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Or perhaps – but here I speculate, here my own curiosity leads me by the nose – the 

world is so arranged that when all things are learnt, when curiosity is exhausted (so, 

long live curiosity), that is when the world shall have come to its end. 

By Graham Swift, in Waterland (1983) 

 

 

I have been to the year 3000. Not much has changed but they lived under water. And 

your great great great granddaughter. Is pretty fine. 

 By Busted, The Year 3000 (2002) 
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 Introduction 
30 years from now it will be 2050. According to the European and Dutch policy plans, 

the Netherlands should emit 80 to 100% less greenhouse gasses compared to 1990 by 

then. What does this mean? What does that world look like? You may now envision lush 

green landscapes filled with wind turbines and solar panels on every roof, something 

like the picture depicted in Figure 1.1a. In this image that is printed in your mind by 

graphic designers, you see a happy green economy. But when you do the math, you will 

soon realise that realistically, wind turbines and solar panels alone will not nearly be 

able to cover our energy demand. One of the main reasons for this is the type of energy 

these resources produce: electricity. In the world’s energy mixture, electricity is only 

30% of what we use. The rest of our energy usage is accounted for by fuels and materials. 

Fuels are needed for transport, and materials are often produced in highly energy 

intensive processes such as the extraction of metals from their ores or fertilizer 

production. Therefore we need new technologies to create renewable fuels and 

materials. How will we provide >733 EJ (30% more than today’s energy consumption) 

of renewable energy of different forms on a yearly basis by 2050?1  

 

Figure 1.1. (a) Artist impression of renewable energy future.2 (b) World primary energy 
demand by end-use sector in 109 tonnes oil equivalent (toe).3 *Industry excludes non-
combusted use of fuels. 

Four end-use sectors can be classified: transport (primarily fuelled by oil), industry 

(production of materials), non-combusted (i.e. plastic production where oil is a 

precursor and not an energy source) and buildings, as shown in Figure 1.1b. Buildings 

include residential and commercial buildings where the main energy consumption is 

through electricity and consists of heating, cooling and lighting. Different from today 

where oil, coal and natural gas are the three primary energy carriers for all these end-

use sectors, in a world based on renewable energy there will be many different types of 

energy carriers providing electricity, fuel, fertilizer and materials.  
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Figure 1.2. New policies scenario (solid colour) and sustainable development scenario 
(transparent colour) for several major renewable energy technologies, showing which 
technologies are expected to grow the most.4  

Renewable electricity production from wind and solar PV is expected to increase 

significantly between now and 2040, which can be seen in Figure 1.2. Also, the stark 

difference between currently planned government policies (‘New policies scenario’) and 

the implementations needed to stop climate change (‘Sustainable development 

scenario’) is obvious. The first two graphs in Figure 1.2 point toward a strong increase 

in renewable electricity demand and generation, and due to the intermittent nature of 

renewable electricity, a strong need for energy storage has developed. Currently, the 

main energy storage technology is the lithium ion battery. Batteries have a limited 

storage capacity, are expensive, and require a lot of material, making them less 

sustainable for large-scale applications. Alternatively, storage through the conversion of 

electricity into chemical bonds via electrochemistry is an intensely investigated method. 

The potential large-scale application of chemical storage in molecules makes it possible 

to supply a constant energy output despite daily and seasonal variations in renewable 

electricity generation.  

Electrochemistry is an old technology that has received renewed attention over the last 

several decades due to its potential to store (renewable) electricity into chemical bonds.5 

These bonds could be anything: they can be bonds in hydrogen, methane, ethanol, 

ethylene, ammonia, and more complicated molecules. Since electrochemistry is based 

on the transfer of electrons, it is more energy efficient to form small molecules that need 

relatively little extra electrons compared to the starting material. Smaller molecules can 

then be converted into larger molecules using thermocatalytic processes that already 

exist such as the Fischer-Tropsch process that converts hydrogen and carbon monoxide 

into hydrocarbons, as outlined in Figure 1.3.6 Using electrochemistry, renewable 

electricity can be converted into the building blocks for already developed technologies 

that currently turn oil into different types of materials such as plastics and energy 
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carriers. Electrochemistry is an important technology that can supply fuels and 

materials, and it can serve as storage to make the current intermittent renewable 

electricity supply more constant.  

 

Figure 1.3. There are many possible (partly) electrochemical pathways from CO2 and H2O 
to valuable products. Reprinted from De Luna et al.6 

1.1.1 Chapter outline 

This chapter contains a theory section where the main technologies used in this thesis 

are explained. This includes carbon dioxide reduction, which is topic of research in most 

of this thesis. Then, all operando characterisation techniques used in this thesis are 

discussed, followed by a section on cell design for operando X-ray absorption 

spectroscopy studies. This chapter ends with the research questions of this thesis. 

 Theory 
One of the main electrochemical reactions that is being studied for renewable energy 

purposes is the reduction of carbon dioxide (CO2) into molecules with a higher energy 

content. CO2 is the most oxidised state of carbon; by reducing it (adding electrons), it 

can be up converted into energetically and economically valuable chemicals.  

1.2.1 CO2 reduction 

Carbon dioxide (CO2) can be reduced to many different products. The conversion from 

CO2 into carbon monoxide (CO) is one of the simpler reactions since it requires the 

transfer of only 2 electrons. A schematic of a CO2 reduction system operating in alkaline 

conditions is shown in Figure 1.4. The half reaction that takes place at the surface of the 

cathode is given in equation 1.1 with its corresponding equilibrium potential versus the 

reversible hydrogen electrode (RHE). 
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Figure 1.4. Schematic drawing of the electrochemical reduction of CO2 to CO. The 
oxidation reaction of hydroxide (OH-) into oxygen and water, and the unwanted side 
reaction forming hydrogen are also presented. 

CO2 + H2O + 2 e-  CO + 2 OH-   (-0.11 V) 1.1 

 CO2 + H2O +2 e-  HCOO- + OH-   (-0.03 V) 1.2 

 CO2 + 5 H2O + 6 e-  CH3OH + 6 OH-   (0.03 V)  1.3 

 CO2 + 6 H2O + 8 e-  CH4 + 8 OH-  (0.17 V)  1.4 

 2 CO2 + 8 H2O + 12 e-  C2H4 + 12 OH-  (0.08 V)  1.5 

         2 CO2 + 9 H2O + 12 e-  C2H4 + 12 OH-  (0.09 V)  1.6 

Oxygen is generated at the anode as presented in equation 1.7 through the consumption 

of hydroxide ions (OH-) and electrons (e-). 

2 OH-  ½ O2 + H2O + 2 e-   (1.23 V)  1.7 

The same reactions can take place in an acidic or neutral environment, the charge carrier 

through the electrolyte is now a proton (H+), in equations 1.8 and 1.9 the half reactions 

of the reduction of CO2 into CO are given for neutral conditions. 

CO2 + H2O + 2 e-  CO + 2 OH-     1.8 

2 H2O  ½ O2 + 2 H+ + 2 e-      1.9 

The evolution of hydrogen (equation 1.10) also occurs at the cathode and is an unwanted 

side reaction of CO2 reduction. 

2 H+ + 2 e-  H2     (0.00 V)  1.10 

Apart from carbon monoxide, CO2 reduction can result in many other products such as 

formic acid, methane, methanol, ethylene and ethanol, amongst others.5,7 All these 

products have equilibrium potentials that lie in a narrow range from each other. The 

formed product is therefore not dependent on the applied potential but rather on the 
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used cathode. Both the type of material and its morphology impact the products that are 

formed.  

1.2.2 Choice of cathode 

The product formation depends on the electronic alignment of orbitals in the element 

used as the cathode since they determine how strongly the element will bind to an 

adsorbing molecule. Silver binds weakly to CO2 and therefore CO2 reduction on Ag 

requires an overpotential to have this adsorption occur. Once it binds to silver with the 

addition of a proton and an electron, it readily converts into CO through the addition of 

a second proton and electron, and CO is released. When the same reaction occurs on 

copper, the interaction between copper and CO is stronger, thus instead of releasing the 

CO, it can further react into C2 molecules such as ethylene. The exact binding energy of 

the catalyst can be altered by changing the exposed crystal facet8–10, introducing defect 

sites with dangling bonds11 that are more likely to bind to an adsorbate or introducing 

dopants12–14 that alter the electronic structure of the catalyst.   

The morphology of the cathode favours certain reactions over others by influencing the 

local pH. This feature is mainly exploited to suppress the evolution of hydrogen. When 

CO2 reduction is performed in an acidic environment, the protons can also form 

hydrogen. To suppress this reaction, the pH of the local environment near the cathode 

surface can be raised. This way, less protons are available and the reduction of CO2 is 

favoured.15,16 

To evolve CO2 reduction into a mature technology, several factors need to be improved. 

The activity of the reaction should be addressed in terms of current density and required 

overpotential. The overpotential should be as low as possible to improve the overall 

energy efficiency of the process, and the current density should be as high as possible 

since it is a measure of the reaction rate. The selectivity of CO2 reduction towards the 

desired product should be maximised to avoid downstream separation processes. 

Lastly, the stability of the reaction should be high: the process should be able to run for 

several years (>20 000 hours)17 without deactivating the catalyst. 

1.2.3 Cell design 

In recent years it was found that cell design has a large impact on the cell performance. 

The standard H-cell design (Figure 1.5a) requires the CO2 to be dissolved in the 

catholyte. Since the maximum solubility of CO2 in water is only 34 mM, the reaction of 

CO2 is strongly mass transfer limited and can reach a maximum of roughly 35 mA/cm2 

at 1 bar.17 If instead the CO2 can be transported to the electrode in the gas phase, like in 

a gas diffusion electrode (GDE) cell design (Figure 1.5b) or a membrane electrode 

assembly (MEA) design (Figure 1.5c), current densities of 300 mA/cm2 and higher can 

be reached.6 This is possible because the CO2 diffusion length to reach the reaction site 

is drastically reduced, from around 50 µm in an H-cell to ~50 nm in a GDE cell, even 
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though the maximum solubility of CO2 remains the same.17
 This configuration further 

allows for highly alkaline electrolytes (i.e. 1 M KOH) to also be used as an electrolyte as 

there exists a reaction equilibrium between CO2 and the basic electrolyte, but it 

equilibriates on a slower timescale than the CO2 reduction reactions. The reaction 

between CO2 and OH- forms bicarbonate (HCO3
-), which can react with an additional 

hydroxide ion to form carbonate (CO3
2-); these reactions would over time consume the 

electrolyte. However, as these reactions happen quite slowly, instead CO2 can react at 

the catalyst surface and form the desired CO2 reduction products. A highly alkaline 

electrolyte is beneficial as it favours CO2 reduction over hydrogen evolution, and thus 

improves the selectivity of CO2 reduction.  

 

Figure 1.5. Schematic representations of (a) an H-cell design, (b) a GDE cell design for the 
cathode and (c) a MEA cell design for the cathode. Reprinted from Burdyny and Smith.17 

Besides the higher current density and improved selectivity, GDE cells also decrease the 

overpotential required to run CO2 reduction (due to the more favourable electrolyte 1 

M KOH instead of 0.1 M KHCO3 in most H-cells) and show improved stability.18,19 

Up until now, the main focus of CO2 reduction research has been on catalyst 

development and fundamental understanding. Whereas it is of paramount importance 

to develop stable and efficient catalysts, there are many other issues that need to be 

overcome for CO2 reduction to be able to become an industrially relevant process:6,17,20 

Process integration, intermittency design, product separation technologies, long-term 

process stability, impact of impurities and cell design require a lot of research in the 

years to come.  

1.2.4 Operando characterisation techniques 

An electrochemical cell is a very complicated system with many variables. So in order 

to optimise the above mentioned operational factors, we need a thorough 

understanding of the reactions and processes that are happening during CO2 reduction. 

In order to gain this understanding, ex situ characterisation of the catalyst before and 
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after CO2 reduction and monitoring of the product output is not sufficient. Catalysts can 

alter their electronic and structural properties when they are transferred from an 

ambient pressure aqueous environment with an applied potential to a vacuum chamber, 

where most ex situ characterisation occurs. To account for the actual environment of the 

catalyst, it needs to be studied under operando conditions. There are several techniques 

available that allow us to study electrocatalytic reactions as they are being performed. 

In situ transmission electron microscopy (TEM) and in situ X-ray photoelectron 

spectroscopy (XPS) are able to study the catalyst size and oxidation state, respectively, 

albeit under low vacuum conditions and in the case of TEM, the small reactor chamber 

still poses many issues for electrode design and electrochemistry.21,22 Attenuated total 

reflection Infrared (ATR-IR) spectroscopy can be used to study species on the surface of 

the catalyst under ambient pressure.23 Raman spectroscopy can do the same and is able 

to probe the bonds between the catalyst and the surface species.24,25 X-ray absorption 

spectroscopy (XAS) can be used to specifically study the catalyst while performing CO2 

reduction.26 ATR-IR and XAS are used in this thesis and will be discussed further. 

Attenuated total reflection infrared spectroscopy (ATR-IR). Mid-infrared radiation 

(2.5 – 25 μm) has the same energy as the vibrational modes of molecules and can thus 

be absorbed by molecules to distinguish between different functional groups, molecular 

symmetry, and intra- and intermolecular bonds. This makes infrared (IR) spectroscopy 

a very suitable technique to study chemical reactions. However, the strong absorption 

of water in the infrared region makes electrochemical studies in aqueous electrolytes 

challenging. In order to use IR spectroscopy to study reaction mechanisms in 

electrochemical CO2 reduction, the path length of the IR beam through the electrolyte 

needs to be kept to a minimum. This can be achieved through reflectance infrared 

spectroscopy, where there exists a distinction between the external (Figure 1.6a) and 

internal (Figure 1.6b) reflection mode. In the external reflection geometry, the infrared 

beam leaves the IR transparent window and is reflected by a metal working electrode 

that is pressed against the window (Figure 1.6a). The thin (~10 µm) electrolyte layer 

between the window and electrode is then probed by the IR radiation. Although this 

electrolyte layer is extremely thin, in case an aqueous electrolyte is used, the water 

vibrations will still dominate the IR spectra. Therefore, instead the internal reflection 

mode can be adopted (Figure 1.6b). 

This internal reflection geometry is called the attenuated total reflection (ATR) 

geometry, where the IR beam is sent through an IR-transparent crystal of a higher 

refractive index than the electrolyte. If the angle of incidence is higher than the critical 

angle, the beam is internally reflected in this crystal and an evanescent wave is created 

from the interference between the incoming and reflected beam at the point of reflection. 

The evanescent wave probes the element of lower refractive index (the electrolyte) and 
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its probing intensity decreases exponentially according to equation 1.11. This makes it 

possible to specifically study species near the ATR crystal surface.  

 

Figure 1.6. (a) External and (b) internal reflection modes for infrared experiments. 

𝐼 =  𝐼0 𝑒𝑥𝑝 (
−𝑧

𝑑𝑝
)       1.11 

With I the probing intensity at point z, I0 the IR beam intensity at the interface between 

the crystal and the electrolyte, and dp the penetration depth where I = I0/e. The 

penetration depth is considered the depth that can be probed in the ATR geometry and 

is defined as: 

𝑑𝑝 =  
𝜆

2𝜋𝑛1√𝑠𝑖𝑛2𝜃𝑖−(𝑛2/𝑛1)2
      1.12 

Where λ is the IR wavelength, θi is the angle of incidence and n1 and n2 are the refractive 

indexes of the ATR crystal and the electrolyte, respectively. These equations show that 

the penetration depth varies with wavelength. Note that the refractive indexes also vary 

with wavelenght.  

Through the surface enhancement of infrared absorption (SEIRA) effect, the IR 

absorption can be 10-1000 times more intense due to a locally formed electric field.27,28 

The local electric field is generated by the excitation of localised surface plasmons (LSPs) 

originating from a thin metal structure. The most commonly used method to use the 

SEIRA effect is the Kretschmann configuration: a 10 – 50 nm thin film with nanometre 

roughness deposited on the IR crystal, the island-like formation of the metal film causes 

the LSPs. Figure 1.7 shows how the Kretschmann configuration can be employed to 

study CO2 reduction on a silver cathode. The strongest local enhancements of the SEIRA 

effect can be achieved by nanostructuring the metal into rods or other shapes that 

localise the electric field close to the surface of the catalyst.29 
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Figure 1.7. Schematic of an ATR crystal in the Kretschmann configuration. The blue film is 
the thin metal film needed to induce the SEIRA effect. In the current configuration it is also 
used as a silver working electrode to perform CO2 reduction. 

X-ray absorption spectroscopy (XAS). X-ray absorption spectroscopy probes the 

behaviour of photo-electrons excited by incoming X-rays absorbed by an atom’s core-

levels. X-rays (or photons) with the energy of the core electrons of the element of interest 

are absorbed by the absorber atom and excite the core electrons, causing them to scatter 

between the neighbouring atoms. The local environment of the absorber atom 

determines the X-ray absorption coefficient μ(E) and is therefore always unique. The fact 

that the energy of the core electron is different for every element makes this technique 

element specific.  

The energy of the core electrons is so high (the 1s electron of silver needs to be excited 

by a 25515 eV X-ray), that the X-rays are capable of traveling through materials of lower 

elemental mass without losing much of their intensity: the technique can therefore be 

used under operating conditions (operando).  

An XAS spectrum (Figure 1.8) shows the absorption coefficient as a function of incident 

X-ray energy and consists of a pre-edge, the absorption edge, the X-ray Absorption 

Near-Edge Structure (XANES) part and the Extended X-Ray Absorption Fine Structure 

(EXAFS) part. Below the absorption edge (the pre-edge part), the incoming photons do 

not have a high enough energy to excite the core electrons. The absorption edge is at the 

energy equal to the core electrons’ energy. From the XANES part of the spectrum (the 

first 50-80 eV above the absorption edge), we can derive coordination chemistry, 

molecular orbitals, band-structure and multiple-scattering. However, there exists no 

theory that adequately describes the XANES spectrum. The interpretation is therefore 

based on empirical knowledge mainly derived from reference spectra, and mainly 

provides qualitative information. The EXAFS spectrum on the other hand (the 80 – 1000 

eV above the edge), gives structural information about the probed species and can be 

fitted to the EXAFS equation. This makes a quantitative analysis possible, although the 

signal-to-noise ratio of the EXAFS is lower than that of a XANES spectrum, which can 

cause errors in the interpretation. 
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Figure 1.8. X-ray absorption spectroscopy spectrum showing the pre-edge (white 
background), XANES part (green background) and EXAFS part (yellow background) of 
the spectrum. 

The notation of core-levels for XAS is denoted in absorption edges, the K edge 

corresponds to the 1s orbital, the L edges are the 2s (L1), 2p1/2 (L2) and 2p3/2 (L3) orbitals.  

X-ray Absorption Near-Edge Structure (XANES). The XANES spectrum shows core 

electrons that are excited from the core electron level of the absorber atom (i.e. O K-edge 

= O 1s) to empty states. The lowest-lying empty states are the first ‘peaks’ in the XANES 

spectrum. The peaks can be assigned using density of states (DoS) calculations and 

molecular orbital diagrams. For a semiconductor, the empty states are the conduction 

band states. When the semiconductor is a metal oxide, the conduction band consists of 

antibonding orbitals that are often hybridisation orbitals between the metal and the 

oxygen. In the case of a XANES O K-edge spectrum, the probed transition is that of O 

1s to O 2p. The O 2p is often a very wide orbital hybridised with several other metal 3d 

or sp orbitals. The relative intensity of the peaks in the spectrum are a measure of 

coordination symmetry, since its type determines the eg/t2g ratio. The degree of 

hybridisation can be derived from the XANES spectrum since the stronger the 

interaction between the metal and oxygen, the more pronounced the peak in the 

spectrum will be. The dispersion or energy width of the orbitals can be determined from 

the full width half maximum (FWHM) of the peaks.  

A simple approach that is often used for fast XANES analyses is to compare the 

spectrum of interest to reference spectra of the same element in different structural and 

compositional configurations such as the pure metal state and metal oxides with well-

defined oxidation states. By comparing these spectra, an estimate of the oxidation state 

of the sample can be obtained.   
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A comprehensive analysis of the spectrum can be achieved by simulating the XANES. 

This can be valuable when several spectra of similar composition are compared and the 

differences between the samples need to be determined. Density functional theory 

(DFT) calculations can be combined with empirically determined parameters that 

influence the degree of ionic character (dilation of orbitals) or the degree of band 

broadening between the atoms. A software package to do these calculations is finite 

difference method near-edge structure (FDMNES). 

Extended X-Ray Absorption Fine Structure (EXAFS). EXAFS treats the excitations 

where the photo-electrons are no longer excited to individual states, instead they are 

scattered between neighbouring atoms and their paths can be described by wave 

functions. When a photo-electron wave meets neighbouring atoms, it is scattered 

elastically, changing its wave-function by constructive and destructive interference.  

The kinetic energy of the photo-electron is Ekin = E – E0, where E is the incident X-ray 

energy and E0 the excitation energy of the absorber atom’s core-level (Figure 1.9). E is 

varied during the experiment, since E0 is fixed, Ekin will also vary and so will the 

wavelength λ and the wavenumber k of the photo-electron. As λ varies, the outgoing 

and backscattered waves will interfere constructively or destructively, also dependent 

on the distance R between the absorber atom and its neighbour (Figure 1.9). The 

interference determines the shape of the absorption coefficient μ(E), which is the 

probability of the incident X-ray being absorbed by the probed material.  

To analyse the EXAFS data, one first has to convert the absorption coefficient data μ(E) 

(Figure 1.10a) to χ(k) (Figure 1.10b), which are the oscillations χ as a function of the 

photo-electron wavenumber k (equation 1.13 and 1.14). 

 

 

Figure 1.9. An isolated absorber atom (left) and an absorber atom surrounded by other 
atoms (right) are shown. The incident X-ray (E) excites photo-electron e- with energy E0 
and the excess kinetic energy Ekin is transferred to the photo-electron.30                             

 



 

1.2    Theory  

 

19 

𝜒(𝐸) =
𝜇(𝐸) − 𝜇0(𝐸)

Δ𝜇0(𝐸)
 1.13 

  

𝑘 = √
2𝑚(𝐸 − 𝐸0)

ℏ2
 1.14 

In equation 1.13, µ(E) is the measured absorption coefficient and µ0(E) is the theoretical 

absorption coefficient for one isolated atom. Δµ0 is the adsorption edge step, so the 

difference in µ between the pre-edge and the absorption signal. Wavenumber k in 

equation 1.14 is a function of the mass of an electron (m), the incident X-ray energy (E) 

and the absorption edge energy (E0). 

 

Figure 1.10. (a) Normalised absorption coefficient μ(E), (b) k2-weighted χ(k) and (c) the 
Fourier transformed k2-weighted χ(k) of a silver foil. 

The different contributions to χ(k) are frequencies of different types of oscillators. For 

example, in a silver oxide, the Ag-O frequency oscillates differently than the Ag-Ag 

frequency. The EXAFS equation can be fitted to χ(k) and is in fact a summation of these 

different frequencies that all have their own interatomic distance (R), coordination 

number (N) (a measure of the amount) and Debye-Waller factor (σ2) (equation 1.15). σ2 

is the distance variance of the absorber-scatterer distance, and is affected by the different 

distances between the absorber atom and the various scattering atoms. There is a 

thermal and a structural disorder component present in the Debye-Waller factor. The 

thermal component is temperature dependent but the structural disorder is sample-

specific and can be used to gain information about the amount of disorder within a 

sample. 

 𝜒(𝑘) = ∑
𝑁𝑖𝑓𝑖(𝑘)𝑒−2𝑘2𝜎𝑖

2

𝑘𝑅𝑖
2 sin [2𝑘𝑅𝑖 + 𝛿𝑖(𝑘)]

𝑖

 1.15 
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The scattering amplitude (f) and the phase-shift (δ) are known values for standard 

components and can be entered into the fitting equation to generate values for R, N and 

σ2. f and δ depend on the type of scatterer but only weakly, therefore two atoms that are 

quite similar in atomic weight (i.e. O and C) cannot be distinguished using their 

amplitude and phase-shifts.  

The EXAFS oscillations diminish quickly at larger distances from the absorber atom; to 

retain a clear signal, χ(k) can be multiplied with a factor k2 or k3. For a pure metal, the 

different oscillations are different shells around the absorber atom: silver atoms at 

various distances within the same unit cell. For an oxide, some shells are Ag-O 

contributions and others are Ag-Ag. The Fourier Transform (FT) of χ(k) gives a spectrum 

that is easier to interpret by eye compared to the χ(k) spectrum (Figure 1.10c). The x-axis 

now displays the distance between the absorber atom and the neighbouring shells, the 

y-axis is a measure of the intensity.  

XAS can be measured in transmission mode or in fluorescence mode. Transmission 

mode is the most direct, where the absorption coefficient is related to the incoming 

intensity I0 and the outgoing intensity I according to equation 1.16, where t is the sample 

thickness and μ is the attenuation coefficient of the absorber material. The exact meaning 

of µ is discussed in more detail in Section 1.2.5. The fluorescence signal can be used to 

measure the XAS as well. However, its signal is not determined by a direct change in X-

ray intensity. Instead, the relaxation of the core-hole (created when the photo-electron 

was excited) occurs when a higher level core electron drops to fill the core-hole. This 

process emits the excess energy in the form of a fluorescent X-ray and μ(E) ~ IF/I0. 

𝐼 = 𝐼𝑜𝑒𝜇𝑡       1.16 

Self-absorption is an unavoidable side effect of measuring in fluorescence mode. The 

fluorescence intensity is a function of the total absorption. The absorption of the element 

of interest changes with energy in the energy range of interest. If a sample is quite thick, 

and μabsorber is not << μbackground, the resulting signal in the XAS spectrum is dampened. 

