RHE. 

Thus, by adjusting the potential Uappl vs. Ag/AgCl, the CO2 reduction reaction could be performed at the Cu-

plate, the Cu-film, the Cu nanowire array and the Cu nanowire network at equal IR-compensated potentials 

Uel vs. RHE. Figure 41 displays the Faradaic efficiencies for the formation of a) all products, b) H2, c) all gas 

phase CO2 reduction products, d) the sum of the acids as products of the CO2 reduction, namely HCOOH and 

CH3COOH and e) the sum of the CO2 reduction product alcohols, namely C2H6O, C3H8O, C2H6O2. The CO2 

reduction displayed in these graphs was performed at potentials of Uel = -0.66 V vs. RHE, Uel = -0.75 V vs. 

RHE and Uel = -0.83 V vs. RHE. 
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Figure 41: Faradaic efficiencies at different electrode potentials Uel of a) all reaction products, b) H2, c) gas phase products (CO, CH4, 
C2H4, C2H6), d) acidic liquid phase products (HCOOH, CH3COOH) and e) alcohols (C2H6O, C3H8O, C2H6O2) for the CO2 reduction at a 
Cu-plate (blue), an electrodeposited Cu film (red) a Cu nanowire array (yellow) and a Cu nanowire network (green), i.e. the structures 
presented in Figure 39. The legend in a) is valid for all graphs. 

 

As observable from Figure 41 a), the sum of the Faradaic efficiency for the formation of all products is below 

80 % for all samples at all three potentials, except for the Cu-plate, which yielded more than 120 % at Uel = 

-0.75 V vs. RHE. As observable from Figure 41 b) this high value is triggered by a large Faradaic efficiency 

of almost 100 % for H2 at this potential. This value does not seem reasonable, since more than 100 % total 

Faradaic efficiency is not possible. Thus, probably some imprecision in the gas chromatography hydrogen 

detection led to this inaccurate result. Except of this anomaly, the Cu-plate yielded the lowest total Faradaic 

efficiencies, which can be explained by its small surface area in comparison to the rougher and structured 

other samples. A comparison of Figure 41 a) and b) yields the conclusion that the most part of the reaction 

current is belonging to the hydrogen evolution, since the courses of the total Faradaic efficiency and the 

one of the H2 evolution have the same shape at the different structures. Only at the low potential of -0.66 V 

vs. RHE, the H2 evolution at the Cu-plate is with ~ 20 % relatively low. As observable from Figure 41 d) this 

is due to the preferred acid formation in this case. Except of this case, the Faradaic efficiencies for the gas 

phase CO2 reduction products (Figure 41 c)) are relatively low and show no significant trends for the three 
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potentials. This is consistent with the relatively low Faradaic efficiencies for the acid and alcohol CO2 

reduction products and might be attributed to the relatively low potentials applied in these studies. 

Generally, the lack of trends can be attributed to the small potential region of only 0.17 V difference on 

which these tests were performed and the relatively low amount of CO2 reduction reaction products that 

were produced, since the H2 evolution always remained dominant. 

For a closer look on the reaction, a more detailed analysis of the reaction products obtained after evaluation 

of the NMR and GC data is presented in Figure 42. 
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Figure 42: Faradaic efficiencies normalized on the planar sample area obtained for the different products after one hour CO2 reduction at 
a) Uel = –0.66 V vs. RHE, b) Uel = –0.75 V vs RHE and c) Uel = –0.83 V vs. RHE for the as-purchased Cu plate (blue), electrodeposited 
back-electrode film (red), parallel Cu nanowire array (d = 150 nm, F = 2×109 cm-2, h = 4 µm) (yellow), and Cu nanowire network (d = 
150 nm, F = 8×108 cm-2, h = 30 µm) (green). 
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For all of the electrode structures almost no CH4, C2H4 and C2H6 are produced regardless of the applied 

potentials with Faradaic efficiencies of these products below 1 %. Only at Uel = -0.83 V vs. RHE the nanowire 

networks show the production of C2H4 with a Faradaic efficiency of ~2.5 %.  The competing H2 evolution 

reaction is taking more than 50 % of the current efficiency for all structures, except the as-purchased Cu 

plate, where it has only an efficiency of ~25 % at Uel = -0.66 V vs. RHE. For this sample, the formation of 

HCOOH is predominant with a Faradaic efficiency of 29 %, while for the other structures this product has 

a very low efficiency value of less than 10 %. Synthesis of the C2+ products CH3COOH, C2H6O and C3H8O is 

only detected at the as-purchased Cu plate as well. On the contrary, the Cu plate does not yield any C2H6O2, 

whereas the Cu-film leads to efficiencies of more than 10 % for this product. At the nanowire array and 

nanowire network, C2H6O2 formation is observed, but the respective efficiencies of 4 % and 1 %, are very 

low. 

For all applied potentials, the production of C2H4 and C2H6 is almost negligible, however very small amounts 

could be detected for nanowire networks at more negative potentials. The HCOOH product efficiency has 

changed drastically for the Cu-plate, being relatively small at Uel = -0.75 V vs. RHE but ~30 % at Uel = -0.66 

V vs. RHE, whereas the C2H6O and C3H8O synthesis which is occurring mainly at the Cu-plate reaches 

efficiency values that are double the values than at Uel = -0.66 V vs. RHE. C2H6O2 is again mainly produced 

at the Cu-film. This time however, with a Faradaic efficiency of only 4 %, whereas it was produced with a 

Faradaic efficiency of ~13 % at the Cu-film at the lower potential of Uel = -0.66 V vs. RHE. 

As shown in Figure 42 c) for Uel = -0.83 V vs. RHE, the faradaic efficiency for H2 evolution levels off to values 

between ~50 % and ~65 % for the different electrode structures, however with slight changes in the 

relative values between the different structures. At this potential, the nanowire network produces 

detectable amounts of C2H4 and C2H6 up to charge efficiency values of 2.5 % and 0.8 %, respectively. The 

HCOOH efficiency is now between 5 and 10 % for all structures, slightly decreased in comparison to the 

lower potential step. C2H6O and C3H8O are again synthesized only at the Cu plate in significant amounts, but 

decreasing in efficiency, compared to the lower potential steps. The same decrease is observed for the 

C2H6O2 product formation efficiency which is still observable predominantly at the Cu-film. 

In summary, the reference Cu plate yields the highest current efficiencies for C2H6O and C3H8O formation 

at all potentials. When increasing the potential, the efficiency of these two products generally decreases.  

At all measured potentials, the Cu nanowire network was the only catalyst to yield significant, although 

relatively low, efficiency for the formation of C2H4 and C2H6. The efficiency for the HCOOH synthesis was 

lowest for the Cu nanowire network at all potentials in comparison to the other structures. This low 

formation of HCOOH, combined with the synthesis of C2H4 and C2H6 indicates that the HCOOH formed at 

the nanowire network in the first reduction steps may be trapped in the networks porous structure, 

continuing its reaction towards the more advanced C2H4 and C2H6. This reaction pathway has been reported 

already for other catalyst structures in literature [50,204,220]. 



 

 
  68 

C2H6O2 was formed at all four structures, with the Cu-film yielding the highest FE, especially at low voltages. 

At the as-purchased Cu-plate this formation was almost not happening, whereas at the Cu nanowire array 

and network structures, that are also placed on a Cu film, it is formed, although yielding lower FE values. 

This triggers the assumption, that the C2H6O2 formation is promoted by the Cu sputter layer on top of the 

Cu film, or its rough topography.  

 

Figure 43: High magnification SEM images of the a) as purchased Cu plate, b) Cu film, c) Cu nanowire array and d) Cu nanowire network 
after the CO2 reduction at the three different potentials of Uel = -0.66 V vs. RHE, -0.75 V vs. RHE and -0.83 V vs. RHE for 1 h each. 

Figure 43 shows the SEM images of all four structures after the CO2 reduction measurements. A comparison 

to the SEM images before the CO2 reduction measurements (Figure 39) shows the Cu-surfaces getting a 

more granular surface with roughness increase, especially at the a) Cu-plate and c) nanowire array. This 

roughness increase is an indication of corrosion processes but does not yet lead to catalyst structure 

destruction. Thus, the stability of these structures as CO2 reduction catalysts needs to be studied more 

extensively with long-term tests, as done for the Cu nanowire networks (chapter 4.9). Additionally 

accelerated stress tests with potential ramps would provide valuable information on the applicability of 

these structures as CO2 reduction catalysts in industrial application. 

 

4.3 Determining the suitable potential region for CO2 reduction experiments at Cu nanowire 
networks 

After these first CO2 reduction studies of the three Cu structures at specific potentials, the suitable potential 

region for the CO2 reduction experiments with Cu nanowire networks as catalysts was studied further to 

be able to perform CO2 reduction studies over a broader potential region than already done in chapter 4.2. 

Thus, a nanowire network sample was inserted in the setup as described in section 4.1. and different 

current densities were applied and hold for 5 minutes each. The application of current densities allows to 

detect a limit for the electrode potentials Uel vs. RHE caused by the IR-drop. Thus, the electrode potentials 

for the potentiostatic CO2 reduction at the Cu nanowire network can be evaluated. Before each current 

density step, EIS was performed to determine the resistance (Ru) of the cell including the network. This is 

required to determine the IR-drop of the setup in order to subsequently calculate the electrode potential 

Uel vs. RHE.  

The measurements were carried out at room temperature, employing a CO2 saturated 0.1 M KHCO3 

electrolyte (pH = 6.8) and an Ag/AgCl (3 M KCl) reference electrode (E0 = 0.207 V). A 100% compensation 
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of the IR-drop, i.e. the series resistance Ru multiplied by the current I, is performed in all cases after the 

measurements, during the data analysis.  

Figure 44 shows the uncompensated measured potentials U vs. Ag/AgCl (blue), the resistance RU 

determined between the potential steps (yellow), and the resulting IR-compensated electrode potentials 

Uel vs. RHE (red), calculated with equation        (23 for the applied current densities displayed on the top of 

the graph. They result from the applied current I divided by the geometric sample area of 1.8 cm2. The pH 

value of the electrolyte remains constant throughout the whole measurement at a value of 6.8. 

𝑈௘௟ 𝑣𝑠. 𝑅𝐻𝐸 =  𝑈௔௣௣௟𝑣𝑠. 𝐴𝑔/𝐴𝑔𝐶𝑙 + 0.059 ∗ 𝑝𝐻 + 𝐸஺௚/஺௚஼௟
଴ − 𝐼 ∗ 𝑅௨        (23)         

 

Figure 44: potentials U vs. Ag/AgCl (blue) and resulting IR-compensated electrode potentials Uel vs. RHE (red) over time, with fixed current 
densities applied stepwise for 5 minutes each. In between the steps, Ru is determined by EIS (yellow). 

 

The fluctuations of the potentials at given current densities increase with increasing potential due to 

stronger bubble formation, mainly caused by the water-splitting reaction. The values of the series 

resistance Ru of the cell, obtained from EIS measurements remain relatively constant over time in a region 

of 25.22 ± 0.88 Ω. Thus, these studies indicate the possibility to perform stable CO2 reduction at the 

       U vs. Ag/AgCl 
       Uel vs. RHE 
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nanowire networks even at high applied potentials, at least when they are applied for a relatively short 

time. The networks stability for longer timeframes of high potential application will be analyzed later. 

As shown in Figure 45, the potential U vs. Ag/AgCl increases linearly with applied current density J. 

However, the electrode potential Uel vs. RHE only increases up to a maximum potential of -0.93 V vs. RHE 

due to an increasing IR-drop caused by the large current densities achieved by the generally large nanowire 

network surface area.  

 

Figure 45: Potentials U vs. Ag/AgCl and Uel vs. RHE over J curves for the measurements with increasing and decreasing galvanostatically 
applied current density steps. The error bars are hardly visible, since they are smaller than the symbols. 

 

4.4 Product selectivity of the CO2 reduction reaction at different potentials 

The product selectivity of a CO2 reduction catalyst can only be studied quantitatively, when the potential is 

applied potentiostatically, since the various reaction products need different electron transfers, when 

reduced out of CO2. For example, the reduction of CO2 towards CO consumes two electrons, whereas the 

reduction towards C2H6O2 consumes 10 electrons. Thus, the same measured current could be achieved by 

five times the amount of CO2 reduced towards CO than to C2H6O2. Therefore, it is not possible to provide 

comparable conditions for catalysts with different selectivities during galvanostatic operation, since this 

can only fix the total amount of reduced CO2. Thus, we investigate the potential-dependent product 

selectivity during the CO2 reduction, on the applicable potential window in this setup, which is between 

Uel = ~-0.5 V and Uel = ~0.95 V vs. RHE, using 15 Cu nanowire networks with identical geometrical 

parameters (height = 30 µm, wire diameter ~150 nm, and nanowire number density = 8×108 cm-²).  The 

CO2 reduction reaction in 0.1 M KHCO3 electrolyte was driven at 5 different electrode potentials 

between -0.5 and -0.82 V vs. RHE. For each potential, three independent measurements were performed to 
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test the reproducibility of the catalyst performance, using three different samples with the above-

mentioned geometrical parameters and applying the preparation steps introduced in section 4.1. The 

charge efficiencies for the CO2 reduction products at each potential were determined by averaging the 

Faradaic efficiencies of all three samples.   