Self-absorption has a large effect on the coordination number because the intensity of 

the signal is affected.31 However, the bond distance is not affected since no phase shifts 

occur as a result of self-absorption. XAS data analysis software often contains tools to 

correct for self-absorption effects, although it is hard to obtain a perfect correction when 

there is no transmission spectrum of the same sample available. It therefore remains 

difficult to retrieve correct absolute coordination number values from EXAFS fits even 

after a self-absorption correction has been applied. However, relative coordination 

numbers of similar samples in the same cell design can be extracted. The best method to 

avoid self-absorption is to use a sufficiently thin sample, below ~5 μm. Lower atomic 

number (Z) elements are also less affected by self-absorption.  
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X-ray Raman scattering (XRS). X-ray Raman scattering can be used to study soft X-ray 

(<103 eV) edges under ambient pressure and into the bulk of the sample.32 XRS is a part 

of a non-resonant inelastic X-ray scattering (NRIXS) experiment where high energy X-

rays are scattered. The energy ω = ω1 - ω2 and momentum q = k1 – k2 are transferred 

to the studied system. ω1 and k1 are the energy and momentum of the incident photons, 

and ω2 and k2 of the scattered photons (Figure 1.11). If the transferred energy ω has the 

energy of a core-level of the studied material and q is of a sufficiently low angle, the X-

ray Raman scattering gives the same information as the X-ray absorption spectrum.33  

 

Figure 1.11. NRIXS spectrum showing all the different electronic excitations that can be 

measured from an inelastic scattering experiment.34 

The XRS spectrum is denoted in energy loss, it is lost from the incoming ω1. Since only 

a small percentage of the incoming photons will result in inelastic scattering events and 

an even smaller percentage has the right energy to excite the element of interest, the 

overall intensity of an XRS experiment is low and the signal-to-noise ratio is high. X-ray 

Raman scattering has a much lower intensity than standard XAS experiments and 

therefore needs a very large X-ray flux and very sensitive detectors compared to normal 

XAS. Data analysis for XRS experiments is still in the developing phase, background 

subtraction is not straightforward and the data often gives a XANES-type spectrum, 

where data cannot directly be related to a physical formula.34  

The advantage of XRS is that it can use high energy X-rays to probe soft energy edges, 

such as the oxygen and the carbon K edge. Due to its inherent low energy X-ray source, 

soft X-ray XAS has to be performed under vacuum and the low energy X-rays have a 

small penetration depth, making the technique only suitable for surface studies.  
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1.2.5 Cell design for electrochemical operando studies 

Operando spectroscopic studies are often highly individual for their research aims. This 

makes the demands to the cell design in many cases also unique. For electrochemical 

operando XAS studies, a number of cell designs exist that, when compared to each other, 

can provide a useful set of design rules that will benefit future studies.  

Hard X-rays (E>103 eV) offer a unique possibility for operando studies. The higher 

energy is not absorbed by many light materials such as carbon or oxygen, offering the 

possibility to create cells that encase the sample of interest with a wider variety of 

materials. Synchrotrons also offer a very high flux compared to conventional X-ray 

characterisation techniques, improving the signal-to-noise ratio even more. The 

penetration depth of X-rays depends on the energy of the incident beam and the 

materials that have to be crossed before entering the material of interest.  

When adding additional cell components it is important to understand the relation 

between X-ray beam intensity and its attenuating properties, shown in equation 1.16.35 

When the X-rays pass through several materials, their absorption coefficients and 

thicknesses should all be taken into account by a summation of equation 1.16. The 

attenuation coefficient µ is then the sum of the absorption coefficient and the scattering 

coefficient, and can be found through the mass attenuation coefficient (μ/ρ, where ρ is 

the density of the absorber material), which is a tabulated value. From the tabulated 

values it follows that higher Z absorber materials decrease the beam intensity. Equation 

1.16 also predicts that when the X-ray beam passes through a thick sample, it will have 

a lower intensity I. This means that when the angle of incidence is very shallow and the 

beam path length through the material is thus increased, the beam intensity decreases 

significantly. The centre for X-ray optics has a database that includes all relevant 

tabulated values. It also provides calculators for the transmission of X-rays through 

solids and gasses and allows to calculate the attenuation length through a specified 

material as a function of X-ray energy and angle of incidence.36 These calculators are 

very important to help assess whether a certain cell design will allow for a high enough 

XAS yield. 

The most simple cell design for a cell enabling operando XAS experiments, is a single 

reactor tube of any material with a window cut out where the electrode of interest is 

mounted. The sample is covered by Kapton tape to avoid leaking. The measurements 

are performed in a fluorescence geometry where there is a 45o angle between the X-ray 

beam source and the sample, and a 45o angle between the sample and the fluorescence 

detector. All cells that are discussed in this section are measured in fluorescence mode, 

unless specified otherwise. 

Soft X-rays (<103 eV) are only suitable for operando applications in certain 

configurations. Since they probe the K edge of carbon and oxygen, their application in 
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operando studies is desirable. Velasco-Velez, Salmeron et al. designed an 

electrochemical cell (Figure 1.12) to study the O K edge using a Si3N4 membrane that 

separated the cell from a vacuum needed to improve the signal.37 On the membrane, a 

20 nm gold electrode was deposited. This allowed the ability to study the orientation of 

water molecules facing the gold electrode by sending the X-rays through the vacuum, 

membrane, gold and water layers consecutively. 

 

Figure 1.12. Lay-out of the Salmeron cell, suitable for operando electrochemical studies 
where soft edges are studied. Reprinted from Velasco-Velez et al.37 

The same cell was later employed to study CO2 reduction on copper electrodes.38 The 

flow cell design is necessary to ensure unobstructed electrochemistry. The drawback of 

the Salmeron cell design is that when the electrode rather than the electrolyte is to be 

studied, the X-rays need to enter the electrode through its back-side. This implies that 

the probed area is mostly the back-side of the electrode, whereas electrochemistry, and 

thus the part of the electrode of interest, is on the front-side: the electrode/electrolyte 

interface. Besides this, the electrode has to be very thin in order for the X-rays to probe 

the entire thickness of the sample. Instead, a cell design where the X-rays enter through 

the front could be used.  

A front design was developed by Trześniewski et al., to study both NiOOH and BiVO4 

as oxygen evolution catalysts (Figure 1.13).39,40 To ensure that the X-rays can reach the 

electrode through the electrolyte, the electrolyte layer needs to be kept very thin. In the 

case of BiVO4, the vanadium K-edge (9 keV) was studied through a Kapton window and 

an electrolyte layer of ~30 μm. The electrolyte channel was made by Kapton tape. 
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Figure 1.13. The Trześniewski cell is designed so that X-rays penetrate the sample after 
passing through a window and a thin electrolyte layer at the front of the cell. 

The Trześniewski front design cell addresses the issue of sample substrate flexibility: 

since the X-rays enter through the front, the sample substrate can be made of anything, 

thick glass or metal foil substrates can be used. However, the X-rays will still penetrate 

deeper into the sample than solely the region of interest, namely the 

electrode/electrolyte interface. In order to ensure surface sensitivity, the incident beam 

angle can be adjusted. A low angle of incidence ensures shallow penetration of the 

substrate. However, it does pose a problem for the cell design. With a sandwich design 

where window, electrolyte and electrode are simply stacked on top of each other and 

the beam passes all layers, such as in the Trześniewski design, the beam path length will 

increase with decreasing angle of incidence according to Pythagoras’ theorem. The 

longer the beam path length, the more intensity the beam will lose, both entering and 

leaving the electrochemical cell. Also, positioning can become very tricky to ensure the 

beam eventually hits the sample when the sample is small in the beam direction 

dimension. 

To overcome these issues, Farmand et al., recently demonstrated the design of a dome-

shaped electrolyte channel (Figure 1.14).41 In this design, the X-ray beam still passes the 

window and electrolyte before reaching the electrode, but their distance to the electrode 

is now constant at every angle of incidence. Extremely low angles of incidence of up to 

0.1° can be reached with this cell design. The drawback is the complicated design. To 

ensure this constant path length at all angles, mounting the cell is a very time consuming 

process and once a sample is mounted it cannot be taken apart, i.e. it is a single-use cell. 

This greatly diminishes the range of possibilities for this cell since more intricate 

electrode designs often require replacement to ensure the sample is fresh and not 

contaminated or restructured by high cell voltages. 
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Figure 1.14. The Farmand cell facilitates low angles of incidence to ensure surface-sensitive 
XAS spectra while maintaining a flow cell design with good electrochemistry. Reprinted 
from Farmand et al.41 

Firet et al. designed a shallow incidence cell that facilitates sample replacement (Figure 

1.15). The cell has a flow cell design and ensures the ability to take front-side 

measurements. A drawback is the minimum angle of incidence, 6°. For a nanostructured 

silver cathode this is acceptable, since at 6° a penetration depth of a few microns can be 

reached, and a nanostructured sample often has a roughness of similar dimension. 

 

Figure 1.15. The Firet cell combines user-friendliness and surface-sensitive front-
illumination in a flow cell design.42 

For some experiments it is possible to measure in transmission mode, rather than in 

fluorescence mode.43 In transmission mode the outgoing X-ray signal is collected behind 

the sample, there is a 180° angle between the incident X-ray beam and the outgoing 

signal. This means that the catalyst, its substrate, the electrolyte and the cell casing need 

to be very thin to allow the X-ray beam to pass all these layers. Since this is often not 

possible, fluorescence mode is the most widely used for operando XAS experiments.  
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The above-mentioned cell designs offer some design rules that should be followed when 

deciding on the most adequate cell configuration for a specific experiment. First of all, 

the type of sample should be considered to determine whether the experiment has to be 

surface sensitive or not. Then, depending on the sample thickness, front- or back-

irradiation has to be selected. The type of element that is studied determines whether 

hard X-rays are possible, which allow some flexibility in cell design. If light elements 

such as oxygen or carbon are studied, soft X-rays are required, and the cell should be 

designed without any cell parts in the way of the X-ray beam. A vacuum then has to be 

applied between the X-ray source and the sample. In most cases, a flow cell design is 

desired, both to improve the electrochemistry and to avoid beam radiation damage to 

the electrolyte. A chart was composed based on these previous results and analysis, in 

order to determine which cell design is most suitable for a particular electrochemical 

operando XAS experiment (Figure 1.16).

 

Figure 1.16. Follow the cell design decision making scheme to determine which cell design 
suits your experiment, where a green arrow indicates yes and a red arrow no. 

 Aim of this thesis and research questions 
The aim of this thesis is to combine operando characterisation techniques and 

electrochemistry in order to improve the existing fundamental knowledge on 

electrochemical processes. Two important electrochemical processes were investigated 

in this study, CO2 reduction and solar water splitting. The first part of this thesis 

(Chapter 2, 3 and 4) deals with studying CO2 reduction. In Chapter 2, the reaction 

mechanism on a silver cathode is studied using SEIRA ATR-FTIR. Chapter 3 explores 

the use of a grazing-incidence cell design used to study the surface of an oxide-derived 

silver cathode with XAS. The presence of oxygen was studied in this work using EXAFS. 

For GDE cells, a new cell design was designed and discussed in Chapter 4. Both copper 
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and silver films sputtered on GDEs were evaluated as CO2 reduction cathodes in this 

work.  

The second part of the thesis studies BiVO4, a photoanode used for photoelectrochemical 

(PEC) water splitting into hydrogen and oxygen using sunlight. In Chapter 5, XRS is 

used to study the electronic effects of photocharging on bismuth vanadate (BiVO4). The 

oxygen K edge and vanadium L2 and L3 edges were studied using XRS rather than XAS 

since XAS would require vacuum conditions to study such light elements. Measuring 

under operando conditions was not possible in this work, but valuable insights were 

gained that can aid in future PEC cell design.  

1.3.1 Research questions 

How can we use existing operando characterisation techniques to study electrochemical 

systems? 

- How does the reaction mechanism of CO2 reduction on a silver cathode change 

as a function of applied potential? 

- How can XAS, a bulk technique, be used to study the surface of a nanoporous 

silver catalyst during CO2 reduction?  

- Is there oxygen present in oxide-derived silver during CO2 reduction and if so, 

what is its role in the reaction? 

- What is a practical design for a spectro-electrochemical cell for XAS studies on 

GDEs? 

- How does the structure of copper and silver GDEs change as a function of 

applied current density, catalyst thickness and electrolyte type? 

- What is the electronic effect of photocharging on bismuth vanadate? 
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 Foreword 
The following chapter was published in late 2016 after a peer-review process with ACS 

Catalysis. We later co-authored a review paper on operando infrared spectroscopy 

which discussed some of the potential errors in the current work. We chose to keep this 

chapter largely the same as the original publication because it is in the nature of science 

to always change insights. In the words of Jules Verne: ‘Science, my boy, is composed of 

errors, but errors that it is right to make, for they lead step by step towards the truth.’ 

(From: Journey to the centre of the earth, 1864).  

The conclusion of the chapter that the reaction mechanism of lower applied potential is 

different than at higher applied potential still stands since the spectra are different. The 

exact differences between these mechanisms could be in the configuration of 

bicarbonate molecules or the presence of a formate intermediate, but this was not 

investigated further at the time this study came out. 

 

 Abstract 
The electrocatalytic reduction of CO2 to chemical fuels has attracted significant attention 

in recent years. Amongst transition metals, silver shows one of the highest faradaic 

efficiencies for CO formation as the main reaction product, however the exact 

mechanism for this conversion is not fully understood. In this work, we study the 

reaction mechanism of silver as a CO2 reduction catalyst using in situ Attenuated Total 

Reflection Fourier Transform Infrared spectroscopy (ATR-FTIR) during electrochemical 

cycling. Using ATR-FTIR it is possible to observe the reaction intermediates on the 

surface of Ag thin films formed during the CO2 electroreduction reaction. At a moderate 

overpotential, a proton coupled electron transfer reaction mechanism is confirmed to be 

the dominant CO2 reduction pathway. However, at a more negative applied potential, 

both the COO- and the COOH intermediate are detected using ATR-FTIR, which 

indicates that individual proton and electron transfer steps occur, offering a different 

pathway than at lower potentials. These results indicate that the CO2 reduction reaction 

mechanism can be potential dependent and not always involving a concerted proton 

coupled electron transfer, opening alternative pathways to optimise efficient and 

selective catalysts for desired product formation. 
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 Introduction 
There is an immediate need to develop CO2-neutral energy technologies to replace fossil 

fuels. One of the most attractive solutions is to store renewable energy in the form of a 

chemical fuel made from abundant resources.1,2 Synthetic fuels can be made using 

electricity from a renewable energy source, such as solar and wind, to electrochemically 

reduce water and CO2. This process forms high energy density compounds that can 

either be directly used as fuels (methanol and methane), or as fuel precursors such as 

synthesis gas (CO + H2). A suitable catalyst that is stable, active and selective for a 

specific product is needed for this process. Most of the transition metals studied for CO2 

electroreduction show a preferred product formation for either hydrogen (Ni, Fe, Pt and 

Ti), carbon monoxide (Au, Ag, Zn, Pd and Ga) or formic acid (Pb, Hg, Tl, In, Sn and 

Cd).3 Copper is an exception as it forms up to 18 different compounds including 

complex hydrocarbons.4 While the reaction products formed on certain metals are well 

known, the reaction pathways to form the products are not understood as clearly. It is 

essential to understand the reaction mechanism in order to find ways to optimise 

catalysts to form specific products. Specifically, it is vital to know which intermediates 

are present on a given catalyst surface during the reaction, especially under operational 

conditions. 

To provide a solid platform to study the reaction intermediates of CO2 conversion, it is 

useful to observe a catalyst that is not only selective, but also stable during 

electrochemical testing. Ag is an ideal material to study as a catalytic surface since it is 

known to produce mainly CO with small amounts of hydrogen and formic acid as by 

products.5 The reaction pathway of the electrochemical reduction of CO2 to CO on silver 

electrodes has been proposed to consist of either three or four elementary reaction steps, 

as outlined in equations 2.1-2.5. In the first reaction step, CO2 adsorbs to the metal 

surface in the form of COOH* (equation 2.1).  

CO2(g) + * + H+(aq) + e- ↔ COOH*    2.1 

According to Kortlever et al.6 this step occurs either as a proton coupled electron transfer 

(PCET), as shown in equation 2.1 or in two separate steps (shown in equation 2.2 and 

2.3). In the two-step mechanism, first the CO2 binds to the metal surface with an electron 

to form COO*, and after this a proton reacts with the adsorbed molecule to form 

COOH*. This reaction pathway decouples the proton and electron transfer steps and 

may give flexibility in designing surfaces and electrochemical (i.e. pH and electrolyte 

composition/flow) conditions, which take advantage of this feature. 

CO2(g) + * + e- ↔ COO- *      2.2 

COO- * + H+ ↔ COOH*      2.3 
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Regardless if the initial step occurs in one PCET or two uncoupled steps, a COOH* 

intermediate is formed and reacts with another proton and electron to form CO* and 

H2O (equation 2.4). The final step is the desorption of CO from the catalyst surface 

(equation 2.5).5  

COOH* + H+(aq) + e- ↔ CO* + H2O(l)    2.4 

CO* ↔ CO(g) + *      2.5 

Theoretical calculations using density functional theory (DTF) have shown that of the 

three elementary reaction steps, the formation of CO* from COOH* (eq. 4) requires the 

lowest overpotential on an Ag catalytic surface.7 The other two steps have catalyst 

dependent limiting potentials, as shown extensively by Nørskov et al. through DTF 

calculations.7,8 For Ag catalysts, this means that the first binding of CO2 to the Ag surface 

(either equation 2.1 or equation 2.2) is the rate limiting step. As mentioned above, 

reaction conditions such as the (local) pH,9 the electrolyte concentration10 or grain 

boundaries on the catalyst11,12,13 could be altered to improve the binding of this first 

intermediate. To be able to properly optimise the binding of this first reaction 

intermediate, it is vital to know exactly what the first intermediate is, i.e. if it is a PCET 

or a single electron transfer.  

The first CO2 to COOH* step has been computationally examined in detail, but still no 

conclusive evidence is given to conclude if it occurs in one or two steps. While many 

studies have focused on theoretical/simulational work to explore this initial step, 

experimental observation of the reaction intermediates to directly probe the reaction 

pathway are importantly lacking. 

One potential method to observe reaction intermediates on a catalyst surface during 

electrocatalysis is via in situ electrochemical Attenuated Total Reflectance Fourier 

Transform Infrared spectroscopy (ATR-FTIR). Using this technique, it is possible to 

directly observe the intermediates that form on the surface of a catalyst during 

electrochemical CO2 reduction. ATR-FTIR is a surface technique and therefore suitable 

to probe intermediates that are bound to a catalyst surface. While the vibrations of 

molecular bonds present near the ATR crystal can be detected, molecules that are also 

present in the electrochemical cell but farther away from the crystal are not detected due 

to the fast decaying evanescent infrared wave coming from the crystal surface. Figure 

2.1 schematically depicts how the IR beam enters and leaves the ATR crystal. 
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Figure 2.1. Schematic representation of the ATR crystal and how the path of the 
infrared beam is affected by the crystal. The red triangle starting at the surface of the 
crystal and passing through the Ag thin film represents the evanescent wave and how 

it decays when it is further away from the crystal surface. 

In situ reflectance spectroscopy has been used to observe catalysts for several chemical 

reaction such as the oxidation of methanol14, reduction of CO2,15 and oxidation of 

ethanol16. The electrochemical reduction of CO2 was also studied on In and Sn electrodes 

by the group of Bocarsly to observe the mechanisms of the formation of formic acid on 

these electrodes.17,18 Baruch et al.18 show the presence of Sn-bound carbonate species 

using in situ ATR-FTIR measurements and claim that this carbonate is an intermediate 

in the reduction mechanism from CO2 to formic acid. The carbonate forms when a CO2 

molecule binds to the native oxide present on the Sn electrode. These results imply that 

instead of the metallic Sn surface, rather the native oxide on the Sn is the catalytic surface 

during the formation of formic acid. The research by Baruch et al. shows that different 

reaction intermediates can form than what was expected by product detection studies.19 

ATR-FTIR can thus be a valuable tool in understanding the CO2 electroreduction 

mechanism in more detail, and can help to guide rational pathways to create a more 

selective and efficient catalyst. 

In this work, we use ATR-FTIR to directly observe the reaction intermediates of CO2 

electroreduction on Ag thin film electrodes. Experiments were performed in a KCl 

environment in order to eliminate the signal from the electrolyte that can adsorb to the 

catalyst surface and amplify the presence of surface bound species. Using this technique, 

specific reaction intermediates for the formation of CO and H2 are shown as a function 

of applied potential, and a reaction scheme is developed that is consistent with these 

findings. Our results indicate that the first step in the CO2 reduction mechanism on a 

sputtered Ag thin film and with a KCl electrolyte proceeds via a PCET under potentials 

that favour CO formation. At higher overpotentials (> -1.55 V), the indication of a de-

coupled electron then proton transfer is also observed, showing that the applied 

potential can play a critical role in the reaction pathway for CO2 electroreduction. For 

the first time, experimental evidence is shown that proves the existence of the COOH* 

intermediate on a Ag catalytic surface, and that the reaction mechanism is dependent 
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on the applied potential of the catalyst. Overall, we present a detailed reaction 

mechanism for the reduction of CO2 to CO over Ag thin film electrodes. 

 Results and discussion 
Characterisation of the silver thin film. To perform efficient and selective CO2 

electroreduction, a 50 nm Ag thin film was sputtered on the Ge ATR crystal. The Ag thin 

film was characterised using X-ray Diffraction (XRD), Atomic Force Microscopy (AFM) 

and X-ray Photoelectron Spectroscopy (XPS). The XRD data confirmed that a 

polycrystalline Ag film was sputtered on the Ge ATR crystal (Figure A1, this can be 

found in Appendix A). With an AFM it was found that Ag 10-20 nm crystallites 

uniformly covered the Ge crystal surface and that the roughness of the sputtered film 

was around 5.6 nm (Figure A2a). After a CO2 reduction experiment, the surface 

morphology remains the same (Figure A2b-c and Table A1). The XPS data showed that 

the Ag thin film was metallic apart from a very thin layer of native oxide on the surface 

(Figure A3). 

Operando electrochemical ATR-FTIR study of the Ag catalyst. The electrochemical 

ATR-FTIR experiments were performed in a home-made cell (Figure A4). The CO2 

reduction reaction occurs at the working electrode (WE) which is the Ag layer sputtered 

on top of the ATR crystal. A Pt counter electrode (CE), a Ag/AgCl reference electrode 

(RE) and a gas in- and outlet to purge either N2 and CO2 are also present in the cell. The 

IR beam travels through the ATR crystal and at the location where it touches the crystal 

surface, an evanescent wave is formed that can probe the species present in this location 

(Figure 2.1). The electrolyte used was KCl due to its invisibility for infrared radiation, 

making it very suitable for these measurements in order to isolate the intermediate 

species formed during CO2 reduction on the catalyst surface. It is important to note that 

any species present in the rest of the path of the IR beam will also be visible in the IR 

spectrum. To reduce the amount of signal coming from outside the CO2 reduction area, 

the chamber below the ATR crystal was continuously purged with nitrogen. 

Electrochemical response of Ag thin films. The ATR-FTIR measurements were 

performed at the following potentials: -1.40 V, -1.45 V, -1.50 V, -1.55 V and -1.60 V vs. 

Ag/AgCl because they are known from literature to produce a favourable CO yield 

(Figure A5).5,20 The reference potential was not converted to the more commonly used 

reversible hydrogen electrode (RHE) because the pH of the measured system changes 

slightly due to the addition of CO2 to the system.  

During the infrared measurements, the cell was connected to a potentiostat that 

supplied a fixed potential to the working electrode. When the electrochemical cell was 

purged with nitrogen, the output current density was lower than when the cell was 

flushed with CO2 as can be seen in Figure 2.2. These results indicate that when CO2 is 
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introduced in the system, a higher product output is reached and thus both the CO2 

purged into the system and its aqueous derived forms like HCO3
- and H2CO3 are indeed 

electrochemically active.  

 

Figure 2.2. The average current density measured during the ATR-FTIR experiments at 
different potentials under both N2 (red) and CO2 (orange) flush. 

Operando ATR-FTIR results at -1.45 V vs. Ag/AgCl. To properly assign all IR 

vibrations to the corresponding CO2 reduction intermediates, ATR-FTIR spectra were 

recorded in systematically different conditions, first by flowing different gases (N2 and 

CO2), and by applying different potentials. Nitrogen was flowed through the cell for at 

least 30 minutes to remove any air from the cell compartment. A background IR 

spectrum was taken followed by a measurement 10 minutes later to ensure the system 

was at equilibrium. Then a new background spectrum was taken, a fixed potential was 

applied and a spectrum was recorded 1, 5, 10, 15, 20, 25 and 29 minutes after the 

potential was first applied. Then a new background spectrum was taken (with applied 

potential still on), CO2 was purged to the cell and a spectrum was taken 1, 5, 10, 15, 20, 

25 and 29 min after the CO2 purge was first started. See Experimental section and Table 

A2 for further details. The signals that are relevant for this research are very small 

compared to the entire IR signal, therefore a new background had to be taken just before 

the CO2 purge in the cell was started in order to better see the peaks relevant to CO2 

reduction. Only the spectra taken at 20 min after new conditions were installed are 

shown in this paper, unless stated otherwise.  

The assignments of the infrared signals were based on values found in 

literature.21,22,23,24,25,26,27,28,29,16,30 Since the current experiment (CO2 reduction on a 

sputtered silver thin film) has never been measured in situ using an infrared technique 

before, literature values cannot be matched exactly to the data we observe in our study. 

Instead, literature values were taken from systems reported on silver that were observed 

not in situ and do not have an applied potential, or from experiments that were 
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conducted on different catalytic surfaces. Figure 2.3 gives an overview of where, based 

on literature, we expect to find the reactants, products, and intermediates that are 

present during the electrocatalytic reduction of CO2 on silver. 

 

Figure 2.3. Predicted locations for the different reactants, products, and intermediates that 
are present during the ATR-FTIR experiments. The CO2 doublet is shown in green, CO is 
shown in yellow, the COOH intermediates are shown in red, the COO- intermediates 
signals are shown in blue, and black represents water and hydrogen. 

 

Figure 2.4. Control experiments (a) ATR spectra collected at -1.2V on a Ag catalyst. The 
background was not changed between the N2 -1.20 V and the CO2 -1.20 V spectra, to make 
sure no small IR signals could go undetected. (b) ATR spectra collected at -1.45 V without 
catalyst on the Ge ATR crystal.  

To make sure that the peaks assigned to COOH do not belong to CO2 molecules 

physisorbed on the Ag surface, several control experiments were performed. The 

physisorption of CO2 molecules is also possible at an applied negative potential that is 

not negative enough to start the CO2 reduction reaction. Therefore, ATR-FTIR data was 

collected while the cell was operating at -1.20 V vs Ag/AgCl (Figure 2.4a), which is not 
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a negative enough potential to evolve CO. These spectra show no sign of peaks in the 

region between 1800 and 1000 cm-1, where the COOH vibrations are assigned.  

To eliminate the possibility of seeing any signal from molecules attached to the 

germanium surface, a control experiment was carried out on a bare Ge ATR crystal 

(Figure 2.4b). The ATR-FTIR spectra do not show any peaks in the 1800-1000 cm-1 region. 

A typical set of ATR-FTIR data during electrochemical measurements is given in Figure 

2.5. This figure shows an FTIR spectrum with only N2 flowing in the system (red/top), 

with N2 flowing and an applied potential of -1.45V vs Ag/AgCl (orange/middle), and 

with CO2 flowing and an applied potential of -1.45V vs Ag/AgCl (yellow/bottom). All 

spectra were recorded when the gas flush was on for 20 minutes. The large peak at 1965 

cm-1 is assigned to the Ag-H vibrational mode.25,24 When the CO2 begins flowing, the 

Ag-H feature became slightly positive, meaning that part of the Ag-H species 

disappeared from the Ag surface and a new feature at 2034 cm-1 appeared. The 2034 

cm-1 feature is assigned to the Ag-CO vibrational mode.22,23 The Ag-CO peak is small 

compared to the Ag-H since CO readily desorbs from an Ag surface.22  

 

Figure 2.5. Assignments of reactants and products present during ATR-FTIR experiments 
in 0.1 M KCl. A full experimental procedure is shown: the red line is a spectrum taken 
during N2 flow where the background was also taken during N2 to make sure the system 
is in equilibrium. The orange spectrum is taken 20 min after a potential of -1.45 V is applied 
with the red line as background spectrum. The red spectrum is taken 20 min after CO2 is 
introduced to the cell with 30 min N2 at -1.45 V as background spectrum. 

ATR-FTIR spectra as a function of applied potential. To determine if the reaction 

intermediates were formed uniformly under different conditions, ATR-FTIR spectra 

were recorded at different applied potentials, as shown in Figure 2.6. From Figure 2.6 it 

is clear that the peak location of the C-OH stretch is not fixed at a specific wavenumber. 

This is a strong indication that this signal belongs to a surface bound species, since a 

difference in potential will lead to a difference in surface coverage which changes the 

exact location of the molecular vibration.30 Table 2.1 specifies the peak positions in 
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Figure 2.6 per applied potential and as an average value. The average values are used 

in the rest of the text when general assignments are mentioned, for assignments at 

specific potentials the average value is not used. 

 

Figure 2.6. ATR transmission spectra in saturated CO2 0.1 M KCl electrolyte at different 
potentials showing the peaks that belong to the CO2 reduction intermediates. The 
background for these spectra was taken after 30 min at the same potential under a nitrogen 
purge. 

Table 2.1. Peak positions (cm-1) as a function of applied potential after 20 min of CO2 flow 
and their assignments. 

-1.40 V -1.45 V -1.50 V -1.55 V -1.60 V Averagea Assignmentb 

1297 1291 1284 1288 1280 1288 ν COOH: OH-deformation 

1366 1383 1394 1387 1399 1386 ν COOH: C-O stretch 

    1410  νs COO-: symm. stretch 

1635 1643 1645   1641 H-O-H bend 

1660 1660 1664 1660 1654 1660 ν COOH: C=O stretch 

 2005     Ag-CO 

 2034 2034  2032 2033 Ag-CO 

 2038  2038  2038 Ag-CO 

  2341  2339  CO2 (g) 

2345 2345     CO2 (aq) 
 2360     CO2 (aq) 
 2366 2364 2362 2364  CO2 (g) 

a The average peak positions are used in the text. b References for the assignments can be 

found in the text. 

The ATR-FTIR spectra in Figure 2.6 feature a large peak at 1288 cm-1 belonging to the 

C-OH stretch of COOH.27,28 The inverse water peak (H-O-H bend)31,32 that was present 
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in the N2 at -1.45V spectrum at 1652 cm-1 seemed to broaden with the presence of flowing 

CO2 at -1.45V, to show a combination of the H-O-H bend and a C=O asymmetric stretch 

at 1660 cm-1 that is assigned to the COOH* intermediate.29,28,27 The peaks at 1288 cm-1 

and 1660 cm-1 combined indicate that the COOH* intermediate is present during the CO2 

reduction on the Ag film.  

Another peak at 1386 cm-1 is more difficult to assign. Literature suggests that this is a 

symmetric stretch of COO-.26,27,29 However, according to these studies, when only the 

symmetric stretch is visible and not accompanied by the asymmetric stretch, COO- is 

most likely adsorbed to the Ag through both its oxygen atoms (Figure 2.7a). The 

asymmetric COO- is invisible in the ATR configuration because the electric field of the 

silver film cancels out the dipole of COO-*. Nonetheless, COO-* bound through the 

oxygen atoms seems to be a very unlikely intermediate for the current experiment since 

this orientation of the first intermediate towards the catalytic surface determines 

whether the product will be formic acid (Figure 2.7a) or carbon monoxide (Figure 2.7b).6 

When oriented as in Figure 2.7a, the COO-* intermediate will not be able to form 

COOH*, which we clearly do observe, and can only form formic acid. According to 

Figure 2.6, we see that the ratio between the 1288 and the 1386 cm-1 signals is fixed, 

which seems to indicate that these signals belong to the same intermediate species. 

Therefore, by considering the multiple peaks associated with the COOH intermediate, 

we rule out the possibility of the oxygen bonded to the Ag catalyst surface orientation 

(Figure 2.7a) as a possible intermediate, and we can say that the carbon atom is bonded 

directly to the Ag surface, as shown in Figure 2.7b. 

The combination of the 1281 cm-1, 1370 cm-1 and 1713 cm-1 peaks was assigned to the 

OH-deformation, C-O stretching and C=O stretch of a COOH intermediate bound to Pt 

by Xia et al. in their observation of ethanol oxidation over Pt catalysts.16 The catalyst in 

our study is different than that studied by Xia et al., therefore the peak values are slightly 

shifted compared to the current work on a Ag catalyst. We therefore assign the 1288 cm-

1, 1386 cm-1 and 1660 cm-1 peaks to the COOH intermediate.  

 

Figure 2.7. The two possible configurations of a COO- intermediate bound to an Ag catalyst 
are depicted: bound to the surface through (a) the oxygen atoms or (b) the carbon atom. 

At an applied potential of -1.60 V vs. Ag/AgCl, the 1399 cm-1 peak broadens compared 

to smaller applied potentials. This seems to indicate that the peak here is a combination 
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of two peaks, the 1386 cm-1 peak that belongs to the COOH intermediate, but also a peak 

at a higher wavenumber, that indicates a COO- intermediate.  

 

Figure 2.8. ATR transmission spectra in saturated CO2 0.1 M KCl electrolyte at different 
potentials showing the overlapping peaks that belong to the CO2 reduction intermediates. 
The background for these spectra was taken after 30 min at the same potential under a 
nitrogen purge. 

In multiple proton and electron transfer reactions, an optimum must be found between 

the concentration of protons (pH), the electron affinity (affected by the applied potential) 

and the proton affinity or concentration of reactants (pKa).33 When we consider the 

evolution of the ATR spectra recorded at various potentials during CO2 flushing over 

time, we can see the influence of the CO2 concentration in solution on the reaction 

mechanism. The ATR-FTIR spectra recorded after 5 minutes of CO2 flushing (Figure A6) 

are very similar to the spectra in Figure 2.6 (taken after 20 min). The only clearly different 

spectrum is the spectrum recorded at an applied potential of -1.60 V, where the 1404 

cm-1 peak is larger than the 1273 cm-1 peak (Figure 2.8). This implies that the 1404 cm-1 

peak consists of both the C-O stretch of COOH* and the COO-* symmetric stretch.  

Implications for the CO2 reduction reaction mechanism. At an applied potential 

of -1.60 V, both the electron affinity and the pH are fixed. The concentration of the 

reactant CO2 is however not fixed when we compare the spectra given in Figure 2.8. 

These conditions change the pKa for the reaction in equation 2.2, and the reaction 

proceeds slower when less CO2 is present (red spectrum) because the mass transfer of 

CO2 to the Ag surface is too slow when the CO2 concentration in the electrolyte is low. 

Therefore the COO-* intermediate has a longer residence time at the Ag surface and 

gives a relatively larger IR signal compared to when the solution is saturated with CO2 

(orange spectrum in Figure 2.8). 

For all other potentials, no sign of the COO-* intermediate is found. These results 

indicate that the PCET mechanism is the dominant reaction mechanism in the potential 
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range -1.40 to -1.55 V and the 2-step mechanism including the COO-* intermediate is 

present at a more negative potential. When -1.60 V is applied to the catalyst, the silver 

becomes so negatively charged that CO2 binds to the catalyst immediately, and no 

proton coupling is required for the first reaction step. The Ag-COO- intermediate can be 

stabilised by K+ ions that are drawn to the very negatively charged Ag surface. When 

the applied potential is not very negative the first reaction step is the PCET. In this case 

the potential barrier for CO2 to bind to the catalytic surface is relatively high and slow 

enough for protons to always be close enough to the catalytic surface to join the reaction 

and form COOH* rather than COO-*. 

The results found in the present work confirm the presence of the COOH* intermediate 

at all applied potentials. The COOH molecule is not a carbonate form as detected by 

Baruch et al. on Sn.18 According to the XPS data, a native oxide layer on Ag is present, 

but during the first minutes when a negative potential is applied, this oxide is reduced 

(Figure A7).34 Therefore, no carbonate species can form on the Ag surface during the 

CO2 reduction reaction. 

At most of the applied potentials (-1.40 V to -1.55 V vs. Ag/AgCl) Ag-COOH and Ag-CO 

are the only detected intermediates for the CO2 reduction reaction. For these potentials 

it can be concluded that that the PCET mechanism (Figure 2.9) is the dominant reaction 

pathway. 

 

Figure 2.9. Schematic depiction of proposed reaction mechanism of CO2 reduction to CO 
on a thin film Ag catalyst. At most applied potentials, the 1 step PCET mechanism leads to 
the formation of CO on the Ag thin film catalyst. At -1.6 V the 2-step reaction mechanism 
is dominant. 

When the applied potential becomes more negative (-1.60 V vs. Ag/AgCl), the peak at 

1399 cm-1 broadens. In this case both COO-* and COOH* are reaction intermediates and 

the 2-step reaction mechanism is also present. The only other intermediates that were 

detected are Ag-CO and Ag-H. The rest of the mechanisms as proposed in literature can 

therefore be confirmed for the currently studied system. We can learn from these results 
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that both COO-* and COOH* are important intermediates and that the pH, the applied 

potential and their binding energy to the catalyst surface are very important parameters 

in the design and optimisation of future CO2 reduction catalysts. 

 Conclusions 
The exact mechanism for CO2 reduction on Ag catalysts has for a long time remained 

unclear. Two possible mechanisms (the PCET mechanism and the sequential electron 

then proton transfer mechanism) are often proposed in literature. In our study we have 

conducted operando ATR-FTIR experiments to give insight into the mechanism on a Ag 

thin film catalyst using KCl as the electrolyte. 

The operando ATR-FTIR measurements in an electrochemical cell with the Ag working 

electrode deposited directly onto the ATR crystal, allowed us to determine the surface 

bound intermediates of the electrocatalytic CO2 reduction reaction on a Ag thin film 

catalyst. Since the Ag catalyst was deposited directly on the ATR crystal, the IR signals 

of the reaction intermediates were large enough to discern. In this system, it was possible 

to detect both Ag-H and Ag-CO intermediates that lead directly to the formation of H2 

and CO, respectively. In the potential range between -1.40 V to -1.55 V vs. Ag/AgCl. 

COOH* was observed as the only reaction intermediate. At an applied potential of -1.6 

V vs. Ag/AgCl, COO-* was also observed. 

From these results we can say that the CO2 reduction mechanism on a sputtered Ag film 

in KCl electrolyte is a PCET mechanism when the applied potential is between -1.40 V 

to -1.55 V vs. Ag/AgCl. At more negative applied potential (-1.60 V) the reaction follows 

the 2-step mechanism were COO-* is formed before COOH*. The more negative 

potential overcomes the potential barrier that CO2 has for binding to the Ag surface, 

therefore the CO2 will bind to Ag, independent of the presence of a proton. This means 

that the COO-* intermediate is more easily formed in these conditions.  

These results show that operando ATR-FTIR can be a very valuable tool in 

understanding the interplay between the catalyst and the applied potential during the 

electrochemical CO2 reduction reaction. To further improve the CO2 reduction process, 

spectroscopic techniques should be used to elucidate the different effects of varying 

reaction parameters on the CO2 reduction reaction mechanism such as pH, electrolyte 

concentration and composition. 

 Experimental section 
Catalyst preparation on ATR crystal. Silver thin films (50 nm) were sputtered at 20 W 

using an ultra-high vacuum magnetron sputtering PREVAC system onto a rotating Ge 

ATR crystal. The sides of the ATR crystal were covered during sputtering so only the 

top would be covered with Ag. After each electrochemical test, a redeposition of the Ag 
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thin film was performed. The crystal was first cleaned by a presputter procedure: the 

crystal surface was bombarded with argon ions to remove the top layer, i.e. the 

previously used Ag film, and then a subsequent fresh film was deposited. 

Structural characterisation of catalyst. XRD patterns (10° – 90° 2θ) were collected using 

a Bruker D8 Advance X-ray diffractometer in Bragg-Brentano configuration with a 

cobalt source (λ=1.7889 Å). The surface topology of the catalyst was determined by AFM 

recorded in semi-contact mode with a NT-MDT Ntegra apparatus equipped with a 

NTMDTP8 XPM controller and a NT-MDT NSG30 cantilever. XPS experiments were 

conducted using a Thermo Scientific K-alpha apparatus equipped with an Al K-alpha 

X-ray Source and a Flood Gun to avoid charging of the sample. Parameters used for the 

measurements were: spot size of 400 μm, pass energy of 50 eV, energy step size of 0.1 

eV, dwell time of 50 ms, 20 scans in the vicinity of Ag 3d, Ge 3d, O 1s and C 1s orbitals 

binding energy. XPS spectra were corrected using the atmospheric carbon C peak 

position (284.8 eV).  

Operando ATR-FTIR electrochemical measurements. ATR-FTIR experiments were 

performed on a Bruker Vertex 70 equipped with a liquid nitrogen cooled LN-MCT 

detector and a Veemax III ATR accessory (Kromatek) and a home-made spectro-

electrochemical cell (Figure A4). A Teflon cell was mounted onto a single bounce 45⁰ Ge 

ATR crystal and used in a three-electrode configuration with a sputtered Ag thin film 

as the working electrode (working electrode area is 1.79 cm2), a coiled Pt wire as counter 

electrode and a Ag/AgCl reference electrode (saturated KCl, XR300, Radiometer 

Analytical). A potentiostat MODEL283 (Princeton Applied Research) was used to apply 

a potential to the cell. A gas in- and outlet were connected at the top of the cell, both N2 

and CO2 could be bubbled at 3 ml/min through the 0.1 M KCl (Acros Organics, >99% 

purity) in deionised water electrolyte. 

We measured the uncompensated resistance (Ru) for our spectro-electrochemical cell 

using a PARSTAT 4000 potentiostat and the standard iR determination procedure of the 

VersaStudio software. While purging the cell with nitrogen, Ru was determined to be 5.4 

Ω. For the highest current measured during a nitrogen purge, the iRu at -1.6 V vs. 

Ag/AgCl was 2.1 mA * 5.4 Ω = 11.6 mV. When the Ru was determined during the CO2 

purge, it was found to be negligible. 

Prior to and during the electrochemical measurements, the ATR accessory was purged 

with nitrogen. The electrolyte volume (5 ml) was purged with nitrogen for at least 30 

min to remove oxygen from the water (the electrolyte was saturated with N2 or CO2 after 

20 min) prior to the ATR-FTIR measurements. A background spectrum was then taken 

and a spectrum was recorded using this background 10 min later to make sure the 

system was in equilibrium. A new background was recorded 1 min before the desired 

potential was set. To diminish the possibility of delamination of the Ag thin film, the 
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desired potential was not reached at once, but slowly increased over a period of 3 min. 

once the desired potential was reached, an ATR-FTIR spectrum was recorded at 1, 5, 10, 

15, 20, 25 and 29 min to monitor the trend in peak growth. After 30 min, a new 

background spectrum was taken and after this, the gas was switched from N2 to CO2 

while the flow rate was maintained at 6.5 ml/min. The potential was not switched off 

when the gasses were switched. One minute after the CO2 was turned on, a first ATR-

FTIR spectrum was recorded, followed by a spectrum at 5, 10, 15, 20, 25 and 29 min. An 

overview of the different background scans that are used during a single set of 

experiments is given in Table A2. All stated potentials are referenced to the Ag/AgCl 

reference electrode. The ATR-FTIR spectra were collected with OPUS software, 64 scans 

were collected for each spectrum at a resolution of 4 cm-1 in the range 600-5000 cm-1 

without any amplification of the IR signal or atmospheric compensation. The baselines 

were corrected with either a linear or quadratic fit by custom-written software. The 

spectra are presented as transmittance spectra, meaning that negative and positive 

peaks represent an increase and decrease in signal, respectively. For clarity, some of the 

spectra are also presented in absorbance and ATR in Figure A8. Over time, the quality 

of the ATR crystal degrades slightly due to the presputter treatment. Therefore the 

aperture of the IR beam was adjusted before each set of experiments to allow a 

maximum IR signal to reach the detector. The pH of the electrolyte in the cell was 

measured with a WRW pH/Cond 340i meter connected to a SenTix 41 Electrode, and 

found to be 5.9 ± 0.1 after the experiment was finished, which is consistent with the 

previous work of Hori.35 
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Appendix A  

Structural characterisation of the Ag catalyst surface deposited on the 

ATR crystal  

Silver thin films were sputtered directly onto the (111) Ge ATR crystal. The XRD results 

in Figure A1 show that the preferred orientation of silver is also (111) when grown on 

the Ge crystal surface. A very small (200) Ag reflection was also visible on the 

as-deposited Ag layer. Since XRD is a bulk technique, this does not necessarily mean 

that the (111) or (200) planes are the surface exposed facets. We can conclude from the 

XRD data that the Ge crystal is covered with Ag and that the studied Ag surface is 

polycrystalline. 

 

Figure A1. XRD pattern of a 50 nm Ag film sputtered on a Ge (111) ATR single crystal. 
The inset shows the small reflection at 51.9⁰ 2θ. 

The AFM data of the sputtered Ag showed a very smooth surface (Figure A2a). The Ag 

grains are around 10 to 20 nm in size and form a continuous layer on the germanium 

surface. The Ge crystal was very smooth and the root mean square surface roughness 

(RRMS) was 5.6 nm (Figure A2a and Table A1). After a CO2 reduction experiment, the 

roughness of the Ge crystal increased slightly but still showed the same uniform 

coverage of sputtered Ag particles. An increased applied potential does not influence 

the surface morphology as can be seen when Figure A2b and c are compared.  
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Table A1. Average root mean square roughness per sample calculated over 5 different 
points after CO2 reduction and 3 different points before CO2 reduction. 

 Average RRMS St. deviation RRMS 

After Ag deposition 5.6 nm 0.3 nm 

Post -1.45V vs RHE 10.3 nm 5.0 nm 

Post -1.60V vs RHE 8.6 nm 2.8 nm 

 

 

Figure A2. AFM images of sputtered Ag film on Ge ATR crystal (a) before CO2 reduction 
and after CO2 reduction at (b) -1.45 V vs. Ag/AgCl and (c) -1.60 V vs. Ag/AgCl. 
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To confirm the presence and composition of Ag on the Ge crystal, XPS measurements 

were performed on a Ge crystal with a 50 nm Ag thin film (Figure A3a and b). The Ag 

doublet was fitted as one peak that was not bonded to oxygen, i.e. metallic Ag. The 

oxygen 1s signal was deconvoluted to 2 peaks, one peak (531.0 eV) bonds to silver as a 

native oxide,1 the other peak (532.1 eV) is an organic carbon bond. The oxygen-silver fit 

is relatively small, therefore it seems likely that this bond was not found in the Ag3d 

peak. 

 

Figure A3. XPS spectra of the (a) Ag 3d and (b) the O 1s peak of a sputtered Ag thin film 
(50 nm) on a Ge ATR crystal. The raw data (black line) was fitted with two peaks (red and 
yellow lines). In the case of Ag 3d, the 3d5/2 (368.7 eV in red) and 3d2/3 (374.7 eV in yellow) 
were identified as single peaks. The O 1s peak was deconvoluted into a peak at 531.0 eV 
(A, red) bound to Ag as a native oxide and a peak at 532.1 eV (B, yellow) bound to organic 
carbon.  
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Spectro-electrochemical cell lay-out and IR background procedures 

 

Figure A4. Pictures of the electrochemical cell used for ATR-FTIR measurements. (a) Cell 
in use, (b) Open cell: bottom of the cell is the Ag working electrode, (c) Schematic of the 
cell. 
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Figure A5. Faradaic efficiency for Ag foil in 0.1 M KCl saturated with CO2. Experimental 
details can be found in papers published previously by our group.2,3  

 

Table A2. An overview of the backgrounds that belong to the different ATR-FTIR 
measurements. 

System Background Comment 

N2 flush N2 flush New backgrounds are taken until the spectrum 
becomes a flat line, and the system has reached 
equilibrium 

N2 flush and 

potentiostat on 
N2 flush  

CO2 flush and 

potentiostat on 

N2 flush and 

potentiostat on for 
30 min 

The formation of hydrogen still occurs in this 
system but is no longer visible in the spectra 
because of the background used 
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ATR-FTIR results  

 

Figure A6. ATR transmission spectra in CO2 0.1 M KCl electrolyte at different potentials 5 
min after the CO2 purge was turned on. 

 

Figure A7. Current density versus time at an applied potential of -1.50 V vs. Ag/AgCl. 
During the first few minutes the native oxide is reduced, as can be seen from the quickly 
decreasing current density in the first minutes. 
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Figure A8. ATR-FTIR spectra shown in transmission (TR), absorbance (AB) and attenuated 
total reflectance (ATR). (a) spectra measured at -1.45 V at saturated CO2, (b) spectra 
measured at -1.60 V at saturated CO2 and (c) spectra measured at -1.60 V at low CO2 
concentration. 
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Electrocatalysis of carbon dioxide can provide a valuable pathway towards the 

sustainable production of chemicals and fuels from renewable electricity sources. One 

of the main challenges to enable this technology is to find suitable electrodes that can 

act as efficient, stable and selective CO2 reduction catalysts. Modified silver catalysts 

and in particular, catalysts electrochemically derived from silver-oxides, have shown 

great promise in this regard. Here, we use operando EXAFS analysis to study the 

differences in surface composition between a pure silver film and oxide-derived silver 

catalysts - a nanostructured catalyst with improved CO2 reduction performance. The 

EXAFS analysis reveals the presence of trace amounts of oxygen in the oxide-derived 

silver samples, with the measured oxygen content correlating well with experimental 

studies showing an increase in CO2 reduction reactivity towards carbon monoxide. The 

selectivity towards CO production also partially scales with the increased surface area, 

showing that the morphology, local composition and electronic structure all play 

important roles in the improved activity and selectivity of oxide-derived silver 

electrocatalysts. Earlier studies based on X-ray photoelectron spectroscopy (XPS) were 

not able to identify this oxygen, most likely because in ultra-high vacuum conditions, 

silver can self-reduce to Ag0, removing existing oxygen species. This operando EXAFS 

study shows the potential for in situ and operando techniques to probe catalyst surfaces 

during electrolysis and aid in the overall understanding of electrochemical systems.  
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 Introduction 
In recent years, several research efforts have been made to expedite the implementation 

of renewable energy into society. While renewable electricity can be generated at large 

scales through solar and wind energy with continually decreasing costs, challenges 

remain in effectively utilizing the intermittent electricity that is generated. Storing 

energy in the form of chemicals is one means of using this electricity that may both 

increase its value and provide an energy-dense transportable product. The conversion 

of renewable electricity into carbon-based chemicals and fuels via electrochemical CO2 

reduction can directly help both these efforts.  

Depending on the composition and structure of the catalyst used in the electrochemical 

CO2 reduction reaction, the product formed from CO2 can be tuned towards different 

carbon-based compounds. In particular, d-band metals such as gold, silver and zinc are 

suitable for the selective production of CO, whereas copper binds the CO reaction 

intermediate more strongly, enabling further proton/electron transfers that drive the 

formation of higher order products.1 Among these metals, silver is a promising 

candidate for the industrial synthesis of CO since it has a good balance between its 

relatively low cost and reasonable performance and stability.2 To improve the 

performance of silver, a number of modified silver catalysts have been investigated 

which show significantly improved selectivity, activity, onset potential and stability 

versus their pure metallic counterpart. Strategies to improve the catalytic performance 

of silver have included doping with p-block elements and various nanostructuring 

approaches, among others.3,4,5 Among these promising candidates are oxide-derived 

silver (ODAg) catalysts.6 During the fabrication of oxide-derived silver, an anodic pulse 

is applied to the silver electrode, creating an oxide layer on top of the bulk metal. During 

CO2 reduction, the silver oxide layer at the surface rapidly reduces back to metallic 

silver. For other metals, such as gold, copper and lead, oxide-derived techniques have 

also demonstrated improved performance metrics including increased CO2 reduction 

selectivity and reduced overpotentials required to reach >1 mA/cm2.7,8,9 These 

treatments result in highly-porous electrode surfaces which impact the mass transport 

of reactants and products while altering the local pH and buffering abilities of the 

electrolyte near the catalyst’s surface. Other research has suggested that the intrinsic 

activity of the oxide-derived metals are affected by sub-surface oxides10,11 or new 

coordination sites12 due to the formation of preferably-oriented surfaces and defect sites 

that form as a result of the OD treatment.  

In the case of silver, a higher local pH near the electrode surface is further thought to 

influence the selectivity for CO formation over that of hydrogen.6,13 When mass 

transport is limited by the porous nature of the electrode, hydroxide ions (OH-) that are 

formed as a result of CO2 and H2O reduction accumulate near the surface resulting in a 

higher local pH than that of a flat surface. While a high local pH favours the CO2 
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reduction reaction, it simultaneously supresses hydrogen evolution, providing an 

avenue to improve product selectivity on roughened nanoporous silver electrodes. 

Apart from the changed electrolyte transport dynamics at the catalysts’ surface, an 

alteration in the material properties as a result of the oxide-derived treatment, such as 

electronic, structural or compositional changes, can also give rise to the improved 

catalytic properties. Since oxide-derived silver catalysts are formed from a silver oxide, 

the potential presence of traces of oxygen and its role in improving the CO2 reduction 

reaction were proposed in several papers.11,10 If present, oxygen could help stabilise the 

CO2 molecule when it arrives at the electrode surface, and thus may contribute to the 

enhanced selectivity towards CO2 reduction. Since the rate-determining step for CO2 

reduction to CO on silver is the adsorption of CO2, reducing the overpotential of this 

reaction step is then very important for increasing the overall efficiency and activity of 

the reaction. 