Table 5 shows Uappl vs. AgAgCl, Ru, J, the IR-drop and the calculated Uel vs RHE obtained as average of three 

samples measured at Uappl = -1.18. -1.31, -1.68, -1.66 and -1.95 vs. Ag/AgCl. 

Table 5: Average IR-drop of three samples each for the different potential steps at which CO2 reduction was performed at Cu nanowire 
networks (height = 30 µm, wire diameter ~150 nm, and nanowire number density = 8×108 cm-²). The current density is the average 
reduction current divided by the planar sample area of 1.8 cm². 

Uappl vs. Ag/AgCl 
[V] 

Series resistance 
Ru [Ω] 

Average 
current density 

J [mA/cm²] 
IR drop [V] Uel vs. RHE [V] 

-1.18 ± 0.01 -25.87 ± 1.10 -1.62 ± 0.25 -0.07 ± 0.01 -0.50 ± 0.00 

-1.31 ± 0.02 -25.57 ± 1.38 -2.36± 0.54 -0.11 ± 0.02 -0.60 ± 0.01 

-1.68 ± 0.03 -27.02 ± 2.82 -7.42 ± 0.18 -0.35 ± 0.03 -0.72 ± 0.00 

-1.66 ± 0.00 -26.39 ± 0.01 -6.71 ± 0.06 -0.31 ± 0.00 -0.75 ± 0.00 

-1.95 ± 0.05 -26.70 ± 1.48 -11.96 ± 1.00 -0.56 ± 0.02 -0.82 ± 0.02 

 

The values evidence the correspondence between Uel vs. RHE, j and Ru. An increase in current density causes 

a significant increase in IR-drop, which reaches values of 0.56 V at applied potentials around -1.95 V vs. 

Ag/AgCl. Thus, an even higher Uappl vs. Ag/AgCl needs to be applied here, for achieving a distinct electrode 

potential. The series resistance of the setup with the nanowire networks, which is not dependent on the 

applied potential, is always at comparable values.  

A benefit of the Cu nanowire networks is the high current density achieved for low applied potentials. 

However, this causes a large IR-drop, which increases at larger potentials that correspond with higher 

currents, since the setup, i.e. the electrochemical cell, has a relatively high series resistance.  
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Figure 46: Faradaic efficiencies for the CO2 reduction product synthesis with Cu-nanowire networks as catalyst at different potentials. The 
sums of the Faradaic efficiencies in total and for the sums of the gas- and liquid-phase products are shown in a). b) displays the formation 
efficiency of the unwanted side-product H2 coming from the competing hydrogen evolution reaction as well as the efficiencies for HCOOH 
and CO formation. The current efficiencies for the carbohydrates C2H4, C2H6 and CH4 are shown in c), while the ones for the alcohols are 
presented in d) with C2H6O, C3H8O, C2H6O2 and CH3COOH. 

Figure 46 shows the Faradaic efficiencies (FE) as a function of the IR-compensated electrode potential. 

Figure 46 a) presents the total FE, which increases with increasing potential from ~65 % towards ~91 %. 

The contribution of the liquid phase products is small (10-15 %) and rather potential independent, 

whereas the gas phase products increase by ~20 % within the investigated potential range. 

Figure 46 b) shows the FE of the products H2 (green), HCOOH (blue), and CO (red). The FE of the concurring 

H2 evolution reaction (HER) is around 50 – 60 % over the whole potential region, but increasing up to 80 

% at -1.0 V vs. RHE, while HCOOH and CO exhibit lower FE values and peak around -0.7 V and -0.6 V vs RHE, 

respectively. CH4 and CH3COOH are minor reaction products, since they are only generated with FE <1 % 

at every studied potential as it was also reported for the as purchased Cu-plate and the electrodeposited 

Cu film in section 4.2. This is in agreement with the studies of Kuhl et. al [50] at a Cu plate, where CH3COOH 

was only produced in small quantities and CH4 only at more negative potentials than -0.9 V vs. RHE. Ma et 

al. also did not observe these reaction products for their nanowire structures, even at more negative 

potentials [134]. The FE for HCOOH synthesis at our nanowire networks reached 11.8 ± 0.5 % at 

Uel = -0.72 V vs. RHE, which is comparable to FE values attained at a Cu-plate at this potential by Ma et al. 
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[50]. However, at higher potentials HCOOH formation efficiencies above 20 % were reported for CO2 

reduction at Cu plates [50], whereas for our nanowire networks it always remained slightly below 10 %, as 

it also did for the Cu plate and electrodeposited Cu film presented in section 4.2, where it was observed 

with ~4 % and 8 %, respectively. This clearly indicates that our Cu nanowire structures need to be tuned 

towards stability at higher reduction potentials, where significant CO2 reduction towards HCOOH could 

probably be observed. 

Figure 46 c) presents the FE attained for hydrocarbons. Whilst CH4 is produced at our nanowire networks 

in minimal amounts with FE below 0.2 %, the hydrocarbons C2H4 and C2H6 show a maximum FE of 5.3 ± 

0.4 % and 2.0 ± 0.9 % at Uel = -0.83 V vs. RHE , respectively, coinciding with the potential for most efficient 

C2 or C3 alcohol formation on this sample (Figure 46 d)), and leading to the conclusion that for the Cu 

nanowire networks C-C coupling is promoted at this potential value. For a Cu-plate, Kuhl et al reported a 

FE of ~5 % for C2H4 formation at this potential [50], which is much higher than for our commercial Cu plate 

and Cu film (see section 4.2). However, at higher potentials the efficiency of C2H4 production at the Cu plate 

increases, while for the nanowire networks it decreases. C2H6 was not reported as a product for the CO2 

reduction at the Cu plate by Kuhl et al [50] as well as for our Cu plate and Cu film in section 4.2, while the 

nanowire networks reach up to 2 %, which was also observed for Ma’s nanowires at higher potentials 

[134].  

Figure 46 d) shows the FE obtained for the alcohols. For C2H6O and C3H8O, FE of 1.6 ± 0.6 % and 3.4 ± 0.9 %, 

respectively, are attained at Uel = -0.83 V vs. RHE. At those potentials, Kuhl et al. reported no alcohol 

formation [50]. Our as purchased Cu plate (see section 4.2) showed corresponding FE of 2.5 ± 0.7 % and 

5.0 ± 2.3 % for C2H6O and C3H8O, respectively, at this potential, whereas the Cu film did not produce 

alcohols. A special feature of the Cu nanowire networks is the formation of some amounts of C2H6O2 with 

Faradaic efficiencies up to 4.2 ± 2 % also at -0.83V vs. RHE. This is by a factor of 20 higher than the maximum 

efficiency reported in literature for C2H6O2 synthesis at a Cu-plate, even at higher potentials [50]. It is still 

higher than our studied Cu plate, where we observed minor C2H6O2 formation with a maximum FE of 1.0 ± 

0.5 % (see section 4.2). C2H6O2 was also not yet observed as reaction product with such a Faradaic efficiency 

at any potential, for other Cu nanowire structures [134]. At dendritic sponge structures it has been 

synthesized with relatively high Faradaic efficiencies up to 25 % [53]. It has been hypothesized that the 

formation of C2H6O2 occurs via a dimerization process of two adsorbed *CO molecules, since higher C2H6O2 

formation efficiencies have been observed at lower potentials, where dimerization is the predominant 

process [3,50]. Thus, our nanowire networks seem to promote the dimerization process by trapping and 

adsorbing CO molecules. 

Due to the high IR values, CO2 reduction reaction at Cu nanowire networks could not be investigated at 

reduction potentials more negative than -0.93 V vs. RHE. Although other Cu catalysts are reported to 

produce higher FE at more negative potentials, we think that our nanowire networks already have reached 

their maximum FE at -0.83 V, since their FE decrease again at Uel = -0.9 V vs. RHE. The results indicate that 
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Cu nanowire networks can perform CO2 reduction, especially towards C2+ products at lower electrode 

overpotentials than Cu plates. Given by the geometrical parameter of these samples, the interspace 

between individual wires can be regarded as an open cube with ~400 nm side length (see Figure 47). In 

these free volumes, intermediate products can be trapped promoting the C-C coupling for the C2+ product 

formation.  

In the potential region between -0.5 V and -0.93 V vs. RHE, the nanowire networks are stable without any 

surface or structural change as shown in the SEM images before and after CO2 reduction (Figure 47 and 

Figure 48). 

 

Figure 47: SEM images of the Cu nanowire networks before a)-c) and after d)-f) CO2 reduction at potentials a,d) -0.93 ± 0.05 V, 
b,e) -0.82 ± 0.02 V, and c,f) -0.75 ± 0.00 V vs. RHE. 

 

 

Figure 48: SEM images of the Cu nanowire networks before a)-c) and after (d)-f) CO2 reduction at potentials a,d) -0.72 ± 0.00 V, 
b,e) -0.60 ± 0.01 V, and c,f) -0.5 ± 0.0 V vs. RHE. 
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All nanowire networks displayed in Figure 47 and Figure 48 have a slightly rough surface even before the 

CO2 reduction originating from the acidic pre-cleaning and anodization process (see Figure 13 d)). It is 

outstanding that the surface roughness in the potential range between -0.5 V to -0.93 V vs. RHE does not 

change during the whole reaction process, consisting of surface reduction CV, EIS and the potentiostatic 

CO2 reduction. Moreover, the general network structure, as well as the wire diameter remains constant. 

Thus, the nanowire networks are stable catalysts for electrochemical CO2 reduction under these conditions. 

However, they possess the limitation that CO2 reduction can be only performed in a relatively limited 

potential region when applying the electrochemical cell setup used in this thesis.  

This limitation should be addressed in future studies by applying an electrochemical cell with a smaller gap 

between nanowire network, membrane and counter electrode, which would lead to a smaller series 

resistance reducing the IR-drop and thus allowing higher electrode potentials Uel vs. RHE. Another 

possibility, although not for application of the nanowire network as CO2 reduction catalyst in industrial 

application, but for scientific studies of its catalyst performance, would be to reduce the sample size and 

thus decreasing the absolute current, lowering the IR-drop as well, which leads to higher achievable 

electrode potentials. In this way, scientific model studies of CO2 reduction at Cu nanowire networks with 

variations in geometrical parameters like nanowire number density and nanowire diameter can be 

performed, allowing conclusions on the influence of the free space between the wires, i.e. the catalyst 

porosity, on the product selectivity. This could be a helpful tool to clarify reaction pathways towards the 

products, especially towards C2H6O2, which is produced in a relatively large amount at relatively low 

potentials, when applying the nanowire networks as catalyst. 

 

4.4.1 Structural characterization of the nanowire networks by XRD before and after the CO2 
reduction 

Since the crystallographic orientation of a material is directly influencing the catalytic reactions at its 

surface [3,51,273], the structural properties of the nanowires were investigated by XRD.  

The crystallinity of an electrodeposited material depends on the electrodeposition potential and type of 

potential application (i.e. constant, pulsed, reverse pulsed,…) [274]. Especially for Cu-nanowires it has been 

shown that it can be varied between a fine polycrystalline and single crystalline structure by adjusting the 

electrodeposition parameters [111,112,143].  Since the crystallinity, the surface, and the presence of grain 

boundaries affect the catalyst performance, the structure of a representative Cu nanowire network, 

electrodeposited into the etched ion-track template at a potential of U = -20 mV at T = 60 °C for 45 min out 

of 238 g/l CuSO4 (99.995%, Sigma-Aldrich, Taufkirchen, Germany) + 21 g/l H2SO4 (99.999%, Sigma-Aldrich, 

Taufkirchen, Germany) + 0.5 ‰ DOWFAX 2A1 surfactant (chapter 2.3) was studied before and after the 

CO2 reduction experiments (see experimental parameters and setup in chapter 4.1). Since the deposition 
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conditions change the Cu nanowire crystallographic orientation [275], all networks in this work were 

deposited at the same potential and deposition temperature as the specific network studied with XRD. 