Controversy exists regarding this hypothesis, however, as other studies using surface-

characterisation techniques found no traces of oxygen in oxide-derived silver catalysts.12 

It is important to emphasise that many techniques capable of measuring trace amounts 

of elements, such as XPS, do so under high vacuums, which can remove oxygen from a 

silver oxide species. Other techniques such as Kelvin probe force microscopy (KPFM) 

that measure the work function can only give an indication as to whether trace amounts 

of oxygen might exist, but do not provide definitive proof or indications of how oxygen 

may be incorporated into the Ag catalyst. In situ and operando techniques are therefore 

needed to probe the catalyst’s electronic, compositional, and atomic structure during 

electrolysis to distinguish any surface related affects that may lead to improved 

performance, from the beneficial effects caused by the nanostructured morphology and 

high local pH.  

In this work, we use a combination of operando extended X-ray absorption fine 

structure (EXAFS), electrochemical methods, DFT calculations and ex situ 

characterisation such as grazing incidence X-ray diffraction (GIXRD) to examine the 

surface properties and catalytic activity of both silver and oxide-derived silver catalysts 

for electrochemical CO2 reduction. We find a correlation between the Faradaic efficiency 

for CO formation with the measured concentration of oxygen in the silver lattice. These 

results suggest that the improved performance for oxide-derived silver catalysts may 

arise from a combination of increased activity of Ag induced by the presence of surface 

oxygen, and from a high local pH created through the nanostructured morphology. 

From these results, we propose several mechanisms via which the inclusion of atomic 

oxygen near the surface can aid the CO2 reduction reaction over silver electrodes. In 

operando EXAFS data shows how vital in situ and operando techniques are to properly 

understand electrochemical systems. 
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 Results and discussion 
Catalyst characterisation. Oxide-derived silver catalysts were fabricated according to 

an earlier published method (Figure 3.1).6 All experimental details are presented in 

appendix B. From electrochemical measurements, the ODAg catalyst has a lower onset 

potential, higher CO selectivity, higher activity (current density at a given potential) and 

improved stability compared to silver foil catalysts (Figure B2a and b). To make ODAg, 

a Ag foil is strongly oxidised by an oxidation/reduction-cycling treatment in an alkaline 

electrolyte. This treatment produces a silver oxide that quickly reduces back to metallic 

silver once a reducing potential is applied to perform CO2 reduction. The initial few 

seconds of the CO2 reduction experiment thus produces the final oxide-derived silver 

catalyst. In Figure 3.1a, the progression of the oxide-derived treatment is shown 

schematically (Ag foil, silver oxide and ODAg). We will denote the oxide precursor as 

AgOx, since this oxide consists of a mixture of Ag2O, AgO and Ag as appears from the 

XRD pattern (Figure B3). 

 

Figure 3.1. (a) Fabrication scheme of oxide-derived silver (ODAg), silver is denoted by 
green, silver oxide by dark orange. SEM images show how the surface morphology 
changes drastically when (b) silver is (c) oxidised to AgOx and (d) reduced to form ODAg. 

To understand the underlying reasons for the difference in CO2 reduction performance 

between Ag and ODAg, a number of materials characterisation techniques were 

performed. While the morphology of ODAg (Figure 3.1b and d) is vastly different than 

that of Ag foil, the surface composition as measured by XPS is similar for the two 

catalysts (Figure 3.2a-d). XPS spectra were recorded ex situ, so contamination from air 

could not be avoided due to the transport from the electrochemical cell to the XPS 

instrument.  
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Figure 3.2. (a) Ag 3d XPS spectra of Ag, the silver oxide precursor and ODAg. The 
precursor is not metallic but an oxide, as can be concluded from the shift in the Ag 3d peak. 
The O 1s spectrum and its fit of (b) Ag, (c) AgOx and (d) ODAg, the red and blue lines 
indicate the deconvoluted peaks. (e) and (f) are GIXRD patterns of Ag and ODAg. (e) When 
the spectra are normalised it becomes apparent that Ag (220) grows relative to Ag (111). (f) 
There is no significant strain in the ODAg catalyst. 

The silver foil and ODAg have very similar Ag 3d spectra with a peak at 368.2 eV and a 

satellite peak at 371.9 eV (Figure 3.2a). The combination of these peaks is ascribed to 

metallic silver.14 The AgOx precursor was also examined by XPS, and in this sample the 

silver binding energy shifted to 367.8 eV, along with a disappearance of the satellite 

peak. This agrees well with literature values for Ag2O.14 Since AgO is notoriously 

unstable in ultra-high vacuum, its presence cannot be confirmed nor rejected.14,15 

Detailed scans of the O 1s region were also recorded but not very insightful (Figure 

3.2b-d), because Ag-O contributions can overlap with carbonate groups from air 
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contamination in the O 1s region.16,17 The only definitive assignment that can be made 

in the O 1s spectrum in Figure 3.2c is the small peak at 529.3 eV, ascribed to Ag2O.18 It is 

surprising that this peak is so small since the shift in the corresponding Ag 3d spectrum 

seems to indicate pure silver(I) oxide. The larger peak at 530.8 eV of the O 1s spectrum 

could be ascribed to oxygen chemisorbed on a silver surface17 or Ag-O-Ag bonds19 but 

not to pure Ag2O. The higher binding energies of the O 1s in the Ag and ODAg sample 

can mainly be ascribed to contamination from air (note that these peaks are 3 and 10 

times smaller than the AgOx sample, respectively), although their binding energy is also 

very close to a species described as subsurface O in silver at 531.2 eV.16 Since the binding 

energies of contamination and silver-oxygen bonds overlap, it is difficult to draw 

significant conclusions from the O 1s spectra. It is therefore necessary to use other 

characterisation techniques to properly investigate the electronic and compositional 

differences between Ag and ODAg.  

To see whether there are any structural changes between Ag and ODAg, grazing 

incidence X-ray diffraction (GIXRD) patterns were measured and compared. To be more 

sensitive to the surface of the catalyst and to be able to measure all reflections (not just 

the reflections parallel to the surface as for the standard Bragg-Brentano XRD 

configuration), GIXRD was chosen as the most suitable XRD technique. A change in the 

ratio between (111) and (220) can be observed in the GIXRD data measured at a grazing 

incidence angle of 4° θ of oxide-derived silver compared to the pure silver foil (Figure 

3.2e). For the ODAg films, the ratio (220) over (111) is higher compared to that of 

untreated Ag. The presence of the (220) peak is an indirect proof of the presence of (110) 

which is not visible in the XRD pattern since it is a forbidden reflection for a fcc lattice. 

The increased (220) reflection is already observed in the silver oxide pattern, in addition 

to several smaller peaks representing both Ag2O and AgO structures (Figure B3). 

The Ag (110) facet was shown by both experimental20 and theoretical5 work to be more 

active than the very stable (111) facet, thus the increased presence of the (220) reflection 

in the ODAg electrodes could potentially explain the improved electrocatalytic activity 

and selectivity. However, one should keep in mind that XRD, even when measured in 

grazing incidence mode, is still a bulk technique that will penetrate several hundreds of 

nanometres into the catalyst material. This means that even though the facets 

underlying the surface can be more (110) orientated in the case of ODAg, this does not 

prove that the actual surface facets are also (110). We can however say from the 

uniformity found in the peak shape (Figure 3.2f) that the lattice is not strained in a higher 

or lower degree than the silver foil, nor that the crystallite size seems to have changed.  

To better understand the cause of improved electronic, compositional or short-range 

structural difference between Ag and ODAg, a short-range order characterisation 

technique that can be used under real operating conditions is required. 
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Operando X-ray absorption spectroscopy. X-ray absorption fine structure spectroscopy 

(XAFS) is widely used to study materials and systems operando or in situ due to the 

high energy X-rays that can be used; the X-rays can easily penetrate through air, water 

and various soft materials that are generally used to build an electrochemical cell.21 

XAFS is divided into X-ray absorption near-edge spectroscopy (XANES) and extended 

X-ray absorption fine structure (EXAFS). The XANES spectra provide information on 

the oxidation state, geometry and electronic configuration of the absorber atom while 

EXAFS data fitting allows the ability to reconstruct its local environment to give the 

concentration of neighbouring atoms (N), the absorber atom’s distance to the 

neighbouring atom (R), and disorder (Debye-Waller factor: σ2) on a short length scale.  

X-ray absorption spectra were recorded at the Dutch-Belgian beamline (DUBBLE, 26A) 

of the European Synchrotron Radiation Facility (ESRF) in Grenoble, France at the silver 

K-edge (25515.59 eV). Figure 3.3a shows the Fourier transforms of reference 

transmission EXAFS spectra for a 5 µm Ag thin film and pellets of silver(I) oxide and 

silver(II) oxide powder dispersed in a cellulose matrix. The EXAFS spectra are extracted 

and fitted according to the EXAFS equation (Chapter 1, equation 1.10); the data analysis 

details are reported in Appendix B. Due to the limited energy (k= 2.5-10) range 

achievable in the operando conditions, the data analysis has been mainly focused on the 

first two nearest neighbours (coordination shells) of the silver absorber atom: the Ag-O 

and Ag-Ag coordination shells. The fitting results of the reference metal and oxides in 

Figure 3.3a are reported in Table 3.1.  

The reference samples were measured in transmission mode to ensure optimal data 

quality and to avoid self-absorption processes.22 However, for samples measured in an 

electrochemical cell, the total sample + cell thickness would be too large for the X-rays 

to travel through, therefore all sample measurements were taken in fluorescence mode. 

It is common practice to do this at a configuration where the incident X-rays make a 45° 

degree angle to the sample. However, EXAFS is a bulk technique and high energy X-rays 

at 45° will penetrate into the sample >10 µm (Figure 3.3b). In order to reduce the 

penetration depth and give more information from the near surface region, we again 

used a grazing incidence mode. Using this approach, the X-ray beam is only able to 

probe the surface of the catalyst and will provide surface-sensitive information.23 



 

3.2    Results and discussion 

 

67 

 

Figure 3.3. (a) k2 -weighted Fourier transformed EXAFS transmission spectra of silver and 
silver oxide reference samples. Grey shadow denotes fitted area. (b) A schematic showing 
how the grazing incidence X-rays penetrate the ODAg. (c) Normalised XANES spectra of 
the transmission metal and Ag2O references compared to ex situ oxide-derived silver 
samples, showing the difference in chemical composition of the film when the X-rays 
penetrate less deep into the material. 

Table 3.1. EXAFS fitting results of Figure 3.3a. Fitted R (Ag-Ag or Ag-O distance), N 
(coordination numbers) and σ2 (Debye-Waller factor) of the first shell. Errors in 
parentheses. 

Sample Bond R1 (error R1) N1 (error N1) σ21 (error σ21) 

Ag metal Ag-Ag 2.86 (0.001) 12.00 (0.2) 0.007 (0.0003) 

Ag2O Ag-O 2.06 (0.001) 1.99 (0.4) 0.004 (0.0001) 

 Ag-Ag 3.34 (0.02) 7.51 (0.7) 0.036 (0.0009) 

AgO Ag-O 2.02 (0.02) 1.99 (0.5) 0.003 (0.008) 

 MSa 2.66 (0.09) 5.16 (0.9) 0.04 (0.008) 

 Ag-Ag 3.29 (0.005) 11.5 (2.3) 0.02 (0.003) 

 

The probing depth into the sample is demonstrated in Figure B4, which shows the 

attenuation length of the X-ray beam into silver as a function of the incident angle of the 

X-rays. The attenuation length is defined as the depth into the material (along the surface 

normal) where the X-ray beam intensity drops to 1/e of its original value. When the 

sample is tilted only 0° or 0.1° with respect to the incoming X-rays, for instance, the beam 

is only expected to penetrate the first 2 or 3 nm of the sample. Figure 3.3c shows the 
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striking difference in the measured XANES spectra of an ex situ ODAg sample that was 

used in CO2 reduction before the EXAFS measurement as a function of varying angles 

of incidence. Interestingly, when the XANES spectrum is taken at 10° (red line, 

penetration depth of 3 μm) (Figure 3.3c), the spectrum appears similar to pure metallic 

silver (black line). The XANES spectra of ODAg obtained at shallow angles (0° and 0.1°), 

however, are not reminiscent of either a pure metallic compound nor a pure silver oxide 

(blue line). Instead, the samples seem to be a mixture of both metallic and oxide 

composition, which can be seen from the second feature after the edge at 25534.1 eV; for 

metallic silver, this feature is 2 times higher than the first feature at 25512.8 eV, for the 

ODAg samples at 0° and 0.1° they are similar in size. This can be understood as a mixture 

of the metallic positive contribution and the oxide depression at the same energy. The 

spectrum measured at 5° (orange line, penetration depth of 1.7 μm) seems more metallic 

than the 0° and 0.1° spectra but not as strongly metallic as the 10° spectrum. This result 

highlights how important it is to measure in grazing incidence mode to ensure we 

observe mainly the surface of the silver electrocatalysts and to reduce bulk metallic 

signals as much as possible. These results also conclude that our oxide-derived 

fabrication method only modifies the first ~2 µm of the Ag foil, while the rest of the 250 

µm foil remains pure silver, as can be concluded from Figure B4.  

While giving important information, XANES cannot, however, provide enough 

information to properly understand the electronic, structural or compositional 

properties of the catalysts. Instead, EXAFS spectra are recorded and fitted to provide 

this information. To ensure that the oxide-like structure found in ex situ spectra are not 

just the results of spontaneous self-oxidation in air, the spectra are acquired under 

electrochemical operating conditions. 

A schematic of the custom-made cell used to acquire the operando EXAFS spectra is 

shown in Figure 3.4a and a photograph of the cell is given in Figure B5. The design 

consists of a flow cell where the working electrode (WE) (the silver electrocatalyst) faces 

up. The WE was covered by a 0.5 mm layer of 0.1 M KHCO3 electrolyte which was kept 

saturated with CO2 in a reservoir outside of the cell. A 0.5 mm polypropylene (PP) 

window was clamped on top of the electrolyte allowing for transmission of the X-rays. 

The reference (RE) and counter electrode (CE) were positioned in the vertical parts of 

the electrolyte flow; with the RE placed just before and the CE just after the WE. The 

fluorescence detector was placed in close proximity to the WE. The cell was then 

mounted on a motorised stage that could rotate with respect to the incoming X-ray 

beam, to allow full control over the angle of incidence. While we were able to perform 

ex situ sample measurements at extremely low grazing angles, such low angles are not 

possible during in situ or operando measurements. At an angle of 0.1°, for example, the 

distance that the beam would have to travel through the polypropylene window and 

electrolyte layer becomes almost 60 cm, making cell design and alignment difficult, 
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while resulting in large signal attenuation before the beam can reach the sample. 

Therefore the angle was increased to 6° for operando measurements, which results in a 

beam travelling distance through the electrolyte and polypropylene of roughly 1 cm. In 

this configuration, the polypropylene window and electrolyte transmit about 70% of the 

photons while the attenuation length of the X-rays into the silver was 1.9 µm, which 

closely resembles the previously observed thickness of the ODAg layer. It is quite 

remarkable that it is possible to measure operando EXAFS under a grazing incidence 

angle of only 6°, since it creates a beam path length through the electrolyte and 

polypropylene of 1 cm. The ability to gain meaningful information from this experiment 

is further made possible because silver is a heavy element: the high energy (25515.59 eV) 

is able to pass through 1 cm of material while losing only 30 % of its photons.  

The results of these 6° measurements are shown in Figure 3.4b where the Fourier 

transform of an ODAg sample is compared to that of a pure silver foil, both measured 

under operando conditions. Both spectra are corrected for self-absorption using the 

transmission spectrum of silver foil (Figure 3.3a) as a reference to obtain reasonable 

coordination numbers. The EXAFS in K-space k2χ(k) and first derivative of μ(E) are 

presented in Figure B6a and B6c. Due to the electrolyte layer and the room temperature 

conditions, the longer range order of the samples could not be properly measured. The 

Fourier transformed spectra were fit for the first two shells: a Ag-O shell and the first 

Ag fcc Ag-Ag shell (Table 3.2). For both the transmission foil and the Ag foil measured 

during CO2 reduction, the Ag-O shell was not observed during the fitting process. This 

is expected since oxygen is normally not found in a silver fcc lattice. For the ODAg silver 

however, a coordination number of 0.69 for the Ag-O shell was obtained. Interestingly, 

the Ag-O distance in our ODAg is longer then it would be in Ag2O or AgO: 2.28 Å 

compared to 2.07 Å.24 Similar values for the Ag-O distance and coordination number 

have been shown before in literature where small Ag nanoparticles were deposited on 

a silica support.25 In this case, Balerna et al. explain the Ag-O bond as the bond between 

the oxygen of the silica and the Ag nanoparticles. Note that due to the relatively long 

interatomic distance, the binding energy is weaker than that of a pure silver oxide and 

thus the oxidation state of silver will be between Ag0 and Ag+.  
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Figure 3.4. (a) A schematic of the home-made flow cell used for the operando EXAFS 
measurements. (b) k2-weighted Fourier transformed EXAFS fluorescence spectra of (b) a 
Ag catalyst and an ODAg catalyst and of (c) a spAg catalyst and a spODAg catalyst during 
CO2 reduction. Fitted region is 1.5 to 3.2 Å. 
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Table 3.2. EXAFS fitting results of Figure 3.4b. Fitted R (Ag-Ag or Ag-O distance), N 
(coordination numbers) and σ2 (Debye-Waller factor) of the first shell. Errors in 
parentheses. When no error is reported, the value was restricted during the fitting process. 

Sample Bond R1 (error R1) N1 (error N1) σ21 (error σ21) 

Ag CO2R Ag-O 0 0 0 

 Ag-Ag 2.86 (0.07) 12.00 0.013 (0.01) 

OD-Ag CO2R Ag-O 2.28 (0.05) 0.69 (0.2) 0.001 (0.0006) 

 Ag-Ag 2.88 (0.02) 11.44 (2.6) 0.02 (0.0004) 

 

These results are remarkable, especially when compared to the ex situ XPS spectra, 

which were not able to identify oxygen as part of the oxide-derived silver. The ultra-

high vacuum conditions needed to acquire XPS data might make the ODAg self-reduce 

to Ag0. Considering the presence of oxygen that was observed in the EXAFS data which 

has a long bond distance, the electron sharing between the silver and the oxygen is 

smaller than in a pure oxide, which makes the weakly bound O quite susceptible to 

removal in vacuum conditions. This could explain why other reports on oxide-derived 

silver systems have not been able to identify oxygen as an active component in CO2 

reduction.  

Sputtered Ag and Ag foil. During previous experiments at -0.8 V vs. RHE, it was 

noticed that a sputtered silver layer on a Ti foil provided a higher selectivity towards 

CO of 51% than pure Ag foil with a Faradaic efficiency of 25% (Figure B2). In order to 

check whether this difference could correlate with the long oxygen bond we found for 

ODAg, we fabricated sputtered ODAg (denoted as spODAg) and compared the EXAFS 

spectra of this sample and an otherwise untreated sputtered silver film (spAg) with the 

Ag and ODAg samples made from Ag foil. The spAg catalyst was made by sputtering 

a 600 nm layer of Ag on Ti foil (spAg, SEM image in Figure B7a) and the treated catalyst, 

spODAg, was fabricated through the same method as ODAg but using the sputtered Ag 

on Ti as the substrate (SEM image in Figure B7c). GIXRD and XPS data on these samples 

can be found in Figure B8 and B9, respectively. Because the total silver layer for the 

sputtered catalysts is much thinner, the self-absorption correction for the acquired 

EXAFS data was not necessary. Accordingly, the spectra were fitted without any self-

absorption correction. The EXAFS in K-space k2χ(k) and first derivative of μ(E) are 

presented in Figure B6b and B6d. Interestingly, whereas the Ag and ODAg show a 

rather large difference in EXAFS spectra, the sputtered spAg and spODAg are quite 

similar to each other (Figure 3.4c). They can both be fit by a Ag-O shell and a Ag-Ag 

shell (Table 3.3). The Ag-O shell gives a very low coordination number of 0.26 for spAg 

and 0.24 for spODAg. The Ag-O distances are 2.32 and 2.23 Å for spAg and spODAg, 

respectively. These oxygen species might originate from the sputtering treatment used 
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to deposit the silver layer. The silver-silver shell of the spAg and the spODAg have 

coordination numbers of 8.60 and 9.77, respectively, indicating a small reactive silver 

cluster size.12,25 These clusters might spontaneously react to air, forming the Ag-O 

species. 

Table 3.3. EXAFS fitting results of Figure 3.4c. Fitted R (Ag-Ag or Ag-O distance), N 
(coordination numbers) and σ2 (Debye-Waller factor) of the first shell. Errors in 
parentheses. When no error is reported the value was restricted during the fitting process. 

Sample Bond R (error R) N (error N) σ2 (error σ2) 

spAg CO2R Ag-O 2.32 (0.03) 0.24 (0.1) 0.005 

 Ag-Ag 2.84 (0.02) 8.60 (0.5) 0.013 (0.0005) 

spODAg CO2R Ag-O 2.23 (0.03) 0.26 (0.02) 0.005 

 Ag-Ag 2.85 (0.006) 9.77 (0.7) 0.014 (0.0003) 

 

Model clusters. The absolute amount of oxygen given by the coordination number can 

be better understood when it is compared to model systems. Metallic silver clusters of 

different sizes, surrounded by oxygen atoms taken from a silver oxide shell were 

modelled, and shown in Figure 3.5.  

 

Figure 3.5. Silver clusters consisting of 2, 3 and 4 Ag-Ag shells were modelled with one 
Ag-O shell as the outer shell. Note that in this 2D image, the oxygen appears to be dispersed 
throughout the cluster, in reality it is only present at the outer edge of the cluster. Red is 
oxygen, green is silver. 

These clusters gave an average Ag-O distance of 2.3 Å. The theoretical average 

coordination number of the Ag-O shell was calculated and can be compared to our 

experimental data. For a very small cluster consisting of only 2 Ag-Ag shells, the Ag-O 

coordination number is 1.97, roughly the same as for pure silver oxide. However, when 
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we increase the cluster size to 3 or 4 Ag-Ag shells, the Ag-O coordination numbers drop 

to 0.37 and 0.21 respectively. The large decrease in coordination number for these very 

small clusters shows how quickly the Ag-O component drops to 0 and thus below the 

EXAFS detection limit. Since our experimental data shows non-zero coordination 

numbers, we can conclude that we have a polydisperse silver with very small single 

crystal clusters that contain oxygen. When we compare this to our experimental data, 

the amount of oxygen we find by fitting is certainly not negligible. The 2-shell cluster 

contains 48% of oxygen, the 3- and 4-shell clusters contain 37% and 36% oxygen, 

respectively. Since many of the silver atoms are so far away from the oxygen atoms, the 

averaged coordination number still decreases quickly with cluster size. 

CO2 electrolysis. All catalysts examined above were also tested for CO2 reduction, 

focusing on their activity and selectivity at -0.8 V vs. RHE. The trend in faradaic 

efficiency for CO is as follows: Ag < spAg < spODAg < ODAg (Figure B2). Since ODAg 

has a seven times larger electrochemical surface area (ECSA) than Ag (Figure 3.6a), the 

difference between their CO selectivity can possibly be explained with the local 

pH-effect: the local pH at the silver surface is increased by the formation of CO and H2 

(since these half reactions consume water molecules and produce hydroxide ions (OH-)), 

as shown in reaction 3.1 and 3.2.  

CO2 + H2O + 2e-  CO + 2OH-     3.1 

2H2O + 2e-  H2 + 2OH-      3.2 

The hydroxide ions have to travel to the anode to act as reactants in the oxygen 

producing half reaction. The catalyst’s surface porosity inhibits fast OH- exchange 

between the reaction site and the bulk electrolyte, thus creating a higher pH at the 

nanostructured silver surface which favours CO production while supressing H2 

evolution.  

However, the pure Ag foil and the spAg have quite a selectivity discrepancy between 

them, and the local pH effect alone cannot account for this since they are both relatively 

flat enough to not have any mass transfer limitations based on porosity, in fact their 

ECSAs are almost identical (Figure 3.6a). Interestingly, the spAg and spODAg have a 

factor 4 difference in surface area, but only a small difference in FECO. Whereas some of 

the differences in CO selectivity can be explained by the local pH effect due to the 

nanostructured morphology of the samples, there seems to be another factor that also 

benefits the improvement in CO2 reduction selectivity. When the CO2 selectivity is 

compared with the concentration of Ag-O bonds found by EXAFS fitting, we find similar 

trends. The O/Ag ratio (defined as the ratio between the Ag-O coordination number 

and the Ag-Ag coordination number) follows roughly the same trend as the FE of CO 
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(Figure 3.6b) and may therefore play a critical role in the improved CO selectivity of 

both sputtered silver and oxide-derived silver as compared to silver foil. 

 

Figure 3.6. (a) The relation between the selectivity of the catalysts and the relative surface 
area (as determined by the double layer capacitance, where the relative surface area of the 
Ag foil is taken as 1). (b) The relation between the catalyst selectivity and the O 
concentration found in the catalyst as calculated by the ratio between the coordination 
numbers of the Ag-O and Ag-Ag shell found by EXAFS fitting of the operando 
measurements. 

It is necessary to put these results in the context of previous findings in order to 

extrapolate deeper meaning. Over the past years, a number of reports have been 

published about silver-based nanostructured electrocatalysts that all have a precursor 

containing a form of silver oxide.10,11,12,19,26 During CO2 reduction these catalysts reduce 

back to a nanostructured form of metallic silver. All of these catalysts can thus fall within 

the class of oxide-derived silver catalysts, although they have different fabrication 

methods and starting morphologies/compositions. Different possible explanations 

were given in these reports that try to elucidate the active component within these 

catalysts. It seems quite likely that there are a number of factors that together create such 

active and selective catalysts; thus it is fair that the effects of local pH, higher surface 

areas and residual oxygen species are in essence, not mutually-exclusive. Strikingly, 

whereas some of these previous works claim to have found traces of oxygen in their 
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catalyst, to which they attribute to the improved catalytic performance, others claim to 

be certain oxygen has completely disappeared from the catalysts’ surface and can 

therefore not contribute to the reaction. A range of different characterisation techniques 

were employed to try and find the presence of oxygen. The difficulty with many of these 

measurement techniques is that they are often recorded ex situ, so the composition of 

the catalyst may be different during electrolysis than under vacuum/air 

characterisation. Some of the characterisation techniques give indirect information 

about the catalyst structure: a change in work function as measured by Kelvin Probe 

Force Microscopy (KPFM) or Ultraviolet Photoelectron Spectroscopy (UPS) could 

indicate increased oxygen levels but it could also mean higher impurity levels or a 

different crystal facet exposure. Another difficulty lies in the bulk sensitivity of some 

techniques: both X-ray diffraction (XRD) and X-ray absorption spectroscopy (XAS) 

probe several micrometres far into the bulk, thus the contributions from the surface of 

the catalyst can be masked by signals from the bulk. An extra complication with XRD is 

that the presence of certain facets in the bulk has no real link to the presence of that same 

facet on the surface; often surfaces will rearrange to the most stable formation possible, 

regardless of their bulk structure. The last issue is the use of ultra-high vacuum 

characterisation techniques: silver oxides are not very stable, and they can reduce to 

metallic silver under ultra-high vacuum conditions.14 This means that a lack of oxygen 

in an XPS or Auger spectrum is not representative of the state of the same catalyst under 

ambient or electrochemical conditions. Besides this it can be difficult to obtain 

conclusive results from XPS spectra. A Ag 3d peak will not shift far from metallic silver 

when weakly bound to an oxygen atom. As discussed above, the O 1s spectrum has 

many contributions from both silver and contamination that are hard to assign. 