Knowing the wavelength of the applied X-rays, allows direct conclusions on parameters like lattice plane 

distance dhkl and Miller Indices h, k and l, which classify the crystallographic structure [276]. With λ being 

the irradiation wavelength and dhkl the lattice plane distance, the Bragg law describes the diffraction 

condition (equation (24)). 

𝑛 ∗ 𝜆 = 2𝑑௛௞௟ ∗ sin(𝜃)          (24) 

Equation (25) provides the distance dhkl between given (hkl) planes with Miller indices h, k and l, when 

considering the specific cell constant a for a given material [277].  

1

𝑑௛௞௟
ଶ =  

ℎଶ + 𝑘ଶ + 𝑙ଶ

𝑎ଶ
           (25) 

For the attribution of texture indices to the observed diffraction peaks, selection rules have to be applied. 

For a face centred cubic (fcc) structure like Cu [278], the hkl indices have to be either all odd or all even. 

For a fcc crystal structure, all other combinations of indices lead to destructive interference and thus no 

diffraction peak appears [276]. By taking into account the wavelength λ = 1.5406 Å of the applied Kα X-rays 

and a lattice constant of a = 3.597 Å [279], the 2θ values of different crystalline orientations for Cu are 

calculated using equation     (26). The positions of the possible reflections are shown in Table 6. 

2𝜃 = 2 ∗ sinିଵ ൬
𝜆

2𝑑௛௞௟
൰     (26) 

Table 6: Expected 2θ positions of the Cu XRD reflections for different crystallographic orientations. 

h k l 2θ [°] 

1 0 0 24.56 

1 1 0 35.01 

1 1 1 43.24 

2 0 0 50.36 

2 2 0 73.97 

2 2 2 94.93 

3 1 1 89.74 

Comparing the diffraction peaks intensities I(hkl) of a given sample with those of a standard powder 

diffractogram I0(hkl) of the same material with isotropic orientation provides information on a preferred 
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crystalline orientation. This can be quantified by the texture coefficient, calculated with equation           (27), 

which is called the Harris method, with n being the number of considered reflections [280]. 

𝑇𝐶 (ℎ𝑘𝑙) =
𝐼(ℎ𝑘𝑙)/𝐼଴(ℎ𝑘𝑙)

𝑛ିଵ ∑ 𝐼(ℎ𝑘𝑙)/𝐼଴(ℎ𝑘𝑙)௡
           (27) 

A texture coefficient with a value larger than 1 indicates a prefered crystallographic orientation. The ratio 

between the different texture coefficients provides additional information on the  crystal orientations 

present in a given sample. 

In this work, X-ray diffractograms of Cu nanowire networks were recorded in reflection with a Seifert PTS 

3003 diffractometer using a Cu anode and an X-ray mirror on the primary side of the aperture. On the 

secondary side a long soller slit and a graphite monochromator was used to separate the Cu Kα line (λ = 

1.5406 Å). The device was operated by applying a generator voltage of 40 kV and a current of 40 mA. By 

using the Rayflex software, the scanning step size was set to 0.25° with an integration time of 0.4 s. By 

measuring in reflection on the free-standing Cu nanowire networks, the 2θ angle provides the criteria for 

constructive interference for the planes oriented in parallel to the sample base, i.e. in an angle of 45° 

towards the nanowire axis as sketched in the inset in Figure 49. 

Figure 49 displays a representative diffractogram of a Cu nanowire network, with a wire diameter of 

~150 nm, electrodeposited under the same conditions indicated above (T = 60° C, U = -20 mV vs. Ag/AgCl). 

The reflexes of the standard Cu powder diffractogram (JCPDS file No. 85-1326) [278] are marked by the 

black triangles. 
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Figure 49: X-Ray diffractogram of a Cu nanowire network deposited at -20 mV vs. Ag/AgCl at 60 °C.  

 

The diffractogram displays the reflections corresponding to the Cu (111), Cu (200), Cu (220) and Cu (311) 

planes. In addition, Cu2O (111) and Cu2O (200) reflections are observed with lower intensity, indicating the 

presence of Cu2O, probably originating from the native Cu2O surface layer, which is forming as soon as the 

nanowires are removed from the polymer template and in contact with air. The nanowire networks exhibit 

a strong (200) texture with a texture coefficient of 2.91, meaning that mainly the 200 planes are oriented 

parallel to the sample surface.  This directly indicates that the 220 planes are preferentially oriented 

perpendicular to the nanowire axis due to the nanowire orientation and the measurement geometry as 

shown in the insets of Figure 49. 

The crystallographic structures of  Cu nanowire networks were analyzed by XRD before i.e. after pre-

cleaning and anodization (blue line) and after CO2 reduction for 1 h at different Uel vs. RHE (-0.6 V 

(red), -0.8 V (yellow) and -0.9 V (green)). The diffractograms are presented in Figure 50 together with the 

standard Cu powder diffractogram (JCPDS file No. 85-1326) [278] intensities, marked by the green 

triangles to evaluate preferred crystallographic orientations. For direct comparison all diffractograms are 

normalized to the (111) reflex of the Cu powder reference, which is its most prominent reflex indicating a 

(111) texture in standard Cu. 
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Figure 50: X-ray diffractograms of an as-synthesized Cu nanowire network (blue) and of nanowire networks after the application as catalyst 
for 1 h CO2 reduction at potentials of -0.6 V vs. RHE (red), -0.8 V vs. RHE (green) and -0.9 V vs. RHE (yellow). The sample diffractograms 
are normalized to the Cu powder reference (111) reflection [278]. 

All diffractograms exhibit the expected Cu reflections. Additionally, they show small Cu2O(111) and 

Cu2O(200) peaks, which originate from the native surface oxide, formed as soon as the Cu nanowire 

network is exposed to air [281]. The texture coefficients (TC) are calculated by equation (28) and presented 

in Table 7. I(hkl) denotes the intensity of the Cu reflection (hkl) of the sample belonging to a certain 

orientations peak n and Io(hkl) is the corresponding intensity of the standard powder diffractogram [278]. 

𝑇𝐶 (ℎ𝑘𝑙) =
𝐼(ℎ𝑘𝑙)/𝐼଴(ℎ𝑘𝑙)

𝑛ିଵ ∑ 𝐼(ℎ𝑘𝑙)/𝐼଴(ℎ𝑘𝑙)௡
 (28) 

Table 7: Texture coefficients of the different Cu nanowire networks with respect to the standard polycrystalline Cu powder diffractogram 
taken from the JCPDS data file [278] 

 Cu (111) Cu (200) Cu (220) Cu (311) 

pristine 0.49 2.91 0.41 0.19 

-0.6 V 0.18 3.56 0.17 0.10 

-0.8 V 0.17 3.56 0.19 0.08 

-0.9 V 0.15 3.50 0.26 0.08 
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All nanowire networks exhibit a strong (200) texture with respect to the sample surface because the TC 

values up to 3.56 are close to the maximal TC of 4 defined by the four considered reflections. Given the 

geometry of the XRD measurements (45° tilt of the wires), this means that the 220 planes are preferentially 

oriented perpendicular to the nanowire axis. This finding is in agreement with the preferred (220) texture 

of vertically oriented Cu nanowire arrays electrodeposited under similar conditions in earlier studies 

[112,282]. However, to prove this, the sample should be tilted by 45 ° for having the wires oriented to the 

X-ray beam in the same way as the parallel wires, and be rotated around the ϕ axis to evidence the 4-axis 

symmetry of the (220) reflections.  

For the pristine nanowire network, the texture is even less than for the nanowire networks after CO2 

reduction. The texture coefficient of the (200) reflex is with 2.91 around 0.6 smaller than for the other 

networks. This difference is equalized by the slightly higher texture coefficients of the other peaks. The 

potential applied during CO2 reduction does not have a significant influence on the texture coefficients. 

Only the (220) peak shows an increase at the highest reduction potential of -0.9 V vs. RHE, while the (111) 

and (200) peaks lose a bit of intensity. This could be an effect due to re-crystallization towards another 

structure at this potential, but needs to be confirmed by further studies. The texture changes of the (111) 

and (200) reflections could also be a first indication of cathodic corrosion, leaving the (220) crystals less 

attacked. But generally, the polycrystalline structure of the nanowires remains intact, which is supporting 

the network stability during the reaction. This observation is confirmed by SEM and STEM analysis.  

4.4.2 Structural characterization of the nanowire networks by STEM before and after the CO2 
reduction 

The Cu nanowire networks were also investigated by scanning transmission electron microscopy (STEM), 

which allows imaging and analysis of the crystallographic structure with atomic resolution. 

For STEM imaging, small pieces of the Cu nanowire networks (~25 mm2) were inserted in a glass test tube 

filled with 10 ml isopropanol (>99.5 %, Carl-Roth, Karlsruhe, Germany). The tube was then exposed to an 

ultrasonic bath (Elma Transonic 460/H) for 1 min so that the network pieces break apart into groups of 

~3-4 wires. A small amount of the isopropanol containing the nanowire network sections was drop-casted 

onto a Ni-TEM grid covered by a lacey carbon film (PLANO GmbH, Wetzlar, Germany). 

Scanning transmission electron microscopy (STEM) of these nanowire networks was performed with a 

Titan Thermis transmission electron microscope at an acceleration voltage of 300 kV at the Max Planck 

Institut für Eisenforschung, Düsseldorf, Germany. Three different imaging modes are available, providing 

different types of contrast, i.e., high angle annular dark field (HAADF), low angle annular dark field (LAADF) 

and annular bright field (ABF) imaging with three corresponding detectors, collecting scattered electrons 

under an angle of 8-16, 17-72, and 73-200 mrad, respectively. STEM analysis was performed on a 

synthesized, pre-cleaned, and anodized nanowire network with a nanowire diameter of only ∼85 nm to 

provide transparency in the electron beam. The nanowire number density was 4×109 cm−2 which is higher 
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than for most of the samples used in this thesis, to facilitate STEM analysis. Figure 51 presents the high 

angle annular dark field (HAADF)-STEM images of a representative nanowire short section of an as-

synthesized, pre-cleaned, and anodized Cu nanowire network. 

 
Figure 51: STEM images of an as-synthesized, pre-cleaned, and anodized Cu nanowire segment (diameter 85 nm). a) high angle annular 
dark field image of a Cu nanowire with a small part of an intersection, b) high-magnification STEM image close to the wire intersection 
revealing different crystalline structures, c) high-resolution STEM image providing an interatomic distance of 0.13 nm, and d,e) 
corresponding FFT images taken at the indicated positions at the Cu nanowire. 

From the fast Fourier transform (FFT) pattern (Figure 51 d)) of the nanowire region shown in Figure 51 b), 

an interatomic distance of 0.13 nm can be deduced, consistent with the high-resolution STEM image (Figure 

51 c)). This interatomic distance belongs to a face centered cubic (fcc) Cu crystal with the lattice constant 

a = 3.597 Å [279]. The FFT pattern deduced at another nanowire position (Figure 51 e)) includes reflections 

with interatomic distances of 0.3 nm and 0.13 nm, which can be attributed to Cu2O(110) and Cu(220) 

crystals, originating from the anodization pre-treatment as well as from the storage in air, respectively. The 

crystals are oriented along a [111] zone axis, indicating the presence of several crystals and partial 

oxidation. For the determination of the Cu2O lattice planes, a lattice constant of a = 4.27 Å was taken [283]. 

The Cu2O layer at the surface is mainly resulting from the oxidative anodization process after the pre-

cleaning. Thus, the STEM images reveal the expected polycrystalline nanowire structure with the oxide 

layer from the anodization that will be removed prior to the CO2 reduction process, leading to an activated 

Cu surface. 

Scanning transmission electron microscopy images on a pre-cleaned and anodized Cu nanowire network 

(height = 30 µm, wire diameter ~80 nm, and nanowire number density = 8×108 cm-²) after CO2 reduction 

at Uel = −0.79 ± 0.01 V vs. RHE are presented in Figure 52. The network exhibited a thinner wire diameter 
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than the ones used for the other CO2 reduction experiments in this thesis, to facilitate STEM analysis. As 

described in section 4.1, a surface reduction by 10 CV scans was applied prior to the CO2 reduction reaction. 

 

Figure 52: STEM images and analysis of a Cu nanowire after CO2 reduction: a) HAADF image at the wire surface indicating a Cu2O layer 
(c)), b) high-magnification STEM image of a nanowire bulk region revealing a polycrystalline structure, c) and d) corresponding FFT 
images of the indicated positions, and e) high-resolution TEM image. 

 
STEM analysis reveals that the Cu nanowires are composed of a larger Cu crystal core covered by small 

Cu2O crystallites on the surface. They are Cu2O(111) crystals with an interatomic distance of 0.25 nm as 

deduced from the FFT pattern presented in Figure 52 c).  The FFT pattern of a bulk nanowire area (Figure 

52 d)) shows reflections for the Cu(111) crystal structure with an interatomic distance of 0.21 nm, in 

agreement with the high-resolution STEM image of the nanowire part shown in Figure 52 e). The only 

information that can be concluded from the STEM analysis before and after the CO2 reduction reaction is 

that the analyzed nanowire has a polycrystalline Cu2O layer on the surface. This oxide layer cannot be 

formed during the CO2 reduction reaction because of the applied reductive potential, but only afterwards. 

Thus, these results show no influence of the CO2 reduction on the crystalline structure of the nanowires, 

which is consistent with the XRD observations presented in chapter 4.4.1. However, to get detailed insight 

into possible corrosion processes and the increase in texture, extended STEM studies along larger nanowire 

segments are necessary in future studies.  
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4.5 Effect of pre-cleaning and anodization of the Cu nanowire network on the product 
selectivity of the CO2 reduction  

An acidic pre-cleaning procedure was reported in literature by Lee and Min to improve electrochemical 

CO2 reduction at Cu catalysts [166,167], and it was optimized for the NWNWs in this work, as explained 

above in chapter 2.4. In addition to the morphological studies disucssed in section 2.4, we investigated the 

effect of the precleaning and anodization process on the CO2 reduction reaction efficiency and product 

selectivity at the Cu nanowire network catalysts. CO2 reductions were performed at Uel = -0.6, -0.7 and -0.8 

V vs. RHE on four Cu nanowire networks, two in the pristine state and two which were aditionally pre-

cleaned and anodized. Thus, all error bars in this section are the result of the averaging of both samples in 

each state. For the gas phase products, this error propagates with the statistic uncertainties resulting from 

the three injections into the gas chromatography during the 1 h reaction time. The corresponding current 

densities are displayed in Figure 53 in dark and light blue, respectively. 

 

Figure 53: Current densities for the pre-cleaned and anodized Cu nanowire networks (light blue) in comparison to pristine Cu nanowire 
networks (blue). 

For all three potentials, the current density for the CO2 reduction reaction at the pre-cleaned and anodized 

samples is by a factor of ~2 higher than at the pristine Cu nanowire networks. This increase is, on the one 

hand, attributed to the larger surface roughness of the pre-cleaned samples, and on the other hand, to 

higher chemical reaction rates at the catalyst surface. In other words, the higher current densities are not 

only caused by larger surface areas being exposed to the electrolyte, but also by an increase in surface 

activity. Figure 54 shows the comparison of the Faradaic efficiencies of a) all reaction products, b) liquid 

phase products, and c) gas phase products for the CO2 reduction at a pristine Cu nanowire network and a 

pre-cleaned one. The increased reaction efficiency is especially significant for the liquid phase products, as 

shown in Figure 54: Faradaic efficiencies of the CO2 reduction reaction for pristine (dark blue) and pre-
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cleaned and anodized (light blue) Cu nanowire networks for a) all products, b) liquid phase products, and 

c) gas phase products.Figure 54 b).  

 

Figure 54: Faradaic efficiencies of the CO2 reduction reaction for pristine (dark blue) and pre-cleaned and anodized (light blue) Cu nanowire 
networks for a) all products, b) liquid phase products, and c) gas phase products. 

Except for the gas phase products at -0.6 V vs. RHE, the Faradaic efficiencies are higher for the pre-cleaned 

and anodized Cu nanowire networks. Especially for the generation of liquid phase products, the pre-

cleaning and anodization process yields much higher Faradaic efficiencies. For the CO2 reduction at the 

other potentials, the pre-cleaning and anodization is also slightly more beneficial for the gas-phase product 

efficiencies. 

Figure 55 shows the Faradaic efficiencies of both, pristine (dark blue) and precleaned and anodized Cu 

nanowire networks for the formation of the CO2 reduction reaction intermediates H2, CO and HCOOH, at 

U = -0.6, -0.7 and -0.8 V vs. RHE. 

 
Figure 55: Faradaic  efficiencies of a) H2 evolution and the main reaction intermediates b) CO and c) HCOOH for pre-cleaned and anodized 
Cu nanowire networks (light blue) and pristine Cu nanowire networks (blue) at CO2 reduction potentials of Uel = -0.6, -0.7 and -0.8 V vs. 
RHE. 

For the hydrogen evolution reaction that is competing with the CO2 reduction reaction, the Faradaic 

efficiency at Uel = -0.8 and -0.7 V vs. RHE is higher for the pre-cleaned and anodized samples. For the 
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reaction at -0.6 V ~10 % more H2 is produced at the pristine sample, which causes the higher Faradaic 

efficiency sum for gas phase products at this potential. 

For CO2 reduction towards CO, the Faradaic efficiency is higher at the pristine Cu nanowire networks, 

except for the reaction at -0.6 V vs. RHE. Since less CO is detected in the final reaction products, this 

confirms the advantage of the pre-treatment for the CO2 reduction reaction, since more surface adsorbed 

CO reacts further to higher value products.  

For HCOOH the product efficiencies at all potential steps are higher for the pre-cleaned and anodized Cu 

nanowire networks. 

The comparison of the product evaluation efficiencies for the hydrocarbons CH4, C2H4 and C2H6 are 

compared in Figure 56 for the reaction at pristine as well as pre-cleaned and anodized Cu nanowire 

networks at the three different reduction potentials of Uel = -0.6, -0.7 and -0.8 V vs. RHE. 

 

Figure 56: Faradaic efficiencies for the CO2 reduction products a) CH4, b) C2H4 and c) C2H6 for pre-cleaned and anodized Cu nanowire 
networks (light blue) and pristine Cu nanowire networks (blue) at CO2 reduction potentials of Uel = -0.6, -0.7 and -0.8 V vs. RHE. 

The Faradaic efficiencies of CO2 reduction towards CH4 is extremely low (<0.08 %) with no clear trend for 

a promoted reaction at one of the two types of Cu nanowire networks. Thus, CH4 is only a negligible side 

product of the CO2 reduction reaction at Cu nanowire networks. For the formation of the desired reaction 

product C2H4, the beneficiality of the acidic pre-cleaning and anodization process is stated again. At the low 

reaction potential of Uel = -0.6 V vs. RHE, almost no C2H4 is produced, whereas for the other potentials, the 

Faradaic efficiency for the formation of C2H4 at the pre-cleaned and anodized Cu nanowire networks shows 

double the efficiency than on the pristine network, increasing the efficiency to a maximum of 5 % for the 

pre-celaned and anodized network at -0.8 V. For the formation of C2H6, which is generally occuring at lower 

efficiencies than the C2H4 formation, the reactions at Uel = -0.6 and -0.7 V show higher Faradaic efficiencies 

at the pre-cleaned and anodized Cu nanowire network, whereas at -0.8 V vs. RHE, more C2H6 was produced 

at the pristine sample. 

The comparison of the corresponding Faradaic efficiencies of other C2 and C3 reaction products is shown 

in Figure 57 for a) CH3COOH, b) C2H6O, c) C3H8O and d) C2H6O2.  
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Figure 57: Faradaic efficiencies of the CO2 reduction products a) CH3COOH, b) C2H6O, c) C3H8O and d) C2H6O2 at the three different 
potentials of Uel = -0.6, -0.7 and -0.8 V vs. RHE.  

As clearly visible in Figure 57 a), CH3COOH is synthesized at -0.6 V vs RHE to a larger amount on the pristine 

Cu nanowire network than on the pre-cleaned and anodized one, whereas at the other potentials the 

efficiency at the pre-treated network is slightly higher. However, for all potentials the Faradaic efficiency 

for CH3COOH formation is below 0.6 %. Thus, it is a product only synthesized in negligibly small amounts. 

For C2H6O also relatively low formation efficiencies are obtained as shown in b). At Uel = -0.6 V vs. RHE no 

ethanol is formed at all. This potential seems too low to transfer enough charge into the CO2 reduction 

reaction for C2H6O formation. At the two higher potentials, C2H6O is formed mainly at the pre-cleaned and 

anodized Cu nanowire network with Faradaic efficiencies up to 1.2 %. The same behavior is visible for the 

formation of C3H8O c), which is not synthesized at all at the pristine Cu nanowire network, but up to an 

efficiency of 0.7 % at the pre-cleaned and anodized sample. 
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At Uel = -0.6 V vs. RHE the C2H6O2 formation at the pristine Cu nanowire network is predominant with more 

than 3 % current efficiency, decreasing strongly and vanishing for increasing potentials, while the C2H6O2 

formation efficiency at the pre-cleaned and anodized Cu nanowire network is larger for higher potentials 

as shown in d). 

Generally, it can be stated, that all C2+ products show higher formation efficiencies at the pre-cleaned and 

anodized Cu nanowire networks. The only two exceptions are CH3COOH and C2H6O2 at the low potential of 

Uel = -0.6 V vs. RHE. Thus, it can be concluded that the increased roughness and activation of the surface by 

the pre-cleaning and anodization process is beneficial for the C-C coupling of adsorbed CO molecules. It is 

assumed that CO reacts further to form advanced molecules, as the efficiency of unused CO as reaction 

product is opposite to the efficiency of the C2+ products. 

Comparing the Faradaic efficiencies for the CO2 reduction products at the pre-cleaned and anodized 

nanowire networks of this section to the ones of other networks with equal geometry, shown in chapter 

4.4, one can state that the relation of the different products at each potential is basically the same. Only 

slight differences in the Faradaic efficiencies are observed, with those shown in chapter 4.4 being always a 

few percent smaller than those in chapter 4.5. Since each value is the average of two or three samples, this 

difference cannot come from sample effects. Especially, since the pre-cleaning and anodizing process, as 

well as the surface reduction process before the CO2 reduction were the same. Since they cannot be traced 

back to either only liquid phase or only gas phase products, they must be caused by slight differences in the 

experimental setup, such as the calibration of the mass flow controllers, some plugging of the tubes or some 

leakages. A slightly different product crossover through the membrane might also be an explanation. To 

prove this, one always has to do in-situ product analysis in the anode compartment. This would shed light 

on the quality of different supplied membrane batches. 

4.6 Failed CO2 reduction at Cu nanowire networks with in-situ IR-drop correction 

To perform the CO2 reduction reaction in relation to the electrode potentials, the correction of the IR-drop 

across the cell needs to performed. An in-situ correction procedure for the IR-drop was first tested on Cu 

nanowire networks by enabling the IR-compensation option of the potentiostat. To avoid 

overcompensation, only 85 % of the Ru gained by EIS were set to be compensated. This procedure had 

proven successful in CO2 reduction at Cu-foams [53,168].  

For the test measurement with enabled IR-correction, a desired electrode potential of Uel = -1 V vs. RHE 

was set as target in the potentiostat. This led to an application of more than -2.5 V vs. Ag/AgCl cell potential. 

During the chronoamperometric CO2 reduction time of 1 h at this potential, the current did not remain 

constant, but increased and the system became instable. A typical change in current density as a function 

of time is shown in Figure 58 where Uappl vs. Ag/AgCl is presented for CO2 reduction at a Cu nanowire 

network without in-situ correction of the IR-drop (red) and with in-situ correction (blue). The yellow inset 



 

 
  88 

numbers are the measured resistivity values Ru of the corresponding Cu nanowire networks before and 

after the potentiostatic measurement. 

 

Figure 58: a) Current density J vs. t curve and b) U vs. t (right) for CO2 reduction at two similar Cu nanowire networks, one without in-
situ compensation of the IR-drop (red), and one with in-situ IR-compensation (blue). 

For the CO2 reduction reaction with in-situ IR-compensation, the potentiostat directly applied a potential 

of Uappl = -2.5 V vs. Ag/AgCl, for a desired electrode potential of -1.0 V vs. RHE. This automatically induced 

a current density of -30 mA/cm², which in the beginning remained constant, despite some fluctuations. 

Over time however, it increased towards -40 mA/cm² until after ~2000 s a critical point was reached, 

where the current density began to strongly fluctuate causing sharp peaks up to -70 mA/cm², and finally 

staying at these high values. The in-situ IR-compensation of the potentiostat reacted to these changes by 

assuming a higher IR-drop. Due to the increased current, it increased the applied potential even more, 

strengthening this effect. EIS showed that the resistance of the nanowire network had decreased drastically 

from 21.3 Ω to 14.8 Ω. 