The discrepancy in these previous studies then highlight the importance of techniques 

that can measure a catalyst’s surface under actual reaction environments, either in 

ambient or under operating conditions. These efforts are important to gain information 

about the catalyst in its working state.  

Based upon the findings of our work, the presence of O in the ODAg catalyst seems to 

be acting as a dopant, similar to other non-metallic p-type dopants such chloride27, 

iodide4 and even amine or thiol groups28. For these doped silver catalysts, it has been 

shown that trace amounts of non-metallic species such as I or Cl can have a significant 

effect on the selectivity and activity of CO2 electroreduction, and therefore most likely 

impact the reaction mechanism. Therefore, in addition to the impact of the 

nanostructured morphology on the local reaction environment, the electronic effect of 

oxygen should also be taken into account. A similar conclusion has been recently found 

by Zhou et al., who used EXAFS to show how partial positive charges induced by boron 

doping on copper can stabilise CO2 reduction intermediates.29 
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Bond length calculations. To strengthen the understanding of the presence of oxygen 

in a Ag catalyst for improved CO2 electroreduction, DFT calculations and a Bader charge 

analysis were performed to determine the bond length and partial charge of the long 

Ag-O bond, presented in Figure 3.7a. In a low-coverage case on Ag(110), the two most 

favourable sites for an oxygen atom to sit on are the hollow and the long-bridge site. Of 

these two different sites, the hollow site provides the most stable configuration. The 

bond lengths found for these scenarios closely resemble the Ag-O distances that were 

found in EXAFS fitting. Therefore we assume that the long Ag-O bond is situated in the 

ODAg in a similar manner to what is calculated here and has a partial charge of O-0.95 as 

calculated from the Bader analysis. The positive charge on the silver is shared by many 

atoms and is thus small: Ag+0.17 for atoms close to the oxygen. 

Figure 3.7. (a) DFT calculations and Bader analysis for O on a Ag (110) slab give Ag-O bond 
lengths very similar to those found in the EXAFS data fitting. (b) Left: a CO2 molecule binds 
to a Ag(110) facet in the presence of a water molecule. Right: The presence of oxygen in the 
cavities of a silver (110) facet can facilitate the binding of CO2 to the silver through the 
presence of a shared proton. (c) Left: a CO2 molecule binding to a Ag(111) surface. Right: 
subsurface O below Ag (111) facets shift the d-band of silver toward the Fermi level 
(indicated by a change in color of the affected Ag atoms), increasing the reactivity of the 
subsurface O-Ag(111) facet compared to Ag(111). 

Potential mechanisms as a result of the presence of oxygen. The role of oxygen in the 

silver lattice can now be explained by several hypotheses. The first hypothesis would be 

that the observed oxygen is part of a reaction intermediate of the CO2 reduction. This 

hypothesis seems unlikely since the Ag-O is also observed in the ex situ samples (Figure 

3.7b). In addition, if oxygen were part of a reaction intermediate, this would mean that 

we are able to observe a single monolayer of material using a bulk technique (EXAFS), 

which seems unlikely.  
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Another hypothesis relates to the bond lengths found by the DFT calculations. The 

hollow or long-bridge site in the silver (110) facet if exposed to the electrolyte can host 

oxygen atoms, as is shown in Figure 3.6a. If these oxygen atoms bound to CO2 directly, 

a stable and thus unreactive carbonate species would formed. If instead a proton would 

bind to the oxygen on the silver surface first, the combination of a negatively charged 

silver atom next to a positively charged proton would present the perfect substrate for 

a CO2 molecule to bind to. This is schematically presented in Figure 3.6b: the proton can 

initially be shared between the silver-oxygen and the CO2-oxygen, but once CO2 is 

properly adsorbed on the surface the proton can become exclusively bound to CO2, 

forming the well-known COOH intermediate.30 This hypothesis relies on the presence 

of oxygen in Ag(110) facets. However, the fact that our GIXRD studies show an 

increased concentration of silver (110), does not necessarily prove that (110) is present 

in higher concentrations at the surface of ODAg. Nevertheless, due to the increased 

roughness on the nanoscale (Figure 3.1d and B6c), we can say with high confidence that 

the exposed facets will contain many defects, kinks and other types of stepped sites. 

These sites can also facilitate the presence of oxygen atoms that bind to protons and 

follow a similar reaction mechanism as explained for the (110) facet. The low 

coordination number of spAg (Table 3.3) also indicates many such defects exist on this 

catalyst. Once the atomic oxygen sits at such a site, it also becomes more difficult for the 

Ag to rearrange to a more stable surface configuration, meaning the presence of the 

oxygen actually stabilises the defects and the activity of the ODAg can be maintained 

more easily. 

Another hypothesis stems from heterogeneous catalysis. In the field of ethylene 

epoxidation catalysed by silver, subsurface oxygen is found to have a very important 

role in increasing the reactivity of the catalyst.31,32 It was found that the presence of 

subsurface oxygen shifts the d-band towards the Fermi level, increasing the reactivity 

of silver as schematically depicted in Figure 3.7c.31 It is known that for d-band metals, a 

valence band (i.e. metal d-band centre) closer to the Fermi level increases reactivity for 

the metal. This effect on CO2 reduction was demonstrated for gold-copper 

nanoparticles.33 Since the (111) facet is the most energetically stable surface facet for 

silver, it is imaginable that it is still present in large quantities at the rough ODAg 

surface. When the mixed silver oxide quickly reduces back to form ODAg (Figure 3.1a), 

some oxygen atoms can become stuck in a potential well, meaning that the energy 

barrier to reduce the last remaining oxygen atoms can be quite high when there is no 

other oxygen around to form molecular O2. Below the surface of the catalyst this seems 

like a plausible scenario. This creates silver atoms in close proximity to the subsurface 

O that are more reactive than before the oxide-derived treatment and can more easily 

bind CO2 to form COOH. 
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 Conclusions 
We have shown how the use of operando EXAFS has identified the presence of a long 

Ag-O bond where the oxygen may be a key participant in the reduction of CO2 to CO 

on oxide-derived silver catalysts. The silver needs a long and thus atomic oxygen bond 

in order to alter its reactivity and improve its susceptibility to CO2 binding. Both the 

presence of oxygen and nanostructuring of the catalyst to increase the local pH aid the 

activity and selectivity for CO production on silver electrocatalysts and are therefore 

vital components of an active and selective CO2 reduction catalyst. The knowledge 

gained from this research can hopefully help to design future silver-based CO2 reduction 

catalysts. 

In recent years, many groups have looked into the possible presence of oxygen species 

remaining after CO2 reduction and competing conclusions were drawn from these 

studies. We hope to positively contribute to the scientific discussion by adding operando 

results that are surface sensitive enough to measure the catalytically active surface layer. 
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Appendix B 

Experimental section 

Sample fabrication. Ag foils (Mateck, 99.9%, 0.25 mm) and Ti foils (Alfa Aesar, 99.5%, 

annealed, 0.25 mm) sputtered with 600 nm of silver were treated with potential pulses 

in a homemade Teflon 2-compartment cell, separated by a Nafion membrane. Both 

compartments were filled with 0.2 M NaOH (99.9% purity, Boom chemicals). A Pt thin 

film was used as counter electrode, a glass Redrod electrode (1 M KNO3, XR440, 

Radiometer Analytical) was used as reference electrode. The sample fabrication was 

performed by cycling between 0 and 1.2 V vs. Ag/AgCl at 50 Hz for 5 hours. 

Material characterisation. SEM images were collected on a JEOL JSM-6010LA SEM 

microscope with a tungsten hairpin filament. Images were collected at an accelerating 

voltage of 10 kV and a working distance of 10 mm. GIXRD patterns (20°−116.5° 2θ) were 

collected using a Bruker D8 Discover X-ray diffractometer in Grazing incidence mode 

with a copper source (λ = 1.5418 Å), Göbel mirror and 0.2° Soller slit. XRD patterns 

(25°−100° 2θ) were collected using a Bruker D8 Advance X-ray diffractometer in 

Bragg−Brentano configuration with a cobalt source (λ = 1.7889 Å). XPS experiments 

were conducted using a Thermo Scientific K-alpha apparatus equipped with an Al 

K-alpha X-ray Source and a Flood Gun to avoid charging of the sample. Parameters used 

for the measurements were: spot size of 400 μm, pass energy of 50 eV, energy step size 

of 0.1 eV, dwell time of 50 ms, 10 scans in the vicinity of the Ag 3d and O 1s orbital 

binding energy.  

Electrochemical characterisation. Gaseous products from CO2 reduction were 

measured on an online Compact GC (Compact GC 4.0 from Global Analytical Solutions 

with H2/O2/C1-C5 analyser). The GC took an aliquot every three minutes. CO2 

reduction was performed for one hour at a fixed potential of -0.8 V vs. RHE. The 

reported faradaic efficiencies are averaged values of at least two samples. The reaction 

was performed in a homemade PMMA 2-compartment cell. Both compartments were 

filled with CO2-saturated 0.1 M KHCO3 (99.995% K2CO3 from Sigma Aldrich). A Pt thin 

film was used as counter electrode, a glass Ag/AgCl electrode (saturated KCl, XR300, 

Radiometer Analytical) was used as reference electrode. A Nafion membrane separated 

the two compartments, 11.5 ml/min of CO2 was continuously bubbled through both 

compartments. The solvent resistance (Ru) was between 30 and 35 Ω in the experiments.  

Electrochemical surface areas were measured through the double layer capacitance 

method. CVs were taken over a non-Faradaic region (0.51 to 0.61 V vs RHE) in nitrogen 

saturated 0.1 M NaClO4 at different scan rates (10, 30, 50, 60, 70, 90 and 100 mV/sec). 

The non-Faradaic region was determined by taking the open circuit value of reduced 

Ag as the value around which the CV scan was performed. The slope of the total 
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geometric current versus the scan rate gave the capacitance which was used to 

determine the relative roughness by normalizing the capacitance of the Ag foil.  

DFT calculations. A 2x3x6 slab size was used for Ag(110). The Ag metal slab and 

surfaces with and without adsorbed intermediates were created using the Atomic 

Simulation Environment (ASE).1 All density functional theory (DFT) calculations were 

carried out with the projector augmented wave (PAW) method as implemented in the 

GPAW software.2,3 BEEF-vdW exchange correlation (xc) functional was used to perform 

all the energy calculations4,5 with plane-wave (PW) cut-off energy value of 450 eV. 

Lattice constants for the bulk FCC metal were calculated using the same xc functional 

and PW cut-off for a residual force on all atoms of less than 0.005 eV Å-1. The resulting 

lattice constant for Ag, 4.1384 Å, was used for all other energy calculations. 

For the geometry optimisation, the top two metal layers as well as the adsorbed atoms 

were allowed to relax until a residual force of less than 0.01 eV Å-1 is reached. The self-

consistent field (SCF) convergence criterion was set to 5 x 10-4 eV for adsorption energy 

calculations. A 12 Å vacuum layer was placed above the periodically repeating slabs. 

The Fermi-Dirac method was used to smear the Fermi level with an electronic 

temperature of 0.1 eV and a Pulay mixing of the resulting electronic density was applied. 

A (3x3x1) k-point sampling was used and a grid spacing between 0.16 Å and 0.2 Å was 

used for all calculations. 

XAS characterisation. X-ray absorption spectra were recorded at the Dutch-Belgian 

beamline (DUBBLE, 26A) of the European Synchrotron Radiation Facility (ESRF) in 

Grenoble, France. Silver K-edge (25515.59 eV) spectra were recorded between 25300 and 

26055 eV. The energy of the X-ray beam was tuned by a double-crystal monochromator 

operating in fixed-exit mode using a Si(111) crystal pair. XANES and EXAFS spectra of 

the samples were collected in fluorescence mode using a 9-element Ge detector (Ortec 

Inc.), whereas reference spectra of the metallic Ag foil and the silver oxides were 

collected in transmission mode using Ar/He-filled ionisation chambers at ambient 

temperature and pressure. The photon flux of incoming X-rays is ~2.5 * 1010 

photons/cm2. Ex situ samples were measured at grazing incidence angles of 0°, 0.1°, 5° 

and 10° degrees. In operando samples were measured at 6° degrees. EXAFS data 

analysis was performed on data that was averaged from at least 3 20 minute scans. 

For the operando measurements a home-made electrochemical flow cell (Figure B5) was 

used. The electrolyte was pulled through the cell volume using a peristaltic pump 

operated at 40 rpm. The cell had a silver catalyst as WE, a coiled Pt wire as counter 

electrode and a 2 mm diameter PEEK Leakless Ag/AgCl RE (ET072, EDAQ). The 

electrolyte was CO2 saturated 0.1 M KHCO3. The headspace of the electrolyte reservoir 

was purged with CO2 during measurements to ensure constant CO2 saturation and 

avoid bubbles in the incoming electrolyte. A Biologic SP240 potentiostat was used to 
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control the potential in a three-electrode configuration. The Ag and ODAg samples were 

all used for 1 hour of CO2 reduction coupled to the GC prior to their measurements in 

the XAS cell. This way, the ODAg state was already reached before the sample was 

measured using XAS. 

EXAFS data analysis. Because of the cell design, measurements could not be performed 

in transmission geometry. Instead, the EXAFS spectra were acquired in fluorescence 

mode under different angles of incidence. Spectra of non-dilute samples that were 

measured in fluorescence mode need to be corrected with a self-absorption correction, 

for instance using the Athena software. We used a transmission EXAFS spectrum of a 5 

µm thick pure silver foil to derive the typical coordination number obtained for similar 

samples. By comparing our self-absorption corrected fluorescence spectra with the 

transmission spectrum of pure silver we were able to get good estimations for the size 

of the required corrections. In short, the operando spectra needed a correction of a 0° in 

and 90° out configuration (Athena software, Fluorescence self-absorption correction 

option) due to the combination of a thick substrate, low angle of incidence and shielding 

by the cell. The ex situ samples were not shielded by a cell and therefore only required 

a mild 45° correction. The sputtered samples could be analysed without any correction 

since the thin 600 nm sputtered layer falls within the limit of thin samples that do not 

require a self-absorption correction.  

After the correction, the EXAFS data is fitted using Viper software. Since the 

measurements are performed at room temperature, the higher shells are relatively noisy. 

We therefore only fit the spectra up to ~ 3 to 4 Å from the absorber atom. For a silver 

metal, this corresponds to only the first shell, for the silver oxides, the first (Ag-O) and 

the second (Ag-Ag) shell can be fitted. The k-range is taken from 2.5 to 10 Å-1, all Fourier 

transforms are k2-weighted. In some cases the error in fitting the coordination number 

could not be properly estimated by the software. In these cases instead the difference 

between the normalised and the normalised + smoothed data was taken as the error.  

Ag-O model clusters. An fcc cuboctahedral cluster was modelled to calculate a core-

shell structure with a metal silver core and a silver oxide shell.6 the metal cluster was 

varied in size by adding additional A-Ag shells. The calculations were performed on 2, 

3 and 4 Ag-Ag shell cluster, all surrounded by one Ag-O shell. The coordination number 

of Ag-O for each Ag atom in the cluster was calculated and average over the entire 

cluster to yield the final Ag-O coordination numbers. 

Applied potential during operando EXAFS measurements. A typical CO2 reduction 

reaction at an ODAg catalyst is performed at -0.8 V vs. RHE. Hydrogen and CO are 

formed at this potential at a total current density of around 2 mA/cm2. When we 

performed CO2R at these potentials we generated bubbles that would stick to the 

catalyst surface. These bubbles strongly interfere with the EXAFS spectra: one spectrum 
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takes roughly 20 minutes to record, if the amount of bubbles grows in this period of time 

(which will happen inevitably), the background signal of the EXAFS spectra will shift. 

This renders the spectrum useless for FT transformation or further data fitting. 

Therefore we could only generate proper EXAFS spectra by measuring operando at a 

very low overpotential. We measured at 0 and at -0.12 V vs. RHE. For comparison, an 

EXAFS spectrum obtained at -0.4 V vs. RHE is shown in Figure B1. When we normalise 

this spectrum and compare it to the Ag and ODAg used for fitting in the paper, we see 

how the main feature (the bump at 2 Å) remains the same between the two ODAg 

measured at different potentials. The signal at 1 Å that is only seen in the -0.4 V vs RHE 

spectrum most likely stems from noise since even strongly bound O in AgO displays 

the O-Ag bond at higher values of ~1.5 Å (Figure 3.3a). 

 

Figure B1. EXAFS spectra as shown in Figure 3.4b together with an ODAg catalyst 
measured at a higher overpotential to show the minor difference between measuring at 0 
and at -0.4 V vs RHE for the fitted region (1.5 – 3.2 Å). 
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Chronoamperometry and Faradaic efficiency over time 

 

 

Figure B2. Current density and faradaic efficiency of carbon monoxide and hydrogen 
recorded for one hour at -0.8V vs RHE for (a) silver, (b) oxide-derived silver, (c) sputtered 
silver and (d) oxide-derived silver from a sputtered silver substrate. 
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XRD patterns 

 

 

Figure B3. XRD patterns measured in Bragg-Brentano configuration of Ag, AgOx and 
ODAg, showing the Ag2O and AgO XRD reflections in the AgOx sample. NB the XRD 
instrument was equipped with a cobalt source, resulting in a different 2θ pattern compared 
to the GIXRD patterns. 

 

EXAFS cell design  

 

Figure B8. The attenuation length at the silver K-edge as a function of the X-ray beam 
incidence angle. The attenuation length is the depth into the probed material (normal to 
the surface) where the intensity has dropped to 1/e of its value at the surface (calculated 
without water layer). The adjacent table contains the values used in the graph.  

 

Angle of incidence (o) Attenuation length 

0 1.8 nm 

0.1 3.2 nm 

0.2 43 nm 

5 1.7 μm 

6 1.9 μm 

7 2.1 μm 

10 3 μm 

45 12 μm 
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Figure B9. Top view picture of the experimental set-up used for in operando EXAFS data 
collection. X-ray source is on the left, fluorescence detector on the bottom of the picture. 

k2χ(k) and first derivative of μ(E) 

Figure B6. The k2χ(k) spectra and first derivative of μ(E) of the data presented in Figure 
3.4b and 3.4c. (a) and (c) silver and oxide-derived silver measured in operando are shown 
together with silver oxide reference to show the distinct difference in k2χ(k) between Ag 
and ODAg in the lower frequency part of the spectrum. (b) and (d) sputtered silver and 
oxide-derived silver from a sputtered silver substrate are shown with reference to silver 
and silver oxide. The difference between the sputtered silver samples and pure silver is 
less strong. 
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Ex situ characterisation of sputtered samples 

 

 

Figure B7. SEM images of sputtered samples: (a) untreated Ag on Ti foil substrate, (b) 
spAgOx and (c) spODAg. 
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Figure B8. GIXRD patterns of sputtered Ag and oxide-derived silver from a sputtered 
silver substrate. Titanium reflections denoted by *. 

 

Figure B9. (a) Ag 3d XPS spectra of spAg, spAgOx and spODAg. The spAgOx precursor is 
not metallic but an oxide, as can be concluded from the shift in the Ag 3d peak. O 1s 
spectrum and fit of (b) spAg, (c) spAgOx and (d) spODAg, the red and blue lines indicate 
the deconvoluted peaks. 



 

Operando X-ray absorption spectroscopy I 

 

92 

References 

1. Bahn, S. R. & Jacobsen, K. W. An object-oriented scripting interface to a legacy 

electronic structure code. Comput. Sci. Eng. 4, 56–66 (2002). 

2. Enkovaara, J. et al. Electronic structure calculations with GPAW: A real-space 

implementation of the projector augmented-wave method. J. Phys. Condens. 

Matter 22, 253202 (2010). 

3. Mortensen, J. J., Hansen, L. B. & Jacobsen, K. W. Real-space grid 

implementation of the projector augmented wave method. Phys. Rev. B 71, 

35109 (2005). 

4. Wellendorff, J. et al. Density functionals for surface science: Exchange-

correlation model development with Bayesian error estimation. Phys. Rev. B 85, 

235149(23) (2012). 

5. Wellendorff, J. et al. A benchmark database for adsorption bond energies to 

transition metal surfaces and comparison to selected DFT functionals. Surf. Sci. 

640, 36–44 (2015). 

6. Longo, A. & Martorana, A. Distorted f.c.c. arrangement of gold nanoclusters: A 

model of spherical particles with microstrains and stacking faults. J. Appl. 

Crystallogr. 41, 446–455 (2008). 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

4  
Copper and silver gas diffusion 

electrodes performing CO2 reduction 

studied through operando X-ray 

absorption spectroscopy 

 

 

This chapter is based on the following publication: 
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X-ray absorption spectroscopy (XAS) offers the unique possibility to study metal 

electrocatalysts such as silver and copper while they are performing electrochemical 

carbon dioxide (CO2) reduction. In this work, we present an approach to perform 

operando XAS experiments on an electrochemical cell performing CO2 reduction with a 

gas diffusion electrode (GDE) as cathode. The experimental set-up, advantages and 

drawbacks, XAS data analysis, and XAS theory are discussed. Results on copper and 

silver GDEs obtained through the presented procedures are then presented and 

discussed. Structural and compositional catalyst data acquired under operando 

conditions can help further density functional theory calculations, catalytic, and systems 

studies on CO2 reduction.  

Structural and compositional data including crystallite size was obtained while 

performing high current density (up to 200 mA/cm2) CO2 reduction. On the silver 

catalysts at higher than 100 mA/cm2 applied current density, a Ag-X contribution was 

found and is ascribed to Ag-O. For both silver and copper, the XAS experiments 

revealed that the crystallite size of the ex situ samples is smaller than the samples during 

CO2 reduction. Furthermore, metal particle size polydispersity was found in the silver 

catalysts by comparing the obtained coordination numbers with theoretical values. The 

operando EXAFS data was of such high quality (k: 3 - 14 Å-1) that four shells could be 

fitted. The value of combining ex situ material characterisation and electrocatalyst 

performance data with operando XAS experiments is discussed and found of great 

importance to further CO2 reduction research.  
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 Introduction 
Electrochemical CO2 reduction has the potential to contribute to the storage and use of 

renewably generated electricity. CO2 electroreduction can utilise renewable electricity 

to convert abundant feedstocks into valuable chemicals or fuels and be used as a means 

to store excess electricity in high energy density chemical bonds which can be used when 

needed. 

A recent progression in the renewable conversion of water and CO2 has seen the 

electrochemical reduction of CO2 move toward more industrially relevant operating 

conditions, enabled largely by a change in the electrochemical cell configuration. Gas 

diffusion electrode (GDE) and, to a lesser extent to date, membrane electrode assembly 

(MEA) configurations have become the cell design of choice over the traditional H-cell 

system that has dominated literature for most of the last decade.1,2,3 The performance 

gains in GDE and MEA architectures have mainly occurred by maintaining high 

concentrations of CO2 in the gas phase in close proximity to an immersed catalyst layer. 

This improved CO2 access largely eliminates mass transfer limitations that heavily 

hinder CO2 reduction in an H-cell architecture, while allowing for higher catalyst surface 

areas with access to CO2. The increased concentration of CO2 accessible to the catalyst 

surface has resulted in an increase in current density from 1-20 mA/cm2 to 200-900 

mA/cm2 depending on the product while requiring lower overpotentials and delivering 

higher CO2 reduction selectivities when switching from an H-cell configuration to the 

GDE architecture.4–6  

As the performance of CO2 reduction continues to develop closer toward practical 

industrial applications, it has become more important to assess catalyst properties and 

functionalities under real and practical operational conditions. This means that the 

catalyst should be studied while it is being subjected to practical conditions in terms of 

electrolyte, potential, reaction rate, local reaction environment, substrate and catalyst 

deposition techniques. Only then is it possible to determine whether the observed 

catalytic structure and composition are representative of the active catalyst. The 

resulting analysis can add value to computational studies evaluating the reaction 

energetics of different catalyst structures and configurations, and to experimental 

studies designing new catalysts.  

Ex situ characterisation of catalysts before and after CO2 reduction and monitoring of 

the product output is inadequate to identify catalytic active sites and structures. The 

structure of a catalyst can have its electronic and structural properties altered by 

transferring the electrode from an ambient pressure aqueous environment with an 

applied potential, to a vacuum chamber where most ex situ characterisation occurs.7 

Therefore, it is necessary to study a catalyst under operational conditions to be able to 

derive strong structure-functionality relationships to determine active site coordination 
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and relative acidity under realistic conditions. Fortunately, there are several 

spectroscopic techniques available to perform operando studies on CO2 reduction 

systems. For example, in situ transmission electron microscopy (TEM) and in situ X-ray 

photoelectron spectroscopy (XPS) are able to study the catalyst size and oxidation state, 

respectively, albeit under low vacuum conditions.8,9 In the case of TEM, the small reactor 

chamber required to obtain data poses many issues for electrode design and catalysis, 

meaning that the range of reaction conditions is generally limited. For ambient pressure 

studies, attenuated total reflection infrared (ATR-IR) spectroscopy and Raman 

spectroscopy are useful to study reactive species on the surface or near the catalyst 

surface during electrocatalysis.10,11,12 In the case of infrared and Raman spectroscopy, 

cell design considerations have to be taken into account to make sure the reaction can 

be observed during electrolysis, posing stringent demands on the experimental data that 

can be obtained. Finally, X-ray absorption spectroscopy (XAS) has been used to study 

the physical, compositional and morphological properties of catalysts while performing 

electrochemical CO2 reduction at low potentials and reaction rates (< 5 

mA/cm2).13,14,15,16,17  

X-ray absorption spectroscopy (XAS) is a material characterisation technique that is 

powerful enough to measure CO2 reduction catalyst properties under operando 

conditions, in part enabled by high energy X-rays (E > 7 keV) capable of penetrating 

different materials and fluids. In recent years, several operando XAS studies on CO2 

reduction catalysts in H-cell type systems were investigated, leading to a large number 

of unique cell designs necessary to obtain meaningful data. Interestingly, studies using 

frontal irradiation of the catalyst were often limited to low current densities and applied 

potentials since gaseous products evolving from the catalyst surface in the liquid 

electrolyte strongly distort the measured spectra, due to the different X-ray absorption 

cross-sections of the electrolyte and gas phase products.15,18 A number of researchers 

have subsequently used different architectures based on X-ray irradiation through the 

back of the sample, which alleviated the issue of reaction rate and gas formation from 

disrupting the signal.14,16,17 Since many CO2 reduction catalysts designed for H-cells have 

a relatively thick and opaque substrate which blocks the incoming X-rays from reaching 

the surface, not all catalysts are suitable for the back irradiation geometry. Similarly, in 

many studies a large fraction of the signal is likely to come from the bulk material, rather 

than the active surface in contact with the electrolyte, resulting in a dampening of the 

surface features of interest. Thus, despite its powerful capabilities to probe catalysts 

under operando CO2 reduction conditions, an XAS cell design and technique that is 

capable of operating over a wide range of practical reduction conditions and catalysts 

has yet to be demonstrated and discussed in detail for CO2 reduction. 