To get closer information on the origin of this resistance decrease, the Cu nanowire networks were 

analyzed by SEM before and after the CO2 reduction measurements. The images of both Cu nanowire 

networks are shown in Figure 59.  
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Figure 59: SEM images of the Cu nanowire network a) before and c) after CO2 reduction at Uel = -0.81 V vs. RHE without in-situ IR-
compensation with an applied potential of Uappl = -1.8 V vs. RHE and of the Cu-nanowire network b) before and d) after CO2 reduction 
with in-situ compensation of the IR-drop. 

The Cu nanowire network which was applied for CO2 reduction at a fixed potential shows no changes in 

surface or structural properties. In contrast, the nanowire network measured with in-situ compensation of 

the IR-drop is severely corroded with porous features (highlighted in red in Figure 59 d)). These images 

demonstrate that the initial applied potential of -2.5 V vs Ag/AgCl, selected automatically by the 

potentiostat in the automatic IR-compensation mode results in severe nanowire degradation due to the 

increase of applied potential, caused by overcompensation. 

Since a reductive potential is applied for the CO2 reduction reaction, this degradation process is a matter of 

cathodic corrosion, which was already reported for CO2 reduction in aqueous media at Cu surfaces at 

relatively mild cathodic potentials [284,285]. For the Cu nanowire network, this cathodic corrosion 

appearing at the applied potential of -2.5 V vs. Ag/AgCl caused an increase in surface area due to the 

degradation induced nanowire porosity, which is directly leading to a current increase. 

The 0.1 M KHCO3 electrolyte of this CO2 reduction reaction was analyzed with inductively coupled plasma 

mass spectrometry (ICP-MS) to get a hint about the remains of the material, which degraded from the Cu 

nanowire networks during the cathodic corrosion. ICP-MS is a very precise analysis method, capable of 

detecting even traces of metals in liquids [286,287]. The detected amount of Cu was compared with a 

pristine 0.1 M KHCO3 electrolyte that was not used for any CO2 reduction before, thus containing only 0.05 
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µg of Cu as trace element. The Cu in the electrolyte after the reaction corresponds with 0.33 µg to 0.1 % of 

the original mass of the Cu nanowire network of 2.7 mg which was determined by weighing the sample 

before the CO2 reduction.  

The amount of Cu in the electrolyte taken after the CO2 reduction reaction with cathodic corrosion, is by a 

factor of ~7 higher than in the pristine solution. However, reviewing the SEM images, it seems that the 

corrosion of the wires involves much more material than the 0.1 % deduced from the ICP-MS analysis. This 

suggests that some of the eroded material is redeposited onto the nanowire structure after its initial 

dissolution into the electrolyte. This dissolution-redeposition phenomenon is known for cathodic 

corrosion processes [288,289] and can play a beneficial role for the generation of advanced nanostructures 

[288]. According to SEM analysis of more than twenty nanowires (as illustrated in Figure 60), the wire 

diameter of our corroded network increased from 145.5 ± 5.3 nm to 172.7 ± 19 nm. This substantial 

diameter growth indicates that the redeposition process probably also happens here. 

 

Figure 60: High-resolution SEM images of a corroded Cu nanowire network before and after CO2 reduction, revealing a rougher surface 
and an increase of wire diameter from 145.5 ± 5.3 nm to 172.7 ± 19 nm. 

Given the results of these initial tests, in-situ IR-compensation is not recommended for CO2 reduction 

measurements with Cu nanowire networks. 

In turn, when the CO2 reduction without in-situ IR-compensation was performed at a fixed Uappl = -1.8 V vs. 

Ag/AgCl, it led to an average current density of -6 mA/cm². Thus, the resulting electrode potential, 

considering the IR-drop measured at the beginning, was Uel = -0.81 V vs. RHE. The changes in current 

density over time are minimal and Ru of the cell increases slightly from 22.4 Ω at the beginning to 24.1 Ω at 

the end of the measurement. These Ru values were obtained by EIS in the beginning and end of the 

measurement. 

Therefore, all CO2 reduction measurements in this work are carried out at constant applied potentials 

(Uappl) without the in-situ IR-compensation option. Instead, to guarantee comparability of the data, the IR-

drop is corrected afterwards during data analysis by mathematical calculations using the raw data. Thus, 

the IR-compensated potential at the electrodes (Uel) during the CO2 reduction is subsequently determined.  
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4.7 Studies on cathodic corrosion effects and timeframe at high applied potentials 

Cathodic corrosion is a process that has been described first in the 19th century as particle clouds 

disappearing from metals by application of a cathodic potential [290–292]. In the first step of the cathodic 

corrosion mechanism, alkali ions of the electrolyte are reduced on the electrode surface, forming an alloy 

[290,291,293]. Subsequently, an exothermic leaching reaction transfers the alkali metal back into the 

electrolyte and the released metal from the cathode into metallic dust by hydrogen evolution. However, 

newer reports concluded that alloy formation and leaching mechanisms are insufficient to fully explain 

cathodic corrosion, since it is not only physical disintegration, but also involves a chemical reaction [294]. 

Furthermore, adsorbed hydrogen plays a role in accelerating the cathodic corrosion process [295]. Strong 

metal cations in an electrolyte were shown to be able to remove metal atoms from the electrode 

structure [288]. The anions of the electrolyte do not have an effect on the corrosion process at all and 

together with the strong reductive potential, any possibility of electrode oxidation in the cathodic corrosion 

process can be directly discarded [294].  

Due to misfits of experimental results with a corrosion mechanism forming alloys from the electrode metal 

and the alkali ions of the electrolyte, a modified mechanism was proposed for cathodic corrosion. It is 

assuming the formation of a very high pH layer, rich in alkali cations and depleted of water, at the electrode 

surface due to HER. Thus, the cathodic polarization of the electrode induces a reduction of electrode metal 

to its anionic form at the surface. These anions are directly stabilized by the alkali cations in this layer of 

high pH value. Thus, at the interface, the metal electrode anions and the alkali cations form a Zintl complex 

[296]. This complex easily becomes solvated in the high pH layer and diffuses away from the electrode. 

Upon encountering free water, the metal anions are oxidized, forming hydrogen and charge-neutral metal 

atoms, which agglomerate and form metallic nanoparticles that are redeposited at the electrode structure 

due to the applied cathodic potential [294]. 

Focused studies on the cathodic corrosion processes on Cu electrodes delivered an explanation by the 

formation of metal hydrides that are released. They either evaporate or react with the electrolyte water to 

produce hydrogen gas and metallic particles, which can be redeposited back to the cathode surface 

[297,298]. Additionally, Cu has shown to be very prone to cathodic etching processes in aqueous solution 

that dissolve the electrode or can be used beneficially to synthesize Cu nanoparticles [292,299–301]. 

To specify the timeframe of cathodic corrosion during CO2 reduction at high applied potentials and to rule 

out an effect induced by nanowire contaminations with molecules of the surfactant that is necessary for 

homogeneous nanowire deposition into the hydrophobic etched ion-track membrane [159], a Cu nanowire 

network and a Cu nanowire array, electrodeposited with and without surfactant addition, respectively, 

were placed in an electrochemical cell filled with 0.1 M KHCO3. A potential Uappl = -4 V vs. Ag/AgCl was 

applied for 2 h. This potential was chosen, since previous experiments (see chapter 4.6) have shown Uappl 

= -4 V vs. Ag/AgCl to be the potential which ensues when corrosion of the nanowire network is happening. 
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The J-t curves of the nanowire network (electrodeposited with surfactant, blue) and the nanowire array 

(electrodeposited without surfactant, red) are presented in Figure 61. Ru was determined every 30 min by 

EIS and the values are written in the graph in the corresponding colours. Both nanowire structures 

exhibited similar geometric properties of h = 30 µm, d = 150 nm and F = 2×109 cm-2 as well as a planar 

sample area of 1.8 cm². 

 

Figure 61: J-t curve for 2 h with an applied voltage of Uappl = -4 V vs. Ag/AgCl for a Cu nanowire network (blue) and a Cu nanowire array 
(red). The corresponding Ru values were determined by EIS in 30 min time steps. Both nanowire structures exhibited similar geometric 
properties of h = 30 µm, d = 150 nm and F = 2×109 cm-2. 

For the nanowire network, the current density linearly increases during the first hour from -54 mA/cm² to 

-64 mA/cm². Within the second hour, this increase rate is a bit lower only from -64 mA/cm² towards -70 

mA/cm². Within the 2 hours, the resistance RU decreases from 23.7 Ω to 20.7 Ω. 

For the nanowire array, the evolution is quite similar, with the current density increasing from -54 mA/cm² 

to -67 mA/cm² within the first hour and to -77 mA/cm² after 2 hours. Thus, the current increase is a bit 

higher than for the nanowire network corresponding to a stronger Ru decrease from 23.6 Ω to 19.5 Ω. 

These values are indicative for a continous corrosion process over the 2 h of high potential application, 

which seems to be a bit stronger for the nanowire array, since higher current density that is normalizing 

the absolute current on the planar sample area, is indicating a larger ECSA, resulting from surface 

roughness increase by corrosion processes. The SEM analysis of the two structures, performed before and 

after the corrossion studies are presented in Figure 62. 
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Figure 62: SEM images of a, b) the Cu nanowire network and c, d) the Cu nanowire array before and after the application of Uappl = -4 V 
vs. Ag/AgCl for 2 h. The red circle in b) marks a shape change of the nanowires of the network. 
 

SEM analysis before and after the 2 h provides clear evidence of cathodic corrosion of the Cu nanowires in 

both structures that can manifest in material loss or a shape change from round towards a more facetted 

like outline of the Cu nanowires of the network due to surface restructuring during the corrosion 

[288,295,302] as marked with the red circle in Figure 62 b). The small cubes observable on the nanowire 

surface in Figure 62 a) before the CO2 reduction reaction might be artefacts from slight recrystallisation 

during the surface reduction CVs. As already indicated by the current density curves and Ru values, the 

cathodic corrosion leading to porosity is even stronger for the nanowire array than for the network. This 

might be due to the fact that the applied potential is not homogeneously distributed along the nanowire-

electrolyte interfaces. The tips of the wires  are known to cause peaks in the electric field. Such field effects 

can possibly enhance corrosion of the Cu nanowire array. Generally, a surfactant contamination influencing 

the cathodic corrosion can be ruled out, since the wires appear even stronger corroded for the nanowire 

array deposited without surfactant. 

Due to these corrosion effects at high Uappl and the IR-drop at the large current densities occuring during 

the CO2 reduction at the Cu nanowire networks the applicable electrode potentials are limited. Thus, a 

cathodic potential of -0.93 V vs. RHE was the highest reachable potential for the CO2 reduction (see chapter 

4.4) without destroying the nanowire networks by cathodic corrosion. This is lower than the reported 

overpotentials in literature, being most efficient for CO2 reduction at either Cu plates or Cu nanowire 
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structures synthesized by the reduction of CuO nanorods, which were between -1.05 V [50] and -1.1 V 

[134], respectively. For future studies this corrosion problem needs to be addressed on the one had by 

changing the setup to lower resistance and thus less applied potential necessary for significant reaction 

currents due to a lower IR-drop. And on the other hand the nanowire networks could be improved in their 

stability against the cathodic corrosion  by either a more single crystalline structure, achievable by lower 

electrodeposition potentials, or by slightly alloying it with more noble metals [298]. However, in this case 

the influence of the alloying element on the selectivity of the CO2 reduction has to be kept in mind as well. 

4.8 Test of long term stability of  Cu nanowire networks during CO2 reduction 

To check the potential stability and nanowire network stability for a longer timeframe under CO2 reduction 

conditions, three Cu nanowire networks were tested under cell potentials Uappl = -2.4 (blue), -3.1 (red) and 

-4.3 V (yellow) vs. Ag/AgCl for 5 h in the CO2 reduction setup without gas flow. The recorded J-t curves are 

presented in Figure 63 with the applied potentials Uappl vs. Ag/AgCl indicated in the corresponding colour 

on the right. The resulting electrode potentials Uel vs. RHE for the first and last 5 minutes are given in black 

above the curves at the left and right side, respectively.  

 

Figure 63: J-t curves for 5 hours extinction of Cu nanowire networks to potentials of Uappl = -2.4 V vs. Ag/AgCl (blue), -3.1 V vs. Ag/AgCl 
(red) and -4.3 V vs. Ag/AgCl (yellow) in 0.1 M KHCO3. The IR-compensated potentials Uel vs. RHE for the first and final 5 minutes of 
potential application are given in black above the curves on the left and right side, respectively. 

Ru of the nanowire networks, which determines the IR-drop, was measured by EIS directly before the 

potential application and at the end after the 5 h test measurement. The values are listed in Table 8 and 

were used for the calculation of the IR-compensated electrode potentials at the beginning and end of the 
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process, taking the first and final average currents over 5 min as the other calculation factor for the IR-

drop. 

Table 8: Resistance of the different Cu nanowire networks before and after the application of Uappl = -2.4, -3.1 and -4.3 V vs. Ag/AgCl for 
5 h each.  

Uappl vs. Ag/AgCl [V] RU before [Ω] RU after [Ω] Δ RU[Ω] 

-2.4 27.1 23.6 3.5 

-3.1 24.9 20.5 4.4 

-4.3 26.7 16.9 7.1 

For the applied potential of Uappl = -2.4 V vs. Ag/AgCl, the resistance Ru drops over time by a value of 3.5 Ω. 

Coupled to this, the current density increases slightly, shown by a jump after 3.3 h. However, the SEM 

images in Figure 64 do not show a strong change in surface roughness and structure. Thus, the origin of 

this resistance drop and sudden current increase remains unclear.  

For the Cu nanowire network studied at Uappl = -3.1 V vs. Ag/AgCl, the resistance drops by a value of 4.4 Ω 

from 24.9 Ω to 20.5 Ω. This drop occcurs constantly with time, stated by a slight but constant increase in 

current density. Using these resistance values for the calculation of the IR-compensated potential leads to 

values of Uel = -0.9 V vs. RHE for the first 5 minutes and -1.0 V vs. RHE for the final 5 minutes. For this Cu 

nanowire network the resistance change can be directly attributed to roughness and thus surface area 

increase as deduced from the SEM images in Figure 64. 

At Uappl = -4.3 V vs. Ag/AgCl the degradation of the Cu nanowire network is even more pronounced. A strong 

increase in surface roughness is directly visible in Figure 64. This is accompanied by a decrease in setup 

resistance (Ru) of 7.1 Ω, represented by a strong current increase over time. This change especially occurs 

during the first hour of potential application by a value of 30 mA/cm². After 3.3 h there is another jump in 

current density, similar as observed for the Cu nanowire network at Uappl = -2.4 V vs. Ag/AgCl. This leads to 

the conclusion that the cathodic corrosion, leading to the larger electrode surface and thus a strong current 

increase, occurs at this potential mainly during the first hour. The calculated electrode potentials for the 

first and final 5 minutes are Uel = -0.6 V and -1.0 V vs. RHE. The potential for the final 5 minutes corresponds 

to the desired potential of -1.0 V vs. RHE and represents the resistance drop and current density increase, 

since there are no large changes in current density during the last 5 minutes. However, for the first 5 

minutes, the calculated, compensated potential value is probably incorrect, because the current density 

changes quite strongly within this time, representing an immediate resistance loss. This change in 

resistance  can not be considered in the calculation of the compensated potential, since only the known Ru 

at the beginning of potential application can be applied.  
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Figure 64: High resolution SEM images of the Cu nanowire networks applied to potentials of Uappl = -2.4 V vs. Ag/AgCl (blue), Uappl 
= -3.1 V vs. Ag/AgCl (red) and Uappl = -4.3 V vs. Ag/AgCl (yellow) for 5 h. The SEM images show the nanowire networks before 
(upper row) and after (lower row) the tests. 
 
The control experiments show, that the degradation of the samples due to cathodic corrosion becomes 

more pronounced with increasing applied potential. This supports the explanation that cathodic corrosion 

takes place via dissolution of the metal atoms caused by electrolyte cations [288], which is more 

pronounced at higher potentials due to higher charge transfer in the structure. Moreover, due to the higher 

current, local heating may also enhance sample degradation [288]. Surface structure rearrangements, for 

Cu catalysts during CO2 reduction at cathodic potentials, as we also observe at our Cu nanowire networks, 

have already been reported in literature. It was found that they are potential dependent, generating more 

step edges with increasing reduction potential [303], which is consistent with our observations as 

specifically observable in form of small surface crystallites and edges in Figure 65. 

 

Figure 65: High magnification SEM images of the nanowire network surfaces applied to a) Uappl = -3.1 V vs. Ag/AgCl and b) Uappl = -4.3 V 
vs. Ag/AgCl for 5 h each, showing surface structuring with the formation of step edges in the shape of small crystallites. 

This corrosion affects the resistance of the electrochemical cell with the nanowire network as cathode 

mainly by increasing the wire porosity and roughness, leading to a larger surface being exposed to the 
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electrolyte, which causes a decrease in charge transfer resistance. Thus, stronger corrosion leads to higher 

resistance losses of the setup as deducible from the current density curves. The data clearly indicate that 

the main corrosion process starts already in the first hour after potential application.  

4.9 Evaluation of the product selectivity during long-term CO2 reduction at Cu nanowire 
networks 

To test the long-term stability and behavior of the Cu nanowire networks, potentiostatic CO2 reduction 

applying them as catalyst was performed for 8 h (28800 s). We tested four different Cu nanowire networks 

at electrode potentials of Uel = -0.6 ± 0.0, -0.64 ± 0.01, -0.69 ±0.01 and -0.83 ± 0.03 V vs. RHE, leading to the 

J-t curves presented in Figure 66. All networks exhibited the same geometric parameters, i.e. 1.8 cm² planar 

sample area, 30 µm network height, 150 nm nanowire diameter and a nanowire number density of 8×108 

cm-2. Each nanowire network was pre-cleaned, anodized and the surface reduced by 10 CV scans directly 

before the CO2 reduction reaction in 0.1 M KHCO3. The measurements were performed in the 

electrochemical two-compartment cell with the Selemion AMV anion exchange membrane. The gas phase 

reaction products were monitored continuously by injection into the GC every 28 minutes. The liquid phase 

reaction products were analyzed by NMR spectroscopy on the electrolyte after the reaction time. Ru of the 

setup was determined by EIS before and after the reaction. 

 

Figure 66: Current density J-t curves for electrochemical CO2 reduction for 8 h at different Cu nanowire networks with identical geometrical 
parameters h = 30 µm, d = 150 nm and F = 8×108 cm-2 at different electrode potentials Uel vs. RHE. 

During 8 h of CO2 reduction at Uel = -0.6 ± 0.0 V vs. RHE (blue) the current density remains constant for the 

whole time at ~-4.8 mA/cm². Nonetheless, this sample encounters a resistance drop of 3.8 Ω from 25.2 Ω 

at the beginning to 21.4 Ω after the reaction. At Uel = -0.64 ± 0.01 V vs. RHE a small current density increase 

from ~-8.7 to ~-9.1 mA/cm² happens, accompanied by a Ru drop of 4.5 Ω from 26.5 Ω to 22.0 Ω. At a 
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reduction potential of Uel = -0.69 ± 0.01 V vs. RHE the current density increase is more pronounced from ~-

15.2 mA/cm² in the beginning to ~-16 mA/cm² in the end. This current density increase is accompanied 

by a Ru drop of 3.6 Ω from 23.0 Ω to 19.4 Ω. For the higher CO2 reduction reaction potential at Uel = -0.83 ± 

0.03 V vs. RHE the current density increase is even more pronounced from ~-15 mA/cm² towards ~-18 

mA/cm². The Ru drop is with 5.6 Ω as difference from 22.2 Ω before and 16.6 Ω after the reaction the largest 

observed value. Thus, all Cu nanowire networks show a Ru drop of values between 3.6 and 5.8 Ω, which 

increase, except for the sample applied at Uel = -0.69 ± 0.01 V vs. RHE, with applied potential. The current 

density over time, which is a direct consequence of the Ru drop, increases with potential as well.  

To check the origin of these resistance drops and to get information about the structural stability of the Cu 

nanowire networks during the long-term CO2 reduction reactions, SEM imaging was performed before and 

after the reaction as shown in Figure 67.  

 

Figure 67: SEM images of the Cu nanowire networks before and after application as catalyst during 8 h of CO2 reduction at potentials of 
a,e) Uel = -0.6 V vs. RHE,  b,f) Uel = -0.64 V vs. RHE, c,g) Uel = -0.69 V vs. RHE and d,h) Uel = -0.83 V vs. RHE. 

The SEM images in Figure 67 for the comparison of the nanowire networks before and after the 8 h of CO2 

reduction at different potentials, show no change of the general network structure, but a surface roughness 

increase (e)) as well as the formation of a few small pores in the nanowires (h)). A closer observation at 

larger magnification reveals degradation of the Cu nanowires and the formation of surface artifacts at 

different potentials as shown in Figure 68. 

 
Figure 68: High magnification SEM images showing degradation of Cu nanowire networks during 8 h of CO2 reduction at potentials of a) 
Uel = -0.64 V vs. RHE, b) Uel = -0.69 V vs. RHE and c) Uel = -0.83 V vs. RHE. 
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The high magnification images in Figure 68 clearly show a surface modification. This occurred for all 

nanowire networks, except for the one applied at Uel = -0.6 V vs. RHE, during the 8 h CO2 reduction reaction. 

Already at Uel = -0.64 V vs. RHE (Figure 68 a)) small spherical nanoparticles, formed by dissolution and 

redeposition of material from the Cu nanowires, can be identified on the nanowire surface leading to a 

roughness increase. In literature this cathodic corrosion process is even applied for the synthesis of small 

nanoparticles [292,299]. When increasing the potential to Uel = -0.69 V vs. RHE (Figure 68 b)), the 

degradation by cathodic corrosion becomes more pronounced. Many nanowires along the whole sample 

area show a substantial material loss to the extent that only small solid webs remain along the nanowire 

axis. At an even higher reduction potential of Uel = -0.83 V vs. RHE (Figure 68 c)), the degradation seems not 

that prominent, but an increase in surface roughness is visible, and the nanowires are slightly porous. 

Overall, the long-term tests at different potentials reveal that degradation due to cathodic corrosion on the 

nanowire networks occurs to different degrees and in different ways. The roughness of the wire surface 

generally increases, which in turn leads to an increase in the surface area, as already mentioned several 

times. This surface change can be assumed as reason for the resistance loss leading to the current increase 

over time. Since this current does not increase abruptly, the degradation seems to happen gradually. 

Figure 69 shows the time evolution of the Faradaic efficiencies  of the gas phase products H2 (green), CO 

(red), CH4 (yellow), C2H4 (orange) and C2H6 (blue) for the CO2 reduction reactions at potentials of a) Uel 

= -0.6 ± 0.0 V vs. RHE, b) Uel = -0.64 ± 0.01 V vs. RHE, c) Uel = -0.69 ± 0.01 V vs. RHE and d) Uel = -0.83 ± 0.03 

V vs. RHE during the 8 h reaction process. 
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Figure 69: Faradaic  efficiencies over time for the gas-phase products H2 (green), CO (red), CH4 (yellow), C2H4 (orange) and C2H6 (blue) 

during the 8 h CO2 reduction reaction at potentials of a) Uel = -0.6 ± 0.0 V vs. RHE, b) Uel = -0.64 ± 0.01 V vs. RHE, c) Uel = -0.69 ± 0.01 

V vs. RHE and d) Uel = -0.83 ± 0.03 V vs. RHE. 

At the lowest electrode potential of a) Uel = -0.6 V vs. RHE, almost no gas-phase products CH4, C2H4 and C2H6 

are produced during the whole time with Faradaic efficiencies below 0.1 % for all of them. These Faradaic 

efficiencies are only slightly lower than the efficiencies for CO2 reduction at Cu nanowire networks with 

similar geometric parameters that were performed for 1 h (see Figure 46), where these products were also 

only formed with negligible efficiencies below 0.5 %. For the 8 h reaction CO is produced with relatively 

constant efficiencies around 1.5 %. The FE of the hydrogen evolution varies strongly between 30 and 80 %. 

This variance can be attributed to the formation and trapping of H2 bubbles leading to a higher product 
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amount, if they are released into the exhaust line before GC injection. The average value of H2 efficiency is 

52 ± 5 % which is in accordance with the H2 evolution during 1 h of CO2 reduction (FE = 42 ± 15 %) at the 

same potential. At Uel = -0.6 V vs. RHE, HCOOH was detected during the 8 h reaction with an efficiency of 

1.8 %, which is already way lower than the formation efficiency of HCOOH of 8 % recorded during the 1 h 

measurement. All other liquid phase products were produced with very low Faradaic efficiencies (<0.4 %). 

At the higher CO2 reduction potential of Figure 69 b) Uel = -0.64 ± 0.01 V vs. RHE, the Faradaic efficiencies 

for the formation of the gas-phase products CH4, C2H4 and C2H6 are still low (<0.3 %) and show no 

significant trends over time. The CO formation efficiency is again constant around 1.5 %. For the liquid 

phase products, only HCOOH shows a certain formation efficiency of 2.41 %. All other liquid phase products 

are detected by NMR with Faradaic efficiencies below 0.5 %. 