Typical gas diffusion electrodes are made of porous carbon-based substrates with a 

carbon nanoparticle surface (also called a microporous layer) that offers surface area on 
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the nanoscale and roughness on the microscale.19,20 A catalyst deposited on top of the 

carbon support then forms a porous electrode layer with a higher electrochemically 

active surface area to volume ratio than planar electrodes, which suffer from CO2 

diffusion limitations.21 As long as the catalytic layer is not more than a few hundred 

nanometres thick, X-rays can then easily penetrate not only the carbon support, but the 

entire catalyst layer. Recent electrochemical CO reduction work has demonstrated that 

this approach can yield high quality operando XAS spectra on copper catalysts under 

different potentials and reaction environments.20,22 These reports show the power of 

operando studies to give insights into the catalyst’s compositional, structural, and 

electronic properties under operational conditions that cannot be observed with ex situ 

characterisation techniques alone. A comprehensive analysis and guide to perform 

operando XAS studies for CO2 reduction catalysts under representative reaction 

conditions can therefore be helpful to researchers in the field by introducing a relatively 

new tool to understand and evaluate CO2 reduction catalysts.  

Here, we provide a general guide to show the capabilities and shortcomings of operando 

XAS and how it can be used to evaluate catalyst properties under high current density 

electrochemical reactions in a GDE cell. First, we describe the experimental technique 

and setup in detail that was used for operando XAS analysis of CO2 reduction on gas 

diffusion electrodes, and compare the signal quality and capabilities for a variety of 

reaction conditions. We then showcase the technique for an operando XAS study of a 

copper catalyst deposited on a GDE, varying the catalyst thickness, reaction rate, 

electrolyte and overpotential, highlighting the experimental robustness of the approach. 

Finally, we provide a similar analysis for a silver catalyst deposited on a GDE. 

 Results – Guide to operando XAS on a GDE 
X-ray absorption spectroscopy measures the X-ray absorption coefficient μ(E) as a 

function of energy. It is a chemically selective, element-specific technique. X-rays with 

an energy equal to or greater than that of the specific absorber atom excite the core 

electron which then goes to the continuum as a photoelectron. The photoelectron wave 

is then scattered by the surrounding atoms. The absorption coefficient of the X-rays is 

determined by the local environment of the absorber atom and is therefore always 

unique, providing physical and compositional information of the local environment of 

a specific chemical element in terms of distances, Debye-Waller factors and coordination 

numbers. Since the energy of these electrons is so high (the 1s electron of silver needs to 

be excited by a 25515 eV X-ray) it makes the X-rays capable of traveling through 

materials of lower elemental mass without losing much of their intensity: the technique 

can therefore be used under operating conditions (operando) because it will be able to 

penetrate the electrolyte, catalyst support, and cell window.  
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Hard X-rays (E > 7 keV) are needed to probe the most active metal catalysts for 

electrochemical CO2 reduction (gold, silver, copper, tin), and offer a unique possibility 

for operando studies. The higher energies needed to excite the electrons of these metals 

are not absorbed by light materials such as carbon or oxygen (since their core electron 

energies are so much lower), offering the possibility to create operational cells that 

encase the metal of interest. The penetration depth of X-rays depends on the energy of 

the incident beam and the materials (electrolyte, cell window, catalyst support) that 

have to be crossed before being absorbed by the material of interest. Synchrotrons in 

particular offer a high flux of high energy X-rays compared to conventional X-ray 

characterisation techniques, improving the signal-to-noise ratio even more. A clear 

signal then allows for X-ray Absorption Near Edge Structure (XANES) and Extended 

X-Ray Absorption Fine Structure (EXAFS) data to be extracted, which can then be 

processed and analysed to provide information about the probed material. More 

information on typical EXAFS data analysis can be found in Appendix C. 

Valuable information can be obtained from XANES data, including the oxidation state 

of the catalyst during the reaction. Fitting of the EXAFS data can reveal the coordination 

number (concentration of chemical bonds), crystallite size, disorder, atom-to-atom 

distance and the type of atoms in the immediate vicinity of the probed element. This 

information can be obtained under different reaction conditions, allowing for changes 

in the structure of the catalyst to be measured and compared as a function of operating 

conditions. Furthermore, the stability of the catalyst material can be monitored during 

a reaction by comparing consecutive spectra, which for CO2 reduction can be useful to 

determine if changes in observed product selectivities over time are a result of the 

catalyst itself changing. In order to collect and use this data for analysis alongside typical 

electrochemical performance metrics (selectivity, potential, current density, stability), an 

electrochemical cell is required which allows for the input and output of X-ray signals, 

while functioning as close as possible to correlating electrochemical experiments. 

Cell design. While GDE and MEA based electrochemical cells for CO2 reduction have 

gained attention for their demonstrated performance benefits, these architectures also 

provide an optimal configuration for operando XAS studies. For example, commonly 

used GDEs are made of carbon-based materials that only require a thin (~100 nm) layer 

of catalyst to show highly selective, stable and efficient CO2 reduction performance.6 

Meanwhile, the GDE substrate is ~300 μm thick and made of carbon, allowing X-rays to 

pass through easily. This allows for a back-irradiation geometry without compromising 

the catalyst design, as shown in Figure 4.1a.23 A simple GDE cell design used in many 

recently published GDE-based CO2 reduction performance papers can then be easily 

modified to accommodate XAS measurements.24,25 The chamber used to continuously 

flush CO2 over the back of the GDE needs to be opened to allow the X-rays to enter and 

the produced fluorescent signal to leave the cell (Figure 4.1a). The cell opening can be 
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covered by a thin X-ray transparent window such as polyimide (Kapton) tape to allow 

X-rays to reach the GDE while confining CO2 within the reaction chamber. The opening 

should have wide angles to facilitate a 45° geometry between incoming X-rays and 

outgoing fluorescence, ensuring that a large signal reaches the detector.  

 

Figure 4.1. (a) Schematic and (b) picture of the cell used for operando XAS experiments 
described here. (c) Normalised absorption coefficient (μ(E)) and (d) EXAFS (k2χ(k)) data of 
a 100 nm thick Cu catalyst on a gas diffusion layer in various operating conditions: ex situ 
(orange), at open circuit potential in 1 M KOH (yellow), under 100 mA/cm2 (green) and 
200 mA/cm2 (turquoise) in 1 M KOH. Note that the 100mA and 200mA labels in the figures 
correspond to 100 and 200 mA/cm2 current density. 

The other components of the cell can be left exactly as they would be in a normal 

electrochemical performance study including a membrane, counter electrode, reference 

electrode and flowing anolyte and catholyte. Some of these components are typically 

absent in most XAS studies to minimise complexity and maximise signal, but their 

absence could also influence the activity and selectivity of the reactions taking place. 

The cell is also equipped with a peristaltic pump to ensure constant liquid flow 

throughout the cathode and anode chambers. Care should be taken to dampen or 

control the flow, however, as pulsations of the fluid flow can disrupt the gas-liquid 

interface formed by the gas diffusion electrode. A dual piston pump (a pump used for 
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high performance liquid chromatography (HPLC)) can be used to reduce the peristaltic 

pressure on the GDE.  

An operational issue that can arise during electrochemical testing of a GDE is flooding, 

or perspiration, of the liquid electrolyte crossing through the gas diffusion layer into the 

gaseous CO2 chamber. This can occur during electrochemical operation when the 

pressure in the catholyte compartment is higher than in the gas compartment. Flooding 

can also occur when the hydrophobicity of the GDE is affected by prolonged exposure 

to a high applied potential: this should be ruled out before the XAS experiments. 

Flooding will cause electrolyte droplets to appear on the gas side of the GDE, and 

possibly distort the XAS signal. To minimise this effect during XAS measurements, the 

pressure in the liquid (catholyte) compartment and the CO2 gas compartment should be 

controlled carefully. When a Kapton window is used, the pressure in the gas 

compartment could be lower than in other operational conditions, and therefore care 

must be taken to keep the experimental conditions of the XAS-modified cell as close as 

possible to the cell used for performance characterisation in order to draw strong 

structure-functionality relationships. 

While GDEs are often treated with very simple catalyst deposition techniques such as 

drop-casting, air spraying, evaporation, sputtering or electrodeposition, which allow for 

a thin catalyst layer to be deposited, more intricate catalyst design methods can be used 

as well, as long as the catalyst layer remains thinner than ~500 nm. The thickness of the 

catalyst layer can affect the signal quality in two major ways. First, the incoming X-rays 

are ultimately absorbed by the material of interest, and if the layer is too thick they will 

not be able to penetrate through the entirety of the catalyst layer. The received signal 

could then disproportionately be probing the material closest to the gas channel, rather 

than the whole layer. Second, fluorescence XAS is based on the assumption that the 

probed material is either a low concentration species or thin film compared to its 

environment. When this assumption is not met, the XAS signal will be dampened and a 

self-absorption correction has to be applied during data analysis.26 When the catalyst 

layer is sufficiently thin, XAS is highly suited to study complex catalysts such as alloys 

or metal-organic catalysts.17,27 In this regard, MEA cell architectures would then also be 

very suitable to study using a cell design similar to the one described above. A MEA 

consists of a catalyst layer deposited directly on, or adjacent to, the membrane, removing 

any resistance losses from the catholyte.28 In the following section, the operation of a 

GDE cell in an operando XAS setup will be discussed.  

Setup and operation of a GDE cell for operando XAS measurements. In addition to 

cell design and catalyst preparation, a number of other issues are important to consider 

in order to ensure a high signal-to-noise ratio of the desired active materials. For 

example, the sample alignment and electrochemical operating conditions are important 

for achieving the best XAS signals and resulting data.  
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To ensure easy changeover and alignment of sequential samples, and to keep similar 

signal strength and quality over extended operation, sample alignment for the XAS 

experiments is extremely important. It is advised to mount the cell on a motorised x-, y- 

and z-stage that can be used to align the cell with respect to the incident X-ray beam and 

the fluorescence detector. After an initial alignment, during a more accurate alignment 

the sample should be scanned at a fixed energy in the absorption window of the element 

of interest, while moving the cell with sample to find the location that gives the highest 

detection signal.  

For the cell to be controlled operando while taking active synchrotron measurements, 

the potentiostat should also be operated from the control room rather than the 

experimental room to ensure that the applied potentials and current densities can be 

varied in real-time. Here, the cell displayed in Figure 4.1a and 4.1b was used to collect 

operando XANES and EXAFS spectra during CO2 reduction on both copper and silver 

films that were sputtered on a GDE. Figure 4.1c shows normalised absorption coefficient 

spectra that were recorded under various experimental conditions (ex situ, under open 

circuit potential (VOC), and at applied current densities of 100 mA/cm2 and 200 

mA/cm2) on a GDE coated with a Cu catalyst. In Figure 4.1d, the data of Figure 4.1c was 

converted into the k2-weighted EXAFS (k2χ(k)) by converting the x-axis from energy to 

wavenumber and the absorption coefficient into χ(k) by dividing by the absorption 

coefficient of a Cu atom in vacuum (details can be found in the experimental section and 

Appendix C). The EXAFS is measured up to 13.4 Å-1 and shows high quality spectra, 

which can be seen from the high signal-to-noise ratio even at high k (>11 Å-1) and 

without any smoothing techniques applied to it. The y-axis in Figure 4.1c and 4.1d 

shows k2 χ(k), rather than simply χ(k). The k2 multiplication is performed because the 

EXAFS oscillations diminish quickly at larger distances from the absorber atom and 

become harder to interpret. 

Characterizing crystallite size. In any XAS study, the post-processing and analysis of 

the collected data is as important as obtaining a quality signal. The processed data can 

subsequently be used to provide structural information such as the catalyst crystallite 

size, which directly relates to the number of undercoordinated metal atoms. These 

atoms have often been identified as active sites in computational studies.29 In this study, 

we demonstrate operando electrochemical CO2 reduction on two catalysts, copper and 

silver, which are both metals with a face centred cubic (fcc) crystal structure. In an ideal 

bulk structure, any atom of a fcc material has 12 nearest neighbouring atoms that are all 

the same distance (R) away from the absorber atom. When crystallites (the smallest 

defect-free grains in a material) of a sample are less than 5 nm, the average amount of 

neighbouring atoms becomes smaller than 12 because some atoms are close to or at the 

surface of the crystallite where there are fewer neighbours due to the termination of the 

lattice. This correlation implies that the amount of neighbours in a fcc structure directly 
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relates to the size of the smallest single crystal grains.30,31 The number of neighbouring 

atoms is called the coordination number (Ni, where i is the shell number), which can be 

derived by fitting EXAFS data. The next nearest neighbour has a distance R2 and a 

coordination number N2. This neighbour is part of the second shell, whereas R1 and N1 

are part of the first shell.  

When depositing catalysts onto a GDE, the sample preparation plays a large role in the 

nanostructure and crystallite size of particles in the catalyst layer. When sputtering is 

used as the deposition technique, for example, a broad distribution of crystallite sizes 

typically exists, varying from a half to tens of nanometres. In XAS studies, the EXAFS 

data will give the dimension of the smallest crystallites, which may not be representative 

of the overall distribution of crystallite sizes in the catalyst layer. Microscopy such as 

high resolution scanning electron microscopy (HR-SEM) or TEM can potentially give a 

qualitative indication of the range of crystallite sizes in a sample. However, as 

mentioned above, operando TEM for electrochemical applications is severely limited in 

its experimental conditions and therefore not suitable for high current density studies. 

Furthermore, the Scherrer formula used in combination with X-ray diffraction (XRD) 

data can give an estimate of the size of the larger crystallites since it overestimates the 

crystallite size by neglecting polydispersity.32  

Using EXAFS data as an input, equation 4.1 can derive small crystallite sizes from the 

coordination number (N) and distance (R).30,31 

𝑁crystallite =  [1 −
3

4
(

𝑅

𝑅c

) +
1

16
(

𝑅

𝑅c

)
3

] 𝑁bulk                                                        4.1   

where Ncrystallite is the coordination number of the sample, R is the distance between the 

absorber atom and the neighbouring atom, Rc is the radius of the crystallite and Nbulk is 

the coordination number of a bulk fcc crystal. 

Shortcomings of operando XAS. Despite its unique capabilities to characterise material 

properties under operando conditions, X-ray absorption spectroscopy is inherently a 

bulk averaging technique in both location and time. The data acquired is highly 

localised, and the information obtained is on the angstrom length scale. Variations in 

the sample properties over space and time can however be difficult to assess. To address 

these shortcomings, X-ray micro-tomography can be used to image smaller sections of 

the sample one by one in the x and y direction, and then an overall image of the sample 

can be constructed.33 X-ray tomography is still limited to the smallest resolution of the 

beam, which is in the range of 300 nm/pixel at specialised beam lines. This is 

considerably larger than the length scale of expected catalyst variation in common 

electrodes, such as the ones we investigate in this work. Therefore, it is necessary to 

combine ex situ imaging techniques such as high resolution SEM or TEM with operando 
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XAS to more accurately observe the sample homogeneity. The averaging of XAS 

measurements applies to the lateral x and y directions across the surface and to the 

height in the z direction between the surface and further into the sample. The z direction 

is of interest regarding the catalyst thickness, as mentioned above, which should be kept 

sufficiently thin to make sure the surface and not just the bulk of the catalyst layer is 

probed. Therefore, the cell design described here is not suitable for thick (>500 nm) 

catalysts, which includes metal mesh catalysts that can be used instead of a GDE. 

On specialised beam lines, the acquisition time for a XANES spectrum can be as low as 

a few seconds.22 While this acquisition time is incredibly fast, molecular dynamics and 

possible surface restructuring can be orders of magnitude faster and might not be 

captured using XAS. Therefore, it is important to keep these dynamic processes in mind 

when attempting to correlate structure-functionality relationships. Standard acquisition 

time XAS can, however, provide information regarding steady-state operation on the 

order of minutes, as is common in electrochemical CO2 reduction systems. 

 Results – operando XAS on copper GDEs 
Copper is a versatile and interesting catalyst for electrochemical CO2 reduction. It is the 

only transition metal catalyst known to produce higher order carbon-based products in 

appreciable quantities, including ethylene and ethanol, and has been shown to 

restructure surface facets under different reductive conditions.34 In addition, copper 

produces a wide range of products, where the selectivity varies greatly with applied 

potential, current density, electrolyte composition, and surface morphology.35 

Furthermore, with the increased use of GDE-based systems, Cu catalysts have been able 

to achieve extremely high partial current densities for CO2 reduction (>800 mA/cm2).6 

In addition to testing the effects of alkaline electrolytes (1 to 10 M KOH), Dinh et al. also 

observed that changing the thickness of the catalyst layer impacted performance.6 All of 

these different operating conditions that are investigated in literature, and the 

subsequent changes in observed performance as a result, make copper an interesting 

catalyst to study with operando XAS.  

Varying current density and catalyst thickness. In this section, we show how the above-

mentioned parameters can easily be incorporated into operando XAS studies to examine 

operation-induced changes in the structure of the catalyst. We examine copper catalysts 

(see experimental section for details) under a broader range of conditions including 

different cell architectures (H-cell vs. GDE), applied current densities (1, 100 and 200 

mA/cm2), electrolyte (1 M KHCO3 and 1 M KOH) and catalyst layer thickness (20 and 

100 nm). A fresh Cu GDE was used for each new set of operational conditions. The 

spectra shown in Figure 4.1 and 4.2 are the results of averaging 3 individual 20 min XAS 

scans that were taken consecutively on the same sample. More details on data extraction 

can be found in the experimental section. Figure 4.2 shows the k2-weighted EXAFS 
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(k2χ(k)) (Figure 4.2a and 4.2b) and the Fourier transformed EXAFS spectra (Figure 4.2c 

and 4.2d) of Cu GDE samples subjected to these various reaction conditions.  

 

Figure 4.2. k2-weighted EXAFS data and fits of (a) several copper samples in a 1M KHCO3 
electrolyte: a Cu GDE at 1 mA/cm2 in an H-cell configuration (orange) and in GDE 
configuration (yellow). And a sample at 100 mA/cm2 (green). (b) Comparison between 100 
nm (orange) and 20 nm (yellow) Cu films on GDEs at 100 mA/cm2 in 1M KOH. (c) and (d) 
k2-weighted Fourier transformed EXAFS data of the spectra shown in (a) and (b) 
respectively. Note that the 1mA and 100mA labels in the figures correspond to 1 and 100 
mA/cm2 current density. 

Figure 4.2a shows the XAS results from a 100 nm thick Cu catalyst measured under 

different applied current densities in both the standard GDE-cell configuration (yellow 

and green lines) and in a modified H-cell (orange lines). To mimic an H-cell 

configuration, the GDE-cell was transformed by covering the back-side of the GDE with 

Kapton tape. This allowed X-rays to pass through to the sample, but prevented CO2 or 

other gasses from reaching the catalyst through the GDE substrate. Instead, the only CO2 

that could be reduced was supplied from the liquid phase by keeping the electrolyte 

saturated with CO2 via bubbling. Figure 4.2a shows that although the reaction 

conditions and even the cell configuration differ between these samples, the XAS spectra 

are nearly identical.  
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Since χ(k) plots are difficult to directly interpret, the spectra were also converted via 

Fourier transformation (FT), shown in Figure 4.2c. Here, it is possible to see the different 

Cu-Cu distances present in the sample. The shortest Cu-Cu distance has the highest 

peak at 2.2 Å. Note that the actual first Cu-Cu distance is 2.534 Å just like the data 

presented in Table 4.1, but the FT gives a lower number due to the phase-shift (see 

Chapter 1 for further details). The other peaks arise from the longer Cu-Cu distances. 

Figure 4.2c also shows that no other atoms than Cu atoms are present in this sample 

since all distances match only those expected for fcc copper.36  

Table 4.1. EXAFS fitting results of Figure 4.2b. Fitted R (Cu-Cu distance), N (coordination 
numbers) and σ2 (Debye-Waller factor) of first to fourth shell. The EXAFS diameter is 
calculated using equation 4.1 with N1 and the Scherrer diameter using the Scherrer formula 
based on XRD data from the Cu(220) facet at 59.9o 2θ in Figure 4.3a. Note that the 100mA 
label in the table corresponds to 100 mA/cm2 current density. The errors to the last digit 
are reported in parentheses. 

 100nm Cu 100mA KOH 20nm Cu 100mA KOH 

R1 (Å) 2.534(5) 2.542(5) 

N1 8.1(7) 7.6(7) 

σ2
1
 (Å2) 0.0056(4) 0.006(4) 

R2 (Å) 3.58(3) 3.59(2) 

N2 3.2(5) 2.9(7) 

σ2
2
 (Å2) 0.0056(5) 0.0066(4) 

N3 8.6(4) 8.2(6) 

σ2
3 (Å2) 0.010(5) 0.010(5) 

N4 4.2(6) 3.1(6) 

σ2
4 (Å2) 0.011(6) 0.012(7) 

EXAFS diameter (Å) 11.6(5) 10.3(5) 

Scherrer diameter (Å) 80 0 

 

Another benefit of using XAS is that this technique can examine samples that are very 

thin. This allows for the effect of different crystallite sizes or interactions with the 

substrate to be detected. Studying very thin catalysts is especially relevant for industrial 

applications where the use of (expensive) catalyst materials is preferably kept to a 

minimum, showing a need for studies evaluating the structural properties of different 

catalyst thicknesses under electrocatalytic conditions. 

Figure 4.2b compares the XAS spectra from a 100 nm Cu film with a 20 nm Cu film 

during CO2 reduction at 100 mA/cm2 in 1 M KOH. These reaction conditions are 

representative of other studies performed in this field and were therefore chosen to 
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study the effect of catalyst thickness under identical reaction conditions.6,37 The FT in 

Figure 4.2d reveals a reduction in the height of all individual peaks for the 20 nm sample 

compared to the 100 nm. Interestingly, the XRD diffractograms of the 100 and 20 nm Cu 

catalysts on the GDEs (taken ex situ, before CO2 reduction, Figure 4.3a) show no 

crystallinity in the 20 nm film as evidenced by the lack of peaks at 50.9° and 59.5° 2θ. 

The Scherrer formula shows a crystallite size (sometimes referred to as grain size) of 80 

Å (8 nm) for the 100 nm sample based on the Cu(200) facet at 59.5° 2θ, and shows a 

completely amorphous film for the 20 nm sample (Figure 4.3a). However, by fitting the 

XAS data from Figure 4.2b, it is possible to extract local-range information and the 

crystallite size can be determined from equation 4.1.30 As shown in Table 4.1, the 

crystallite sizes are found to be 10.3 Å and 11.6 Å in diameter for the 20 nm and for the 

100 nm sample, respectively. 

To understand the discrepancy in crystallite size between the two techniques, the 

difference between the characterisation methods becomes helpful to discuss. Both the 

XAS and the XRD data give averaged spatial data, however XAS provides an estimate 

of the lower crystallite sizes while XRD provides an estimate of the larger crystallite 

sizes.32 The XRD diffractogram of the 20 nm sample shows no defined crystallite size or 

structure, so it appears that even the larger particles of the 20 nm sample are below the 

detection limit of the XRD apparatus. Since the FT spectrum of the 20 nm sample 

maintains the fcc shape (same shape as the 100 nm GDE spectrum) the sample seems to 

not be truly amorphous. The 100 nm Cu electrode has nanoparticles that range from 12 

to 80 Å and the 20 nm sample consists of particles ranging from 10 Å to a value below 

80 Å.  

Figure 4.3. (a) XRD diffractograms of a bare GDE, a copper foil, a 100 and a 20 nm Cu film 
on a GDE substrate. (b) Faradaic efficiency data for a 100 nm and 20 nm thick Cu sample 
at 100 mA/cm2 in 1M KOH. 

The Cu-Cu distances (R) and Debye-Waller factors (σ2) are different for the two 

thicknesses, with the 20 nm film having larger Cu-Cu distances and a higher Debye-
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Waller factor compared to the 100 nm catalyst. The Debye-Waller factor is a measure of 

disorder in the crystal lattice; when atoms are not perfectly aligned according to the fcc 

structure, the Debye-Waller factor increases. Since the 20 nm sample is an amorphous 

film, meaning no long-range ordering was found in the XRD data, it seems likely that 

under applied potential the catalyst will restructure, causing disorder and altered Cu-

Cu distances, as can be seen from the higher σ2 and R in Table 4.1 for the 20 nm sample. 

Potential-dependent restructuring of Cu catalysts was also found by Huang et al.34 This 

structural disorder in the catalyst does not seem particularly beneficial for the CO2 

reduction performance in terms of selectivity, however, as can be seen in the measured 

products in Figure 4.3b. Most notably, the ethylene (C2H4) selectivity is considerably 

higher for the more ordered 100 nm Cu sample and the carbon monoxide (CO) 

selectivity is higher for the 20 nm Cu catalyst. Whereas copper is normally known to 

produce C2-products, with the 20 nm Cu catalyst very little C2-products were detected. 

A higher degree of the variation between the first and second EXAFS scans was 

observed for the 20 nm sample compared to the 100 nm sample (Figure C1). This result 

seems to imply that the restructuring of the 20 nm sample takes quite long. These data 

are similar to the results found by Huang et al. where restructuring processes were also 

slow (minutes and even hours) and still strongly influenced the hydrogen evolution 

reaction (HER) compared to CO2 reduction selectivity.34 

Effect of applied current density. As copper is known to readily restructure during CO2 

reduction as well as form oxides in air or at a positive applied potential, it is necessary 

to examine its surface structure and composition under a wide variety of conditions. It 

is critical to know whether the changes in the reaction environment as a function of 

applied current density or potential might change the structure of the catalyst, and if 

this may contribute to a variation in product distribution.  

To probe this question directly, we compared the XAS spectra obtained under ex situ, 

open circuit potential and two applied current densities (100 and 200 mA/cm2) in 

1 M KOH. In Figure 4.4 and Table 4.2 the change in the catalyst structure between the 

ex situ and open circuit cases is shown. Note that this graph is the FT of the data in 

Figure 4.1c and 4.1d. From the FT spectra it can be observed from the peak at 2.2 Å that 

the ex situ Cu film has a smaller crystallite size than Cu during CO2 reduction, but is 

larger compared to the sample under open circuit conditions (VOC). In VOC (+0.7 V vs. 