At a potential of Figure 69 c) Uel = -0.69 ± 0.01 V vs. RHE first trends over time are observed for the gas 

phase product formation along the 8 h CO2 reduction reaction. CH4 shows a minor efficiency increase from 

0.07 % in the beginning to 0.47 % in the end. The same applies for C2H4 that increases from 0.14 to 2.46 %, 

while C2H6 remains constant with very low formation efficiencies around 0.12 %. Comparing those product 

formation efficiencies to those of the 1 h CO2 reduction reaction, which are 0.1 % for CH4 and 1.6 % for C2H4, 

respectively, they are in the same region. CO is formed with a constant efficiency of ~1.6 % during the 8 h 

reaction, whereas it reached 4 % during the comparable 1 h reaction. For liquid phase products, the 

Faradaic efficiencies for the 8 h CO2 reduction reaction products are calculated to be below 1 % for all 

products, even for HCOOH. The H2 evolution varies at a relatively low value of 35 ± 5 %. 

The Faradaic efficiencies for the gas phase products during 8 h of CO2 reduction reaction at Figure 69 d) 

Uel = -0.83 ± 0.03 V vs. RHE show generally the highest values for all samples of this series. CH4 increases 

over time from 0.5 to 1.4 % and C2H4 from 0.7 to 2.8 % reaching a higher level of around ~4 % after ~5 h. 

C2H6 is generated with formation efficiencies below 0.04% during the entire time. For the 8 h CO2 reduction, 

the formation efficiency of CH4 is higher than for the 1 h reaction (0.14 %), whereas the formation 

efficiencies of C2H4 and C2H6 are ~2 % higher. For the 8 h reaction at that potential the HER efficiency varies 

around 57 % ± 5 %. This observation is in accordance with the HER efficiency observed for the 1 h CO2 

reduction at Uel = -0.83 V vs. RHE, which is 57 ± 5 % as well. The Faradaic efficiencies of all liquid phase 

products reach only very low values for this sample, being below 0.6 %.  

Generally, the CO2 reduction reactions over 8 h show only slight trends for the gas phase reaction products 

with time, which is mainly based on the increase in Faradaic efficiency for C2H4 and CH4. The efficiency of 

the H2 evolution fluctuates quite strongly over time, but shows no significant trend in one direction. This 

can be attributed to bubble agglomeration, since the release of large hydrogen bubbles leads to a high 

product efficiency determined during the following GC injection. And then it takes some time, until large 

bubbles are formed again and thus, in the next injection, the amount of detected product is below the mean 

value.  
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Generally, the 8 h reactions showed less product formation efficiencies than the reactions at the same 

potential performed on different nanowire network samples with identic geometric parameter for 1 h, 

whose results were already presented in section 4.4. A comparison of the total Faradaic efficiencies as well 

as the ones for the gas- and liquid phase products for Uel = -0.6, -0.7 and -0.83 V vs. RHE is presented in 

Figure 70. 

 

Figure 70: Comparisons of Faradaic efficiencies for CO2 reduction with durations of 8 h and 1 h at potentials of Uel = -0.6, -0.7 and -0.83 
V vs. RHE: a) total, b) gas phase and c) liquid phase product efficiencies. 

The sum of the Faradaic efficiencies for the reaction products is at all potentials lower for the 8 h CO2 

reduction than for the respective 1 h reaction. The contribution of the gas phase products is a 17 % 

difference for Uel = -0.6 V vs. RHE, a 20 % difference for Uel = -0.7 V vs. RHE and a difference of only 6 % at 

Uel = -0.83 V vs. RHE. These differences are mainly caused by less H2 evolution at the nanowire networks 

studied for 8 h and less release of the intermediate product CO, which is beneficial and indicating a higher 

formation of more advanced hydrocarbon CO2 reduction products. However, these advanced gas phase 

hydrocarbons are not detected in a larger amount during the 8 h CO2 reduction reaction than during the 1 

h hour reaction. To sum it up, less activity for the CO2 reaction overall for the nanowire networks studied 

at 8 h can be concluded. The origin of this activity loss is not very clear, but it could be originating from 

individual differences in the studied samples or surface passivation due to gas bubble trapping during the 

long-term electrolysis.  

The NMR analysis of the electrolyte after the reaction shows very low Faradaic efficiencies for the liquid 

phase products of the 8 h CO2 reduction reaction. Clear peaks for these products are visible in the NMR 

spectrum, but since the Faradaic efficiency normalizes the amount of formed product over the reaction 

time, the resulting efficiency values are very low. For the NMR analysis the electrolyte is taken out of the 

cell only after the full 8 h of reaction and is analyzed just then. It can be assumed, that the low number of 

liquid-phase products is due to ongoing reaction processes in the cathode compartment resulting in more 

advanced but not detectable molecules. It is also possible, that especially liquid phase products diffusing 
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through the anion exchange membrane into the anode compartment are oxidized back to CO2, which has 

already been reported in literature [269,304,305].  

Overall, the CO2 reduction shows sums of total Faradaic efficiencies, i.e. the formation efficiency for all 

products, less than 100 %. This effect is pronounced for the samples studied for 8 h in comparison to the 

ones studied for 1 h. Since the presented experiments cannot correlate this effect to differences, e.g. in 

porosity or surface activity, between individual samples, or on the other hand to the suitability of the setup 

for long-term studies, more work in the future is needed to study and qualify the CO2 reduction behavior 

of the Cu nanowires over long timeframes regarding product selectivity and overall reaction efficiency. 

Trends for the single products over time would then allow inferences on the surface modifications 

happening for example by cathodic corrosion processes. 

For avoiding the problem of liquid phase product diffusion into the anode compartment, an advanced cell 

design with continuous product extraction is required and should be applied in further long-term studies 

[269]. 

4.10  Tests of reachable potentials during CO2 reduction with different electrolyte concentrations 

A strategy to reach higher electrode potentials for the CO2 reduction at Cu nanowire networks and to 

decrease the amount of cathodic corrosion needs minimization of the IR-drop. A promising approach is to 

change the electrolyte concentration, since this influences the Ru value of the setup. The interplay between 

current density and resistance could be beneficial and yield higher IR-compensated electrode potentials. 

However, the change of electrolyte concentration has a direct impact on the local pH values at the surface 

of the Cu catalyst and thus changes the product selectivity of the CO2 reduction reaction as well [49,306]. 

First tests for three different electrolyte concentrations with 0.1 M (K = 0.0146 S/cm) (as used for all other 

CO2 reduction experiments in this thesis), 0.2 M (K = 0.0292 S/cm) and 1 M (K = 0.146 S/cm) KHCO3 were 

performed by applying a potential of Uappl = -1.3 V vs. Ag/AgCl for 5 minutes and increasing it every 5 

minutes in steps of -0.5 V from -1.5 V towards -4 V vs. Ag/AgCl. The Ru values of the setup were determined 

by EIS before and after completing the measurement. The electrolyte was saturated with CO2 that was 

constantly bubbled through it with a gas flow rate of 30 ml/min, thus CO2 reduction was performed at the 

catalyst but this time without product analysis.  

The catalyst behavior of our Cu nanowire network (height = 30 µm, wire diameter ~150 nm, and nanowire 

number density = 8×108 cm-²) was compared with a high purity Cu plate. The current density over time (J-

t) curves as well as the achieved, IR-compensated electrode potentials (Uel) are shown in Figure 71 for 

several electrolyte concentrations. 
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Figure 71: J-t curves (upper row) and resulting IR-compensated electrode potentials (Uel) (lower row) for the CO2 reduction in differently 
concentrated electrolyte of 0.1, 0.2 and 1 M KHCO3 saturated with CO2 by constant gas flow. a) and b) at a Cu-plate and c) and d) for a 
Cu-nanowire network. The blue curves in the right graphs display the applied potential over time, which was increased every 5 minutes by 
-0.5 V up to a maximum value of -4.0 V vs. Ag/AgCl. 
 

Generally, the current density becomes larger with increasing applied potential for all electrolyte 

concentrations. For higher electrolyte concentration, it is higher, reaching values above -200 mA/cm² for 

the 1 M KHCO3 electrolyte. This is expected and supported by the resistances determined by EIS before the 

measurement. For the plate, for 0.1 M KHCO3, the measured Ru is 33.7 Ω before the measurement, 

decreasing slightly towards 32.1 Ω afterwards. For 0.2 M KHCO3 the initial resistance is already quite low 

with only 20.7 Ω and also shows a decrease of ~1 Ω to 19.2 Ω. 1 M KHCO3 has a large conductivity , mirrored 

by a low resistance of only 8.7 Ω before and 7.7 Ω after the measurement. In all cases, the resistance only 

drops by 1 Ω over time, it thus can be stated that the Cu plate is resistant towards cathodic corrosion and 

the RU values can be used for the calculation of the IR-compensated potential without generating large 

errors. 
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This increase in current density, forced by the higher applied potential, leads to an increase in IR-drop for 

the higher applied potentials. For applied potentials of Uappl = -2.5 - -3.0 V vs. AgAgCl, a saturation at an 

electrode potential value of -1.1 V vs. RHE is achieved for the 0.1 M KHCO3 electrolyte. At this point, the 

electrode potentials decrease again, because the IR-drop increase is more pronounced than the increase of 

the applied potential. Especially for the 1 M KHCO3 electrolyte, this decrease is strong, since the current 

density for this sample gets particularly high due to the low resistance of the setup. 

On the other hand, for the 0.2 M KHCO3, the compensated potential steadily increases with increasing 

applied potential, up to a value of Uel = -1.8 V vs. RHE at an applied potential of Uappl = -4.0 V vs. Ag/AgCl. 

However, this value is close to saturation already at an applied potential of -3.0 V vs. Ag/AgCl. This higher 

reachable potential U vs. RHE in comparison to the setup with 0.1 M KHCO3 is possible due to the lower 

electrolyte resistance leading to less IR-drop.  

As shown in Figure 71 c) and d), our Cu nanowire networks in general show the same behavior as the Cu 

plates, but to a different extent. Due to the larger surface area and thus slightly lower Ru, the current density 

at the different steps is higher for the network than for the plate as expected. The resistance values 

measured by EIS before the measurement are close to the Cu plate, with 32.9 Ω for the Cu nanowire network 

in 0.1 M KHCO3, 25.1 Ω in 0.2 M KHCO3 and 6.1 Ω in 1 M KHCO3 electrolyte. 

In this case, the current density increases relatively similar for the 0.1 and 0.2 M KHCO3 electrolytes, up to 

final values of -50 mA/cm². For 1 M KHCO3 the current density increase is quite strong reaching values of -

230 mA/cm² for an applied potential of Uappl = -4 V vs. Ag/AgCl.  

For the Cu nanowire network in 0.1 M KHCO3, the electrode potential reaches a maximum of 

Uel = -1.0 V vs. RHE at an applied potential of -2.5 and -3.0 V, decreasing slightly when increasing the applied 

potential. For the 0.2 M KHCO3 electrolyte this behavior is similar approaching saturation at -1.0 V vs. RHE. 

Especially for the 1 M KHCO3 electrolyte, the decrease after saturation is strong, since the current density 

for this sample gets very high due to the low resistance of the setup. It is important to note that the strong 

decrease of the IR-compensated potential at high applied potentials at the Cu nanowire networks as well 

as at the Cu-plate can only be interpreted as trend. The absolut values are not available, as the calculation 

for the IR-compensation for all values is based on Ru determined by EIS before the CO2 reduction 

measurement. At applied potentials above Uappl = -3 V vs. Ag/AgCl, cathodic corrosion of the Cu nanowire 

networks leads to a change in the resistance and thus to a falsification of the plotted electrode potential. 

The appearance of cathodic corrosion in this potential region can also be seen in the J-t curves for the Cu 

nanowire network, especially at 1 M KHCO3 concentration, where the current density already increases 

during the 5 minutes of a single potential step. Moreover, EIS on the Cu nanowire network  performed after 

the measurement procedure reveals a resistance decrease due to cathodic corrosion. For the nanowire 

network used at 0.1 M KHCO3, Ru dropped from 32.9 Ω to 25.2 Ω. At 0.2 and 1 M KHCO3 concentration, the 

Ru drop was not as strong in absolute values, but still significant with 20.6 Ω from 25.1 Ω and 4.2 Ω from 
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6.1 Ω, respectively. For the nanowire networks used in 0.1 and 0.2 M KHCO3, Ru dropped by ~20 %, whereas 

for the one used in 1 M KHCO3 this drop was with ~31 % even stronger. 

Cathodic corrosion was also observed in SEM images of the nanowire networks taken before and after the 

test measurements as presented in Figure 72. A surface increase by roughening was already detected for 

the network used in 0.1 M KHCO3 and even more for the network tested two times for CO2 reduction, first 

in 0.2 and then in 1 M KHCO3. However, this roughness increase was smaller than for the nanowire 

networks applied to Uappl = –4.3 V vs. Ag/AgCl for 5 h (see chapter 4.8), probably due to the shorter time for 

the application of the high potential. And additionally, the high potential of ~-4 V vs Ag/AgCl was applied 

directly for the 5 h test, whereas in these tests here, it was applied by increasing potential steps, giving the 

surface the chance to adjust a bit to this rough conditions.  

 
Figure 72: a) and b) SEM images of the Cu nanowire networks before (i.e. after pre-cleaning and anodization) and c) after the potential 
tests in 0.1 M KHCO3, and d) first in 0.2 M and then 1 M KHCO3 with a duration of 2100 s.  

The relation of Uappl vs. Ag/AgCl and the IR-compensated Uel vs. RHE for the Cu plate and Cu nanowire 

network in different electrolyte concentrations is shown in Figure 73. 
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Figure 73: Comparison of the IR-compensated electrode potentials Uel vs. RHE resulting from the applied potentials Uappl vs. Ag/AgCl on 
a) a Cu-plate and b) a Cu nanowire network. 

Figure 73 shows the reachable potential Uel vs. RHE to increase linearly up to -1.5 V at both structures. At 

higher applied potentials Uappl vs. Ag/AgCl, the further course depends on the electrolyte concentration. For 

the 0.1 M KHCO3 electrolyte a maximum value of Uel = -1.1 V vs. RHE at an applied potential of -2.5 

and -3.0 V vs. Ag/AgCl is reached before it decreases again. The nanowire network in this case reaches a 

maximum electrode potential of only -1.0 V at an applied potential of -3.0 V vs. Ag/AgCl, also decreasing at 

more negative potentials due to the increasing strength of the IR-drop effect. 

In the 0.2 M KHCO3 electrolyte, the IR-compensated electrode potential of the Cu plate increases constantly 

up to -1.8 V vs. RHE at an applied potential of -4 V vs. Ag/AgCl. However, the increase of the curve flattens 

with increasing applied potential. For the nanowire network, in this electrolyte concentration of 0.2 M, a 

maximum IR-compensated electrode potential of -1.1 V vs. RHE was reached at -3.0 and -3.5 V vs. Ag/AgCl 

and decreases afterwards, but the decrease is not as strong as for the test in 0.1 M KHCO3. 

For the Cu plate tested in 1 M KHCO3, a maximum IR-compensated electrode potential of -1 V is already 

reached at -2 V vs. Ag/AgCl applied potential, and afterwards decreases quite strongly. Thus, with this high 

electrolyte concentration and the related high current densities, the IR-drop takes over quickly. For the Cu 

nanowire network, the same effect is observed by reaching a maximum electrode potential of -1 V vs. RHE 

at -2.5 vs Ag/AgCl applied potential.  

From the variation of electrolyte concentration we conclude, that for CO2 reduction at the Cu nanowire 

networks the achievable IR-compensated electrode potential vs. RHE reaches a saturation value at applied 

potential values of -2.5 V vs. Ag/AgCl. At higher applied potentials, the large IR-drop, caused by the high 

current densities due to the relatively large surface area, takes over and hinders higher electrode 

potentials. Moreover, cathodic corrosion has to be considered. Compared to a 0.1 M electrolyte 

concentration, 0.2 M attenuates this effect only slightly by leading to a 10 % higher electrode potential. At 
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the studied maximum electrolyte concentration of 1 M, the effect is not improved, because the reached 

maximum electrode potential is even slightly smaller due to the high current densities, caused by the low 

resistance of this highly concentrated electrolyte. Further tests need to clarify, whether an intermediate 

electrolyte concentration leads to a higher achievable IR-compensated potential. Further studies should 

also investigate, if the CO2 reduction with a different electrolyte concentration leads to different results 

regarding the product selectivity. 
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5 Conclusions and Outlook 

Homogeneous free-standing Cu nanowire networks with well-defined geometric properties were 

synthesized by electrodeposition in etched ion-track membranes. The nanowire networks were tailored 

regarding the nanowire parameters, including diameter ranging from 80 to 200 nm, network height from 

5 to 30 µm and nanowire number density between 1×108 and 4×109 cm-2. The networks synthesized with 

these parameters provided a significantly larger geometrical area, of up to 300 cm2 compared to the 1 cm2 

planar supporting area. These geometrical network parameters were selected to guarantee mechanical 

stability while offering free volume within the network for electrolyte access. 

An acidic pre-cleaning and anodization procedure in H2SO4 and H3PO4 known to be beneficial for the 

efficiency of Cu catalysts in the CO2 reduction reaction [166,167], was adjusted to guarantee proper surface 

preparation while preserving the nanowire network stability. For example, the acidic solutions were 

diluted and the immersion times were reduced. XRD analysis confirmed that the pre-cleaning, washing and 

anodizing protocol developed in this thesis did not affect the crystallinity of the sample significantly. SEM, 

TEM and EDX revealed that the surface of the pre-cleaned nanowire networks was free of contaminations 

and exhibited a rougher surface which enlarged the electrochemically active surface area compared to the 

as-deposited nanowires. Generally, the pre-cleaned and anodized nanowire networks exhibited higher 

activities in the CO2 reduction reaction, leading to higher current density and higher formation efficiencies 

of the desired high value CO2 reduction reaction products than for the as-grown networks. Especially for 

the C2+ products this trend was prominent, showing the beneficial effect of the adjusted pre-cleaning and 

activation procedure. 

To evaluate the suitability of the Cu nanowire networks for catalysis, it is important to demonstrate that 

the entire geometrical surface can contribute to a given electrochemical reaction. For this, we synthesized 

nanowire networks with various geometrical surface areas and systematically determined the 

corresponding ECSA values. To account for the numerous interconnections, present in a highly 

interconneced free-standing nanowire network, a model was developed to calculate the geometrical 

surface area of Cu nanowire networks defined by the planar sample area, network height, nanowire 

diameter and number density. The ECSA of the nanowire networks with different geometrical parameters 

was determined experimentally by measuring their double-layer capacitance and comparing it to a lapped 

and polished Cu reference plate with a well-defined surface area. These measurements were performed by 

cyclic voltammetry in the same setup and electrolyte that was later used for CO2 reduction. Thus, the 

surface area of a nanowire network can be directly determined with an additional measurement in the 

same setup before and after the CO2 reduction reaction, providing direct information on surfaces changes. 

For future studies this approach has the great advantage that degradation of the nanowire networks can 

be quantified and related to the applied reduction potential and reaction time. 
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The performance of the Cu nanowire networks for CO2 reduction was investigated by synthesizing a series 

of identical nanowire networks, i.e. same geometrical surface area, and measuring their CO2 reduction 

efficiency and product selectivity at three different potentials. In addition, a high purity Cu-plate, and 

electrodeposited Cu film were also characterized. The obtained values were also compared to literature 

values reported for arrays of short parallel Cu nanowires. The CO2 reduction efficiencies and product 

selectivity for a high purity Cu-plate, an electrodeposited planar Cu film, an array of short Cu nanowires 

and a Cu nanowire network of identical base area were compared at three different reduction potentials. 

At all potentials, the current density normalized on the planar sample area recorded during CO2 reduction 

was highest for the nanowire network, followed in decreasing order by the nanowire array, the flat Cu film 

and Cu-plate electrode.  This directly evidences the larger exposed surface area of the nanowire networks 

at which the reduction reaction takes place.  The current density increase was not proportionally increasing 

with the measured surface area of the nanostructures. The carbon dioxide reduction product selectivity of 

the four samples was quite different. The Cu plate showed the highest current efficiencies for C2H6O and 

C3H8O formation at all potentials, whereas the Cu nanowire network was the only structure to form C2H4 

and C2H6 at the studied potentials. C2H6O2 formation was mainly observed at the electrodeposited planar 

Cu film and was attributed to the contribution of the sputtered Cu layer. None of the structures showed any 

significant changes in surface topography and structure during the 1h CO2 reduction reaction at the applied 

potentials between -0.66 and -0.83 V vs. RHE. 

These results highlighted that the Cu nanowire networks can be applied as catalyst for the CO2 reduction, 

and are able to synthesize in particular C2+ products that are not produced by planar Cu plates or other Cu 

structures reported in literature. The demonstrated C2+ synthesis is tentatively ascribed to the effect of 

trapping gas phase reaction products in the free interspace between the nanowires. Due to the relatively 

low potentials applied to guarantee the stability of the networks, the current efficiencies of the different 

high value reduction products were low and the competing hydrogen evolution reaction always remained 

dominant. the electrode potential for the nanowire networks was limited to ~-0.9 V vs. RHE due to the large 

IR-drop caused by the relatively large cell resistance of the employed. It was possible to apply a higher 

potential of ~-1.0 V vs. RHE by increasing the electrolyte concentration to 0.2 M KHCO3. The effect of the 

electrolyte concentration should be further explored in future experiments, as the electrolyte 

concentration may significantly change the product selectivity and reaction efficiency [49,306,307]. 

The CO2 reduction reaction at the Cu nanowire networks showed no significant trends in gas-phase product 

selectivity within a reaction time of 8 h, but it did exhibit a gradual resistance loss leading to an increase of 

the current density. This resistance loss is attributed to cathodic corrosion and nanowire degradation 

combined with surface restructuring by material dissolution and redeposition as observed from SEM 

images.  

The CO2 reduction measurements at the high surface area nanowire networks can be improved in the 

future by improving the cell design. The reference electrode should be placed closer to the nanowire 



 

 
  111 

networks surface, e.g. by a Haber-Luggin capillary. Additionally, the size of the electrochemical cell should 

be reduced to decrease the cell resistance by providing small distances between nanowire network, 

membrane and counter electrode. In addition, future studies should use a flow-cell, which is constantly fed 

with fresh electrolyte that is moving out constantly as well, including all the liquid phase products that 

could be then analyzed in-situ by e.g. Raman spectroscopy [308] or advanced local electrochemistry 

methods [309]. The evaluation of the liquid phase products should be also performed at shorter time 

intervals to avoid product loss over time by e.g. membrane crossover and oxidation. In the future, a more 

time-resolved product analysis can provide valuable information on the surface changes and their 

influence onto the CO2 reduction reactions product selectivity.  

Up to now, CO2 reduction reactions had been reported only on arrays of parallel Cu nanowires synthesized 

by the reduction of CuO nanowires, which inherently exhibit a large size distribution. These nanowire 

arrays mainly reduced CO2 towards CO and less to C2+ products [244, 245]. On the contrary, our nanowire 

networks exhibit well defined geometrical parameters and thus, once the setup is optimized, a systematic 

investigation of their influence on the performance of the CO2 reduction will provide exciting insights into 

the importance of precise geometric catalyst design for tailoring the selectivity of the CO2 reduction 

reaction. This might help to design copper nanocatalysts that are specifically tuned towards high selectivity 

for a certain reaction product. Such experiments should systematically vary one geometrical parameter of 

the nanowire networks, e.g. the nanowire number density, by keeping the others constant. Analysis of the 

product selectivity in dependence on the nanowire number density and thus the pore size between the 

wires will provide valuable insights on the reaction mechanisms of Cu nanostructured and porous catalysis 

towards certain products. 

Additionally, electrodeposition enables the fabrication of both poly- and single-crystalline nanowires. Thus, 

future studies can potentially investigate the influence of the crystallographic properties as well of the Cu 

nanowire networks on their performance and their stability against cathodic corrosion procedures. This 

will be done, e.g. by measuring of the ECSA before and after the CO2 reduction experiments as well as by 

XRD, SEM imaging, and by directly analyzing the J-t curves during the reduction process. For owing the 

nanowire networks the chance to serve industrial standards for application as catalyst for the CO2 

electrolysis, accelerated stress tests with pulsed electrode potentials and ramped potential curves should 

be performed and would provide the final information on catalyst stability and degradation for application.  

In summary, this thesis demonstrates the application of interconnected, tailored Cu nanowire networks as 

catalysts for CO2 reduction reactions and provides valuable information on how to further improve the cell 

design and the measurement protocol to achieve reduction potentials larger than – 1 V vs. RHE, which have 

been shown to be beneficial for CO2 reduction towards ethylene on Cu plates and other Cu nanostructures 

[52,53,134,257]. This higher reduction potentials could be achieved on other nanostructures due to their 

smaller surface area leading to less IR-drop. 
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