RHE), the potential is close to an oxidising potential, making the sample less resistant 

against restructuring induced by a combination of potential and a highly alkaline 

environment. For example, during all XAS experiments on the Cu GDEs, a restructuring 

of the Cu was observed to either smaller crystallites or slightly oxidised copper after the 

negative applied potential was turned off and the sample was left in open circuit 

conditions. This restructuring seemed to take place immediately as the copper was kept 
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in open circuit conditions (the VOC measurement was started directly after the applied 

current density experiment). 

 

Figure 4.4. FT graphs of EXAFS data shown in Figure 4.1 of a 100 nm Cu film under various 
conditions: ex situ (orange), under open circuit potential (yellow), at 100 and 200 mA/cm2 
(green and blue) applied current density. Note that the 100mA and 200mA labels in the 
figure correspond to 100 and 200 mA/cm2 current density. 

Table 4.2. EXAFS fitting results of Figure 4.4. Fitted R (Cu-Cu distance), N (coordination 
numbers) and σ2 (Debye-Waller factor) of first to fourth shell and the EXAFS diameter 
calculated using equation 4.1 with N1. Note that the 100mA and 200mA labels in the table 
correspond to 100 and 200 mA/cm2 current density. The errors to the last digit are reported 
in parentheses. 

 Ex situ Cu Voc 100mA KOH 200mA KOH 

R1 (Å) 2.537(5) 2.54(2) 2.534(5) 2.54(2) 

N1 7.4(7) 7.5(7) 8.1(7) 8.2(7) 

σ2
1 (Å2) 0.0057(6) 0.007(6) 0.0056(7) 0.0059(5) 

R2 (Å) 3.59(1) 3.59(2) 3.58(2) 3.59(2) 

N2 2.8(7) 2.8(8) 3.2(7) 3.3(7) 

σ2
2 (Å2) 0.0045(5) 0.0062(8) 0.0056(5) 0.0057(7) 

N3 8.0(7) 8.1(7) 8.6(7) 8.7(7) 

σ2
3 (Å2) 0.009(4) 0.010(3) 0.010(3) 0.009(3) 

N4 2.8(8) 3.1(8) 4.2(8) 4.5(7) 

σ2
4 (Å2) 0.011(5) 0.014(5) 0.011(5) 0.012(5) 

EXAFS diameter (Å) 10(1) 10(1) 12(1) 12(1) 
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Although the exact amount of polydispersity is difficult to obtain directly from EXAFS 

data, some important observations can be made. It can be argued that a high degree of 

polydispersity in a fcc structure would produce a strong suppression of the coordination 

number of the higher (third and fourth at 4 - 5 Å) shells. The Cu thin films presented in 

this work have a similar intensity ratio between the different shells as a bulk metal foil 

would have, indicating a rather monodisperse material once held under fixed reaction 

conditions.  

In summary, the Cu gas diffusion electrode-based cell design for operando XAS allows 

the ability to obtain quantitative XANES and EXAFS data for a wide variety of operating 

conditions. Differences in crystallite size between the 20 and 100 nm Cu films during 

CO2 reduction were observed under reaction conditions. Significant changes were found 

for a 100 nm Cu GDE between the ex situ, open circuit and applied current density 

conditions. This is very important to note since not all catalyst characterisation can be 

performed under operando conditions, while it clearly does influence the catalyst’s 

electronic and structural properties. Interestingly, a strong difference was not found 

between the samples that had an applied current density of 100 and 200 mA/cm2. 

Likewise, the spectra in Figure 4.2a of 1 and 100 mA/cm2 in 1 M KHCO3 are very similar 

as well. Surprisingly, no clear correlation between material properties and product 

selectivity as a function of current density was found on the sputtered copper samples. 

 Results – operando XAS on silver GDEs 
Silver is an excellent catalyst for the selective reduction of CO2 to CO, showing the ability 

to operate at low overpotentials and remain highly selective and stable especially when 

used in a GDE configuration.25,38 Similar to copper, silver can be deposited on a GDE by 

various techniques such as sputtering, air brushing or electrodeposition and needs no 

additional pre-treatment to be highly active. Nonetheless, these single metal catalysts 

reach a selectivity for CO2 reduction over the hydrogen evolution reaction (HER) that is 

many times higher than in an aqueous H-cell configuration that is constrained to limited 

current densities by the concentration and transport of CO2.25 On silver based GDEs, 

99% Faradaic efficiency toward CO2 reduction products is easily reached, whereas only 

with intricate or highly nanostructured catalyst designs was it possible to reach close to 

90% FE in H-cells, at a far lower current density (~1 mA/cm2) and higher 

overpotentials.38,39,40 For H-cell configurations, it has been speculated that the low buffer 

capacity in nanostructured catalysts enables the local pH in the near vicinity of the 

electrode to rise, suppressing HER and reaching higher FEs for CO2 reduction 

products.41 In addition, material changes invoked by the catalyst fabrication method in 

the form of exposing specific crystal facets, defects or dopant insertion, can play a role 

in making the catalyst electrode more selective.15,29,42,43 In the case of Ag GDE systems, 

the pH is responsible for the change in product selectivity. The HER is a pH-dependent 
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reaction, whereas CO2 reduction is not, making alkaline conditions a suitable 

environment to favour CO2 reduction over the HER. 

Figure 4.5a shows the Fourier transformed spectra of several 100 nm silver samples 

deposited on GDEs and tested under various reaction conditions. An ex situ 

measurement (orange) is compared to operando samples held at 1 mA/cm2 (yellow), 

100 mA/cm2 (green) and 200 mA/cm2 (blue) in 1 M KOH, performed under CO2 

reduction conditions. The FT spectra of these measurements show a strong Ag-Ag signal 

in the first shell at 2.5 Å, but the higher shells have a relatively dampened signal. This 

implies that the sample is very polydisperse in crystallite size and it could also account 

for the mismatch in the FT fits. Notably, the fit in k2χ(k) (Figure 4.5b) is quite good, 

however, so the distances and Debye-Waller factors seem to be reasonable. The k2χ(k) 

spectra corresponding to all FT spectra in Figure 4.5a are presented in Figure C2. 

To identify the exact difference in structure and composition between these spectra, an 

EXAFS fitting analysis was performed using GNXAS. This software package fits the 

entire EXAFS range, rather than shell by shell. The silver EXAFS analysis reveals the 

presence of a Ag-X contribution in samples held at higher current densities (Table 4.3) 

where X is a light and small element such as O, C or N. The Ag-X distance is very short 

compared to the other shell distances, with a size in the range of 2.05 – 2.07 Å. A possible 

candidate for X that fits these distances is oxygen. The Ag-X distance is slightly longer 

than for pure silver oxide (1.90 – 2.05 Å) but shorter than the recently found long Ag-O 

bonds on oxide-derived silver or the bond between Ag and a SiO2 support.15,44 A shorter 

distance or bond length means a stronger interaction between the species and possibly 

a (locally) positively charged silver. A Ag-O distance between 2.04 and 2.20 Å has been 

found to belong to linear two-fold oxygen coordinated Ag-O: O-Ag-O.45 Ag-CO and Ag-

OH on a Ag(110) surface were calculated to be 2.262 and 2.210 Å, respectively. Another 

candidate for X could be carbon. For Ag-C, a bond length of 2.214 and 2.336 Å for the 

vertically and horizontally adjacent Ag atoms was calculated.  

Ex situ HR-SEM, XRD and XPS revealed the presence of monoclinic kalicinite (KHCO3) 

crystals on the surface of the sample tested at 1 mA/cm2 in 1M KOH, which could 

potentially give rise to a Ag-C signal (Figure C3 and C4). However, there are no 

kalicinite crystals found on the 100 and 200 mA/cm2 KOH samples, which is where the 

Ag-X contribution was observed. When the silver is negatively charged, potassium ions 

near its surface will not be fully solvated anymore and the bond between silver and 

potassium can become direct, without any water molecules in between them.46 

However, the Ag-K distance was found to be 3.30 Å, and can therefore not account for 

the short distance that was found in the fitting process.47 The most likely candidate for 

X seems to be oxygen, but the role of the Ag-O bond in this system remains unclear. 
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Figure 4.5. (a) FT graphs of EXAFS data and fits of 100 nm Ag samples under various 
conditions: ex situ, and under 1, 100 and 200 mA/cm2 applied current density in 1 M KOH. 
(b) k2χ(k) and fit of the Ag GDE at 100 mA/cm2 in 1 M KOH. Note that the 1mA, 100mA 
and 200mA labels in the figures correspond to 1, 100 and 200 mA/cm2 current density. 

Table 4.3. EXAFS fitting results of Figure 4.5a. Fitted R (Ag-Ag distance), N (coordination 
numbers) and σ2 (Debye-Waller factor) of first to fourth shell and the EXAFS diameter 
calculated using equation 4.1 for N1. Note that the 1mA, 100mA and 200mA labels in the 
table correspond to 1, 100 and 200 mA/cm2 current density. The errors to the last digit are 
reported in parentheses. 

 Ex situ Ag 1mA KOH 100mA KOH 200mA KOH 

RAg-O (Å) 0 0 2.074(5) 2.050(5) 

NAg-O 0 0 1.2(5) 1.2(5) 

σ2
Ag-O (Å2) 0 0 0.0059(5) 0.0059(6) 

R1 (Å) 2.874(4) 2.867(4) 2.864(4) 2.864(4) 

N1 6.0(7) 7.4(7) 8.7(6) 7.5(5) 

σ2
1 (Å2) 0.0055(4) 0.0055(4) 0.0055(5) 0.0055(4) 

R2 (Å) 4.06(6) 4.06(6) 4.05(6) 4.05(6) 

N2 1.8(7) 2.8(7) 3.7(7) 2.8(7) 

σ2
2 (Å2) 0.010(5) 0.010(5) 0.009(5) 0.007(5) 

N3 6.8(7) 8.0(7) 8.3(8) 8.1(8) 

σ2
3 (Å2) 0.010(5) 0.010(5) 0.010(7) 0.010(7) 

 

When comparing the data in Figure 4.5a, it was found that all samples under operando 

conditions and the ex situ sample have similar Ag-Ag distances (R1-R4) and similar 

Debye-Waller factors. The main deviation is found in the coordination numbers. The 

coordination number and its derived dimension have a large standard deviation due to 

the strong polydispersity in the silver samples. To determine the upper bound of the 

particle size distribution, a Scherrer analysis on an XRD diffractogram of a fresh 100 nm 
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Ag sample was performed and revealed a 20 nm grain size, determined by the Ag(220) 

reflection at 76.6° 2θ. This is considerably higher than the upper bound of the copper 

samples, indicating a larger range of particle sizes within the silver samples compared 

to copper.  

The overall trends that can be distinguished from the silver GDE experiments are an 

increase in size when comparing ex situ to operando samples and a decrease in Ag-Ag 

distance. For higher current densities the appearance of a small Ag-O contribution is 

identified. 

 Discussion  
While ex situ, open circuit and operando applied current density spectra reveal a 

difference in crystallite size in both Cu and Ag samples, interestingly enough, no clear 

correlation is found between the different operating current densities. This is surprising 

especially for copper since several papers have shown the selectivity of CO2 reduction 

products to vary with the applied current density.6,37 Often, lower current densities 

produce mainly H2 and CO and at higher applied current densities the product 

distribution becomes more C2 dominant. From the results in the current work it appears 

that this selectivity variation is not related to structural changes in the catalyst, rather, it 

is most likely related to changes in potential and the local concentration of reactant 

species. The big difference between the ex situ and operando spectra for both copper 

and silver does however indicate a large degree of restructuring during the initial stages 

of operation. Given the length of these and most other operando studies, it is uncertain 

whether further restructuring might occur after hundreds of hours of operation. As we 

reach the point where we are investigating catalysts for industrial use (thousands of 

hours) operando spectroscopy could play an important role in observing and 

identifying the mechanisms behind catalyst (in)stability. 

Another observation made in this work was the varying degree of polydispersity found 

in the silver and copper GDEs and warrants further investigation. Therefore, an 

additional analysis on the obtained copper and silver data was performed on the 

coordination numbers found through EXAFS fitting to determine the variation between 

coordination numbers of different shells within one sample. Since the coordination 

numbers are used to determine the crystallite size, a variation in coordination number 

indicates a variation in crystallite size. The coordination numbers (N) are normalised 

with respect to their bulk values (zi) which are 12, 6, 24 and 12 for the first through fourth 

shell giving N/zi. The normalised coordination numbers are then plotted as a function 

of their shell number (Figure 4.6). Here, the coordination numbers are compared to the 

expected N/zi values for a spherical particle based on their N1 value and equation 4.1, 

and the expected values are represented by the solid lines in Figure 4.6. Any deviation 

of the actual data points (symbols) from their corresponding solid lines can be 
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interpreted to arise from one of three mechanisms. Either the particles are not spherical, 

or the error in the fitting process causes the deviation, or the samples are so polydisperse 

that they don’t adhere to equation 4.1. HR-SEM (Figure C4a) shows the presence of 

spherical particles, so this does not seem to be a likely candidate to explain the deviation. 

Note that the HR-SEM image only shows the largest clusters around 20 nm, the smaller 

clusters as identified by EXAFS analysis cannot be seen due to the limit in image 

resolution. This limitation means that HR-SEM in the current case cannot be used for a 

full polydispersity analysis. The error in coordination number is up to 20% (see Table 

4.1-4.3), which is enough to explain the deviation found between actual data and the 

theoretical prediction of equation 4.1 in the case of copper (Figure 4.6a). For example, 

the actual N/z3 for the Cu sample tested at 100 mA/cm2 in 1 M KOH is 0.36, whereas 

equation 4.1 predicts 0.45. This difference can be explained by a 20% error and is the 

biggest outlier in Figure 4.6a. In the case of silver however, N/z3 of the sample tested at 

100 mA/cm2 in 1 M KOH is 0.35 while equation 4.1 predicts 0.53, a 50% difference. For 

silver it therefore seems that the catalysts show a higher level of polydispersity in their 

films compared to copper. 

The main difference between the silver and copper catalysts on GDEs is then the level 

of polydispersity that is larger for the silver samples. Both catalysts show variation in 

crystallite size between ex situ and CO2 reduction conditions. The involvement of 

oxygen was found for silver and not for copper, implying that there could be a 

mechanistic difference between the two catalysts.  

 

Figure 4.6. Normalised coordination numbers per shell (N/zi, squares) are compared to 
the expected coordination numbers for a spherical particle, calculated using equation 4.1 
based on N1 (lines). Coordination numbers of (a) the copper data presented in Figure 4.4 
and (b) the silver data presented in Figure 4.5a. Note that the 1mA, 100mA and 200mA 
labels in the figures correspond to 1, 100 and 200 mA/cm2 current density.  



 

Operando X-ray absorption spectroscopy II 

 

114 

 Conclusions 
In this work, we provide a detailed approach to design and perform operando XAS 

studies for electrochemical CO2 reduction systems using a gas diffusion electrode based 

system. The presented configuration not only allowed for high-quality spectra to be 

obtained, but was demonstrated to work under a range of operating conditions which 

more closely resemble the needs of practical applications in the electrochemical field the 

last couple of years. The GDE configuration is well-suited to a back-irradiation geometry 

due to the porous and thin catalyst layer, overcoming design and operational challenges 

of previous operando systems. In the future, this cell design could easily be adopted to 

accommodate MEA-based electrodes.  

Several results using two common electrochemical CO2 reduction catalysts, copper and 

silver, deposited onto GDEs are presented as well, demonstrating the approach can be 

used for more than one of the catalytic materials and structures that have been 

developed over the last decade. The copper samples were shown to severely alter their 

structure in terms of crystallite size and amount of disorder upon a change from ex situ 

to open circuit and applied current density conditions. However, there exists little 

difference in size between different applied current densities. When comparing the 20 

nm and 100 nm Cu samples, the 20 nm sample exhibited increased structural disorder 

and decreased crystallite size. 

On the silver samples at high applied current density, a Ag-X contribution was found 

and is ascribed to Ag-O. Similar to copper, the silver crystallite size of the ex situ sample 

is smaller than the samples during CO2 reduction. However, the strong degree of 

polydispersity found in the silver samples is very different than what was observed for 

the copper coated electrodes. 

In short, an operando XAS system can provide unique information about the catalytic 

structure of CO2 reduction catalysts. Pairing operando XAS data with electrocatalytic 

performance data, system modelling and highly sensitive ex situ material 

characterisation techniques offers a unique approach to study electrochemical catalysts 

in general and help further CO2 reduction research in particular.  

 Experimental section   
Sample fabrication. Copper and silver where sputtered in 100 and 20 nm layers by 

direct current magnetron sputtering in an AJA magnetron sputtering system on Sigracet 

39 BC carbon paper containing 5% PTFE to ensure hydrophobicity.  

Electrochemical characterisation. Gaseous products from CO2 reduction were 

measured on an online Compact GC (Compact GC 4.0 from Global Analytical Solutions 

with H2/O2/C1-C5 analyser). The GC took an aliquot every three minutes. CO2 
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reduction was performed for 23 minutes at a fixed current density of -1, -100 and -200 

mA/cm2 supplied by a Parstat 4000 potentiostat from Ametek. The reaction was 

performed in a homemade PMMA 3-compartment flow cell.24 A peristaltic pump 

supplied either 1 M KOH (40 wt% KOH in H2O, Sigma Aldrich) or 1 M CO2-saturated 

KHCO3 (99.95% K2CO3 from Sigma Aldrich) to both the anodic and cathodic liquid 

compartment at 15 ml/min. The gas compartment was purged with 10 ml/min 99.99% 

CO2. A Ni mesh was used as counter electrode in the KOH experiments, a Pt wire was 

used as counter electrode in the KHCO3 experiments. A glass Ag/AgCl electrode 

(saturated KCl, XR300, Radiometer Analytical) was used as reference electrode. An 

anion exchange membrane (Fumasep FAB-PK-130) separated the liquid compartments. 

The solvent resistance (Ru) was between 3 and 6 Ω in all experiments as measured via 

electrochemical impedance spectroscopy.  

XAS characterisation. X-ray absorption spectra were recorded at the Dutch-Belgian 

beamline (DUBBLE, 26A) of the European Synchrotron Radiation Facility (ESRF) in 

Grenoble, France. Silver K-edge (25515.59 eV) spectra were recorded between 25300 and 

26055 eV. Copper K-edge (8980.476 eV) spectra were recorded between 8879 and 9679 

eV. The energy of the X-ray beam was tuned by a double-crystal monochromator 

operating in fixed-exit mode using a Si(111) crystal pair. XANES and EXAFS spectra of 

the samples were collected in fluorescence mode using a 9-element Ge detector (Ortec 

Inc.), whereas reference spectra of the metallic Ag and Cu foil and the silver and copper 

oxides were collected in transmission mode using Ar/He-filled ionisation chambers at 

ambient temperature and pressure. The photon flux of incoming X-rays is ~2.5 * 1010 

photons/cm2. All samples were measured in a standard 45° fluorescence configuration. 

EXAFS data analysis was performed on data that was averaged from three 20-minute 

scans. 

For the operando measurements the same electrochemical cell as described for the 

electrochemical measurements was used. The gas compartment contained a Kapton-

tape covered window through which the X-rays could reach the backside of the sample. 

A Biologic SP240 potentiostat was used to control the current density in a three-electrode 

configuration. The catalyst behaviour in a GDE cell is compared to behaviour in an 

H-cell using XAS. To keep other parameters unchanged, the H-cell behaviour is 

measured in the same cell (on a GDE) but with CO2 dissolved in electrolyte and the back 

of the GDE taped so no gasses can enter or leave through there. 

EXAFS data analysis. Because of the cell design, measurements could not be performed 

in transmission geometry. Instead, the EXAFS spectra were acquired in fluorescence 

mode under a 45° angle of incidence. The thin film samples abide the dilute sample 

approximation necessary for proper data extraction of fluorescence geometry 

measurements and did therefore not need any self-absorption correction data treatment. 

Spectra taken of the same sample were combined and normalised. The recorded and 
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analysed k-range was 3.1 – 13.5 Å-1 for the copper data and 3.1 – 14 Å-1 for the silver 

data. 

Data extraction and EXAFS analysis were carried out with the GNXAS package for both 

Cu and Ag EXAFS data.48,49,50 In this approach, the local atomic arrangement around the 

absorbing atom is decomposed into model atomic configurations containing 2,...,n 

atoms. The theoretical EXAFS signal χ(k) is given by the sum of the n-body contributions 

2, 3,…., n, which take into account all the possible single and multiple scattering (MS) 

paths between the n atoms. The fitting of χ(k) to the experimental EXAFS signal allows 

to refine the relevant structural parameters of the metal Cu/Ag coordination shells; the 

suitability of the model is also evaluated by comparison of the experimental EXAFS 

signal Fourier transform (FT) with the FT of the calculated χ(k) function. Assuming that 

the Cu and Ag crystallites have a fcc structure, two 2 terms take into account the first 

and second coordination shell, respectively. The first-shell M−M R1 distance is linked to 

the fcc a-axis length (the lattice constant a) by R1 = a/√2, while the second neighbours 

are placed at R2 = a. The higher shells are calculated according to three-body 

contributions: the third-shell term, at R3 = a*√1.5, is relative to an isosceles triangle with 

two first neighbour R1 sides and vertex angle θ = 120°, whereas the fourth shell 

contribution, involving particularly strong multiple scattering contributions, is obtained 

from the degenerate (θ = 180°) triangle formed by three aligned first neighbours and is 

R4 = a*√2. Since all distances Ri are a function of a, only a needs to be determined. Then, 

the lattice constant a, the Debye−Waller factors, and the crystallite size are the only 

parameters needed for the structural analysis of the two metals Cu and Ag respectively. 

When needed, for the Ag catalyst an extra 2 contribution has been added to consider 

the Ag-O distance. Errors were determined with a 95% confidence interval as described 

in the GNXAS package. The error in N is larger than might be expected because the 

parameters N and σ2 are correlated in GNXAS. The dimension was allowed to vary up 

to a maximum value based on XRD and EXAFS metal foils data.  

Ex situ catalyst characterisation. XRD patterns (25°−100° 2θ) were collected using a 

Bruker D8 Advance X-ray diffractometer in Bragg−Brentano configuration with a cobalt 

source (λ = 1.7889 Å). XPS experiments were conducted using a Thermo Scientific K-

alpha apparatus equipped with an Al K-alpha X-ray Source and a Flood Gun to avoid 

charging of the sample. Parameters used for the measurements were: spot size of 400 

μm, pass energy of 50 eV, energy step size of 0.1 eV, dwell time of 50 ms, 10 scans in the 

vicinity of the Ag 3d, C 1s and O 1s orbital binding energy. HR-SEM images were taken 

with a Nova NanoSEM at an accelerating voltage of 5 kV. Samples were rinsed with 

water and dried with nitrogen before ex-situ material characterisation. 
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Appendix C 
Data analysis The raw data obtained in an XAS experiment is often averaged when 

multiple scans are taken consecutively under the same reaction conditions on one 

sample. The averaged spectra are then normalised, sometimes smoothed and plotted to 

show the normalised absorption coefficient μ(E). Often only the 30 - 100 eV after the 

absorption edge are shown, this is the XANES spectrum. The μ(E) can be converted to 

give the EXAFS χ(k) as explained in great detail by many other books and papers.1,2,3 

The Fourier Transform (FT) of χ(k) gives a spectrum that is easier to interpret by eye 

compared to the χ(k) spectrum. The x-axis now displays the distance between the 

absorber atom and the neighbouring shells, the y-axis is a measure of the intensity. The 

EXAFS can be fit to the EXAFS equation using different software tools, including 

GNXAS, Athena and Viper.4–6,7  

 

Figure C1. Blue and purple are scan 1 and 2 of the 100 nm Cu GDE 100mA/cm2 in KOH, 
red and green are scan 1 and 2 for the 20 nm Cu GDE at 100 mA/cm2 in KOH. 
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Figure C2. EXAFS data in k2χ(k) for 100 nm Ag GDEs measured under various 
experimental conditions, the matching FT spectra are shown in Figure 4.5a. Note that the 
1mA and 100mA labels in the figures correspond to 1 and 100 mA/cm2 current density. 

Figure C3. XPS C 1s, Ag 3d and O 1s spectra of a fresh 100 nm Ag on GDE, samples after 
1h at 100 mA/cm2 and 1 mA/cm2 in KOH on a 100 nm Ag GDE and a fresh 20 nm Ag GDE 
sample. The C 1s graph includes the K 2p signal at 292 and 295 eV. Note that the 1mA and 
100mA labels in the graphs correspond to 1 and 100 mA/cm2 current density. 
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Figure C4. (a) XRD of a fresh 100 nm Ag GDE and a 100 nm Ag GDE after 1h at 1 mA/cm2 
in KOH sample. Besides the silver and GDE diffraction peaks, the 1 mA KOH sample also 
gives diffraction peaks of monoclinic kalicinite, or KHCO3 crystals. (b) HR-SEM image of 
the 1mA KOH sample showing thread-like kalicinite structures on top of the Ag thin film. 
Scale bar is 1 μm. Note that the 1mA label in the figure corresponds to 1 mA/cm2 current 
density. 
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Photocharging has recently been demonstrated as a powerful method to improve the 

photo-electrochemical water splitting performance of different metal oxide 

photoanodes, including BiVO4. In this work, we use ambient-pressure X-ray Raman 

scattering (XRS) spectroscopy to study the surface electronic structure of photocharged 

BiVO4. The O K edge spectrum was simulated using the Finite Difference Method Near 

Edge Structure (FDMNES) method, which revealed a change in electron confinement 

and occupancy in the conduction band. These insights, combined with ultraviolet-

visible spectroscopy (UV-vis) and X-ray photoelectron spectroscopy (XPS) analyses, 

reveal that a surface layer formed during photocharging creates a heterojunction with 

BiVO4, leading to favourable band bending and strongly reduced surface 

recombination. The XRS spectra presented in this work exhibit good agreement with 

soft X-ray absorption near-edge structure (XANES) spectra from literature, 

demonstrating that XRS is a powerful tool to study the electronic and structural 

properties of light elements in semiconductors. Our findings provide direct evidence of 

the electronic modification of a metal oxide photoanode surface as a result of the 

adsorption of electrolyte anionic species under operating conditions. This work 

highlights that the surface adsorption of these electrolyte anionic species is likely present 

in most studies on metal oxide photoanodes and has serious implications for the photo-

electrochemical performance analysis and fundamental understanding of these 

materials. 
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 Introduction 
Bismuth vanadate (BiVO4) is an extensively investigated n-type metal oxide 

semiconductor that has shown promising properties for photo-electrochemical (PEC) 

water splitting.1 It has generated the highest photocurrent for a metal oxide photoanode 

to date2 and the band gap of 2.4 eV could potentially be suitable to make BiVO4 a good 

top absorber in tandem PEC devices with a low band gap bottom absorber.3 In addition, 

the optoelectronic properties of BiVO4 are easily modified: the material can 

accommodate a large number of defects and dopants, enabling a high degree of material 

engineering making BiVO4 a suitable model photoanode.4 Many improvements in the 

PEC performance of BiVO4 have used the addition of dopants to improve electron 

conductivity3,5, or the addition of co-catalysts to improve the kinetics of the oxygen 

evolution reaction (OER).6,7  

Interestingly, recent work by Zachäus et al.8 showed that surface recombination is one 

of the major performance-limiting factors for BiVO4. In fact, the presence of a cobalt 

phosphate (CoPi) catalyst on the surface of BiVO4 suppresses surface recombination by 

aiding the transfer of holes from the semiconductor valence band (VB) to the OER 

intermediates. While CoPi effectively suppresses surface recombination, it also 

introduces parasitic light absorption, which is unwanted in a practical device.9 Recently, 

the photocharging (PC) technique has been introduced on BiVO4 photoanodes, which 

drastically reduced the onset potential for OER and increased the photocurrent density 

and fill factor of PC-BiVO4 compared to untreated BiVO4.10 This treatment was 

performed by exposing BiVO4 photoanodes to prolonged exposure to AM1.5 

illumination under open circuit conditions in a neutral electrolyte. After extensive 

material characterisation, it was shown that the surface structure of BiVO4 was altered 

upon photocharging.10,11 This treatment lead to a suppression of the surface 

recombination of photogenerated charge carriers, improving the overall photo-

electrochemical performance of BiVO4. In a follow-up work, the pH of the electrolyte 

was found to have a significant effect on the photocharging enhancement, where an 

alkaline solution increased the PEC performance more compared to a neutral or slightly 

acidic electrolyte.11 Using Intensity-Modulated Photoelectron Spectroscopy (IMPS) and 

a hole scavenger, Liu et al. quantified the enhancement from photocharging in the bulk 

and at the surface of BiVO4 in a potassium phosphate buffer.12 It was demonstrated that 

photocharging of BiVO4 resulted in a significant enhancement in both the bulk charge 

separation and surface charge transfer efficiencies. Similar photo-electrochemical 

enhancements have also been recently shown in other metal oxide photoanodes such as 

WO3
13, CuWO4

14 and doped Fe2O3
15,16, showing that the photocharging treatment can be 

extended beyond BiVO4, and is a potentially generalizable phenomenon.  

Recently, Favaro et al.17 have reported the formation of a Bix(PO4)y layer at the surface of 

a BiVO4 photoanode when illuminated in a phosphate buffer under open circuit 
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conditions. A similar copper borate layer was formed during the examination of CuWO4 

when it was photocharged in a borate buffer.14 These results suggest that an overlayer 

is formed at these metal oxide photoanode surfaces upon illumination by the 

chemisorption of the electrolyte anionic species. It was proposed that this 

semiconducting overlayer then creates a heterojunction with the underlying 

photoanode, improving the charge separation close to the surface and thus suppressing 

the surface recombination of the photo-excited charge carriers. To better explain the 

enhancements in charge separation and suppression of surface recombination of the 

photocharged electrodes, it is necessary to gain further insights into the modification of 

the electronic structure of the metal oxide photoanodes by this light-induced overlayer. 

This knowledge can help to improve the general understanding of an illuminated metal 

oxide/electrolyte interface, which is crucial for the development of PEC water splitting 

devices. In this work, BiVO4 is used as a model photoanode to study the changes in its 

electronic structure during photocharging in a borate electrolyte using a combination of 

X-ray photoelectron spectroscopy (XPS), ultraviolet-visible spectroscopy (UV-vis) and 

ambient-pressure (in air) X-ray Raman scattering (XRS) spectroscopy. XPS only 

penetrates the first ~5 nm of the BiVO4 film and therefore provides surface-sensitive 

information, while both UV-vis and XRS techniques provide bulk-sensitive information. 

A surface hydroxide layer was found to form spontaneously even when the BiVO4 

electrode was placed in the electrolyte in the dark. A bismuth borate layer was formed 

under the photocharging conditions, creating a heterojunction that resulted in an 

improved charge separation and decreased charge carrier recombination near the 

surface as discovered through ab initio simulations of the O K edge spectra of BiVO4. 

These findings validate the previous hypotheses proposed in literature17,14, about 

improved band bending in the space charge region (SCR) as a result of the light-induced 

heterojunction formation. These results highlight the complex and dynamic nature of 

metal oxide-electrolyte interfaces, and give new insights into the mechanisms for PEC 

performance enhancement of photocharged BiVO4 photoanodes. More importantly, this 

work highlights that the surface adsorption of anionic electrolyte species on metal oxide 

surfaces cannot be ignored, as it has serious implications on the fundamental 

understanding and performance analysis of metal oxide photoanodes.  



 

Photo-electrochemistry 

 

130 

 Experimental section 
Fabrication of BiVO4 thin film photoanodes Thin films of BiVO4 were deposited on 

fluorine-doped tin oxide (FTO) substrates via spray pyrolysis. The details of the 

experimental procedure can be found elsewhere.18 In short, FTO substrates were first 

coated with ~80 nm of SnO2 while the substrate temperature was kept at 425 °C, and 

subsequently coated with 200 nm of BiVO4 while the substrate was kept at 450 °C. The 

samples were then annealed in an air-flushed tube furnace for 2h at 460 °C.  

X-ray Raman scattering spectroscopy All X-ray Raman scattering spectroscopy data 

were gathered using the dedicated large solid angle spectrometer at ID20 beamline of 

the European Synchrotron Radiation Facility.19 These experiments were performed in 

air under atmospheric conditions. A pink beam from four U26 undulators was 

monochromatised to a 9,686 eV elastic energy, first by using a cryogenically cooled 

Si(111) monochromator and then a Si(311) Channel Cut post-monochromator. The beam 

was focused using a mirror system in Kirkpatrick-Baez geometry yielding a spot size of 

approximately 50 x 100 μm2 (V x H) at the sample position. Given the experimental 

setup, the signal coming from 36 spherically bent Si(660) analyser crystals in the vertical 

scattering plane was exploited. The overall energy resolution was 0.7 eV, and the mean 

momentum transfer was 6.2 ± 0.4 Å-1.  

The reference sample used for this study was a BiVO4 film prepared as described above 

and measured without any further treatment at a 0.5° angle relative to the incidence 

beam (penetration depth 60 nm). Pellets of cellulose and vanadium oxide (V2O4 and 

V2O5 Sigma-Aldrich) were also measured at a 0.5° angle. A grazing incidence angle is 

required to ensure surface-sensitive measurements when a hard X-ray beam is used. 

Before the XRS measurements, the dark and PC sample were kept in open circuit 

conditions in a flow cell with a 0.1 M sodium borate buffer (sodium tetraborate 

decahydrate (Sigma Aldrich 99.5%) in MilliQ water, while NaOH was added until pH 

10 was reached) for 12h in the dark and under illumination, respectively. The flow cell 

was further equipped with a glass Ag/AgCl reference electrode (XR300, Radiometer 

Analytical) and a coiled Pt wire as counter electrode both in the dark (dark sample) and 

under illumination (photocharged sample, 100 mW/cm2 Xe lamp with water filter). 

After 12h, the electrodes were removed from the electrochemical cell, quickly dried 

under a flow of nitrogen and moved to the experimental hutch for the XRS 

measurements. The preparation procedure was performed very quickly to ensure the 

XRS measurements could start less than 15 min after the sample was removed from the 

electrochemical cell. During the XRS measurements, the incident energy was scanned at 

a fixed analyser energy of 9.7 keV in order to create energy losses in the vicinity of the 

core-electron excitations of interest (L2,3 of V and K edge of O). The data collected by 3 

pixelated Maxipix detectors20 were integrated over appropriated Regions Of Interest 

(ROI), then averaged over the 36 Si(660) analyser crystals and treated with the XRS-tools 
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program package. A background accounting for the valence Compton profile was 

subtracted as described elsewhere.21 Finally, a normalisation over an area of 40 eV across 

the edge was applied.  

Eight energy loss scans per sample were measured at room temperature, each one at a 

new sample position to avoid beam radiation damage. All XRS measurements were 

checked for consistency prior to summation to rule out radiation damage of the sample 

induced by the X-ray beam. 

Ab initio XRS simulations at the O K edge were performed with the Finite Difference 

Method Near Edge Structure (FDMNES) software package.22,23 The calculated spectra 

were compared to both photocharged and dark samples. The input parameter files of 

the calculations are reported in the Supporting Information (SI). The vanadium L edges 

were simulated with Crispy24 using a multiplet analysis approach. 

X-ray photoelectron spectroscopy XPS spectra were obtained using a Thermo Scientific 

K-alpha apparatus equipped with an Al K-alpha X-ray Source and a Flood Gun for 

charge compensation of the sample. Parameters used for the measurements were: spot 

size of 400 μm, pass energy of 50 eV, energy step size of 0.1 eV, dwell time of 50 ms, 10 

scans in the vicinity of the Bi 4f, C 1s, Na 1s, O 1s and V 2p orbital binding energy with 

alternative scan numbers for B 1s (200 scans) and the valence band (50 scans). Samples 

were rinsed and dried before measuring. 

UV-Vis spectroscopy UV-Vis transmission measurements were performed on the 

reference, dark and the photocharged BiVO4 samples using a Perkin Elmer Lambda 900 

UV/Vis/NIR spectrometer. The transmission measurements were performed inside an 

integration sphere in the transmittance mode (%T). Data was recorded with a 15° tilt in 

the sample, with respect to the incident light beam to minimise reflection. A scan rate of 

250 nm/min and an integration time of 0.2 s were used for the data capture. The 

absorption coefficient and the Tauc plot were calculated from the transmittance data 

using the formulas in appendix D.  

High-resolution Scanning Electron Microscopy HR-SEM images were taken with a 

Nova NanoSEM at an accelerating voltage of 10 kV. 
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 Results 
To gain further insights into the mechanisms of the photo-electrochemical enhancement 

that arise from the photocharging procedure in BiVO4, several material properties of 

BiVO4 were investigated before and after photocharging. In particular, the influence of 

placing the photoanodes in solution under open circuit conditions with and without 

illumination were examined. A reference BiVO4 sample (as-deposited) was compared to 

both a BiVO4 film that was kept under open circuit conditions and AM1.5 light 

illumination (i.e. photocharged) for 12 h, and a BiVO4 film that was kept in open circuit 

for 12 h in the dark. The samples are referred to as untreated BiVO4, photocharged BiVO4 

(PC-BiVO4) and dark BiVO4, respectively. The samples were studied through several 

spectroscopic techniques, including UV-Vis spectroscopy, XPS and XRS. Both XPS and 

XRS give electronic and structural information on the film, however due to the 

difference in penetrating depth of the X-rays in the different experiments, XPS gives 

information about the surface of the films while XRS provides information on the 

structure up to 60 nm into the bulk of BiVO4.  

X-ray photoelectron spectroscopy XPS measurements were performed on reference, 

dark and PC-BiVO4 films, and the results are shown in Figure 5.1. The presented spectra 

are background subtracted and energy corrected with the C 1s signal (Figure D1d). 

Several trends can be observed between the different samples. The Bi 4f peaks are shown 

in Figure 5.1a, and a shift was observed from 159.5 eV for the reference sample to 159.0 

eV and 158.7 eV for the dark and photocharged BiVO4, respectively. This shift is 

accompanied by slight broadening of the Bi 4f peaks for the dark and the photocharged 

samples, as shown with the increase in full width at half-maximum (FWHM) in Table 

D1. A signal from the B 1s spectrum is not present in the reference sample, while it 

appears very small in the dark and is much more pronounced in the PC-BiVO4, as seen 

in Figure 5.1b. In Figure 5.1c, the main signal from the oxygen (O 1s) spectra was 

observed to decrease slightly in binding energy from 530.3 eV for the reference sample 

to 529.9 eV and 529.6 eV for the dark and PC-BiVO4 samples, while the shoulder peak at 

531 eV grows significantly (deconvolution of the O 1s peaks is given in Figure D1). The 

peak signal from the V 2p spectra is shown in Figure 5.1c, where a shift to lower binding 

energies is observed along with a strong signal decrease when looking at the reference, 

dark and PC-BiVO4 films, respectively.  

When these results are compared to prior literature, several important similarities can 

be seen. Favaro et al. found a bismuth phosphate layer forming on the surface of the 

BiVO4 films under illumination that slowly disappeared again after the light was turned 

off.17 In our current work, the buffer used is not a phosphate but rather a borate 

electrolyte. The binding energies of Bi to borate and phosphate are not the same, which 

implies that the peak shift found in our Bi 4f spectrum is not the same as in the work by 

Favaro. A previous report on B2O3-Bi2O3 glasses reported the Bi 4f binding energies of 
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Bi-O-Bi at 159.85 eV and B-O-Bi at 158.7 eV, which was explained by the presence of 

boron shifting the Bi signal to lower binding energies.25 In addition, the O 1s binding 

energies were reported to be 530.35 eV for Bi2O3 and 530.95 eV for B2O3. In our work, we 

find a shoulder in the O 1s spectra at 531.0 eV to increase during photocharging, and 

coincide with the emergence of the B 1s peak at 192.0 eV (Figures 5.1b,c, and D1). We 

therefore ascribe the shift and the broadening of the Bi 4f peak, the emergence of the O 

1s shoulder together with the B 1s peak to reveal the formation of a surface bismuth 

borate layer during photocharging. This surface borate layer is very similar to the 

phosphate layer found by Favaro et al. In addition to the XPS data given for Bi, B and 

O, we also observed a shift toward lower binding energies for the V 2p signal, which 

indicates a reduction in the oxidation state of the vanadium.11  

Figure 5.1. XPS spectra of the reference BiVO4, and the dark and PC-BiVO4 after 22h under 
open circuit conditions in a borate buffer electrolyte. Spectra of (a) Bi 4f, (b) B 1s, (c) V 2p 
and O 1s and (d) the valence band are shown. 

When considering the difference between the dark and photocharged samples, it is 

interesting to note that the electronic features of the dark sample show an intermediate 

phase between the photocharged and the reference sample. Since the dark sample has 

no clear B 1s signal, yet still has a partial shoulder in the O 1s spectrum, it is likely that 

this sample instead has a surface coverage of bismuth hydroxide as previously 
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reported.11 Since the binding energies for Bi-O-B and Bi-O-H are almost identical (the 

electronegativity values of H and B are 2.2 and 2.0, respectively), the distinction is 

difficult to make without analysing the B 1s signal as well.  

The valence band (VB) of the reference, dark and PC-BiVO4 electrodes was also 

examined, and is shown in Figure 5.1d. It can be seen from this figure that similar to the 

previously observed shifts in the binding energy of Bi, O and V, there is also a shift in 

the valence band energy toward lower binding energies when looking at the reference, 

dark and PC-BiVO4 samples, respectively. 

 A broadening to lower binding energy of the valence band spectra of the dark and PC-

BiVO4 is also visible here, due to the convolution of the VB spectra of bismuth 

hydroxide/bismuth borate and bismuth vanadate, respectively. These results indicate 

that the bismuth borate layer formed on the surface has a valence band closer to the 

Fermi level of the composite system. The exact composition of the bismuth borate 

surface layer is unknown, but from prior work on bismuth borate glasses, we can 

estimate the band gap of the bismuth borate layer to be equal to or larger than that of 

BiVO4.20,26  

The unidirectional peak shifts in the Bi 4f, V 2p, O 1s and VB XPS spectra to lower 

binding energies are in part an electronic effect. Band bending caused by the 

equilibration of the Fermi level of BiVO4 and the chemisorbed anionic surface layer 

shifts the XPS spectra. Similar XPS peak shifts were observed by Hermans et al.27 where 

different metal oxide surface layers were deposited on BiVO4, and the peak shifts were 

attributed to a change in Fermi level position because of the surface layer induced band 

bending. NiO and CoOx surface layers lead to an upward band bending whereas 

indium-doped tin oxide induced a downward band bending in BiVO4, due to the 

differences in their respective work functions compared to that of BiVO4. The core level 

XPS spectra shifted to lower binding energies with the deposition of NiO and CoOx 

overlayers, similar to the shifts seen with dark and PC-BiVO4 in this study. Note that 

band bending induced shifts should be equal in magnitude for different core levels. 

Table D2 shows that the shifts for V and Bi are larger than for O, meaning that the V and 

Bi shifts also have a chemical component to them, assigned above as a reduction in V 

oxidation state and the appearance of the Bi borate surface layer.  

The formation of the bismuth borate layer at the surface forms a heterojunction with the 

BiVO4 as well as induces an upward band bending, and reduces photogenerated charge 

recombination at the semiconductor-liquid junction (SLJ). The cathodic Fermi level shift 

that was observed with the open circuit potential (OCP) measurements for the dark and 

photocharged samples, as shown in Figure D2, is another evidence of the band bending 

observed through the XPS shifts.  
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Ultraviolet-visible spectroscopy UV-vis spectroscopy was performed before and after 

the photocharging process to determine if there were any optical changes in the BiVO4 

films during the treatment that may arise from the formation of the bismuth borate 

surface layer. In Figure 5.2a, the spectra of a dark (green) and photocharged (yellow) 

sample are shown together with their corresponding spectra before treatment. A small 

increase in absorption is found within the band gap of BiVO4 for the photocharged 

sample, while the dark sample does not show this increase in absorption. Just outside 

the band gap energy, between 475 and 700 nm, the photocharged sample shows a very 

distinct absorption feature.  

Figure 5.2. (a) UV-vis absorption spectra of a dark, before (purple) and after (green) the 
treatment and photocharged before (blue) and after (yellow) the treatment. (b) Difference 
spectra between before and after showing a defect-related feature in the PC sample. (c) HR-
SEM image of PC-BiVO4, showing small particles (white spots), finely dispersed over the 
BiVO4 grains. (d) HR-SEM image of dark BiVO4. Width of HR-SEM images is 520 nm. 

The absorption increase inside the band gap could explain part of the improved OER 

activity of the PC-BiVO4 sample, but cannot account for the observed 3-fold increase in 

the incident photon-to-current conversion efficiency (IPCE).11 To determine whether the 

choice of buffer anion has any effect on this absorption feature, photocharging was 

performed in a phosphate buffer at pH 10. This treatment revealed a very similar 

improvement within the absorption spectra post photocharging (Figure D3a). When 

subtracting the spectrum of the before-PC from the after-PC spectrum (Figure 5.2b), a 

feature emerges that resembles either a surface plasmon resonance (SPR) mode with a 

peak in absorption around 520 nm or a defect-related absorption in PC-BiVO4. The dark 

sample only has a minor increase in this region, but still shows a feature with a peak 

centred around 520 nm. Plasmonic features of vanadium oxide are only found in the 

infra-red region28, and those for metallic vanadium are found in the UV region29, 

whereas metallic bismuth nanoparticles in an oxide medium can give rise to plasmonic 

features around 500 nm.20,30 However, the Bi 4f XPS spectra does not show any 

indication of the presence of metallic bismuth in the PC-BiVO4. Therefore, we 

tentatively assign this feature to a defect-related light absorption in PC-BiVO4. In fact, 

such above bandgap optical features have been observed with some metal oxides31,32 
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and have often been attributed to defect-related light absorption, induced by surface 

oxygen vacancies. Therefore, the anion adsorption on the BiVO4 surface upon 

photocharging could have introduced surface oxygen vacancies through surface 

restructuring. A high resolution scanning electron microscopy (HR-SEM) image of PC-

BiVO4 (Figure 5.2c) shows severe roughening of the surface on the nanoscale, compared 

to the dark and reference sample (Figure 5.2d and D3c, respectively). This surface 

roughening could be a result of the surface restructuring to accommodate the buffer 

anion adsorption.  

X-ray Raman scattering To gain further insight into the structural and electronic 

changes induced by the photocharging treatment, the vanadium L2 and L3 edge and the 

oxygen K edge were probed using X-ray Raman scattering spectroscopy in near in situ 

conditions. X-ray absorption spectroscopy uses soft X-rays to probe light elements (<1 

keV); however, these X-rays require ultra-high vacuum (UHV) conditions and are 

therefore less suitable for in situ studies. Instead, XRS allows the use of hard X-rays to 

probe elements with core-electron excitation energies in the soft X-ray regime i.e. lower 

than 1 keV. The use of hard X-rays leads to a bulk sensitive approach and can offer the 

possibility of working under operando conditions. In this work, we were able to study 

the BiVO4 structure at room temperature and pressure and measure spectra 

immediately after the photocharging treatment was performed. Real operando 

conditions would greatly complicate the analysis of the O K edge spectrum since the 

electrolyte also contains oxygen, and instead this near in situ approach was adopted. A 

grazing incidence angle was maintained to avoid contributions from the oxygen-

containing FTO substrate and to increase the footprint of the X-ray beam on the sample. 

The vanadium L3 and L2 edges and oxygen K edge can be probed within the same 

measurement since their absorption energies are very close. The electronic structure of 

the various BiVO4 samples is obtained from XRS data by simulating the data with ab-

initio based calculations. 

The effect of photocharging on the electronic states in the conduction band of BiVO4 was 

studied by comparing a photocharged (PC) sample and a dark sample to a reference 

sample. To try and preserve the operando state, the samples were not rinsed but only 

dried before being transferred to the XRS measurement chamber. All samples were 

fabricated according to the same procedure and XRS measurements were taken under 

identical settings. The XRS spectra of the three samples are shown together in Figure 5.3. 

The region from 515 to 545 eV covers the core-electron excitations of interest, namely the 

vanadium L2 and L3 and oxygen K edges. For low transferred momenta, the orbital 

selection rule dictates Δ𝑙 = ± 1, where 𝑙 is the azimuthal quantum number. Therefore, 

the vanadium L edge excitation results in a transition to the first available vanadium d 

orbital, and the oxygen K edge excitation transitions to the first unoccupied oxygen p 

orbital. 



 

   5.3    Results 

 

137 

The XRS spectrum of the reference thin film BiVO4 sample (dashed blue line in Figure 

5.3) is discussed first. Four main peaks with shoulders to the left of the first three peaks 

are easily discernible. The first main peak between 515-520 eV corresponds to the V L3 

edge: the excitation from V 2p3/2 to conduction band V 3d states; the second main peak 

from 521 – 528 eV is the V L2 edge: the excitation from 2p1/2 to the conduction band V 

3d states.33 The L3 region consists of a main peak at 518 eV and a shoulder at 516 eV, 

which are the t2g (main peak) and eg (left shoulder) states of the VO4 structure within the 

BiVO4 lattice.33,34 The V 3d orbitals are hybridised with the O 2p orbital. The L2 edge is 

excited to the same (hybridised) V 3d t2g and eg states, however, this part of the spectrum 

is noisier than the V L3 edge because the core-hole lifetime at the L2 edge is shorter 

resulting in a broader spectrum. All excited state energies that are visible in Figure 5.3 

are given in Table 5.1 with their corresponding orbital transitions. Overall, the XRS 

spectrum shows good agreement with soft X-ray XANES spectra of BiVO4 in 

literature.33,34 

 

Figure 5.3. Normalised XRS spectra of the vanadium L2, L3 and the oxygen K edge region 

of a reference, dark and PC-BiVO4 sample. The changing ratio of the O K edge peaks 

reveals a filling with electrons of the pre-edge peak (O 2p - V3d eg/t2g) for the dark sample. 

The oxygen K excitations extend from 528 eV upwards, and consist of transitions from 

the occupied O 1s orbital close to the core of the oxygen atom, to the unoccupied O 2p 

states. A peak at 531 eV and its shoulder at 530 eV show the O 2p – V 3d hybridisation, 

and thus represent the same orbitals as the V L2 and L3 edge spectrum. Therefore, again 

these peaks are split into the eg and t2g states according to the tetrahedral crystal field 

splitting.33 A second strong peak in the spectrum at 534 eV corresponds to anti-bonding 

π O 2p - Bi 6p states.34,35 The final peak at 540 eV is the excitation to anti-bonding states 



 

Photo-electrochemistry 

 

138 

of σ character originating from the hybridisation of both V 4s and Bi 6s with O 2p.33,36 

Since the hybridisation between V and O is stronger than between Bi and O, the O K 

edge spectra mainly consist of V – O states.36  

Table 5.1. All assigned peaks of the reference BiVO4 sample as depicted in Figure 5.3. 

Probed edge Energy Electronic transition 

V L3  From 2p3/2 to unoccupied V 3d states 

 516 eV to eg V 3d – O 2p (dx2-y2, dz2) 

 518 eV to t2g V 3d – O 2p (dxy, dxz, dyz) 

V L2  From 2p1/2 to unoccupied V 3d states 

 523 eV to eg V 3d – O 2p 

 525 eV to t2g V 3d – O 2p 

O K  From O 1s to unoccupied O 2p states 

 530 eV to eg V 3d – O 2p 

 532 eV to t2g V 3d – O 2p 

 534 eV to π* Bi 6p – O 2p 
 540 eV to σ* from V 4s and Bi 6s with O 2p 

 

According to Cooper et al., the hybridised V 3d – O 2p orbitals are not simply split into 

the eg and t2g tetrahedral molecular orbitals, instead, three different V 3d contributions 

should be present in the spectrum.34 This is due to the fact that the monoclinic scheelite 

(ms) form of BiVO4 has lattice distortions causing the tetrahedral and dodecahedral 

symmetries to be broken. In fact, two separate V-O bond lengths and 4 separate Bi-O 

bond lengths are reported.36 Therefore, the VO4 has a C2 symmetry, leading to triplet 

splitting of the V 3d orbitals. This is not easily discernible from the measured spectrum 

because of the lower resolution of XRS compared to standard soft X-ray XANES. 

However, it is important to realise that the broad peaks observed are composed of 

overlapping contributions of several orbitals.  

XRS spectra of V4+ and V5+ reference samples were collected to help interpret the 

oxidation state of V in BiVO4. These reference spectra were plotted together with those 

of reference, dark and photocharged BiVO4 and are presented in Figure 5.4a. As is 

evident from the figure, the peaks of the V4+ reference sample (dark blue) are shifted to 

lower binding energies as compared to the peaks of the V5+ sample (purple). This is in 

very good agreement with the other studies in literature.37,38 Another interesting aspect 

is that the peaks in the V L edge spectra for the reference, dark and PC-BiVO4 are in 

between the V4+ and V5+ L edge reference spectra. From this, it can be concluded that the 

spray deposited BiVO4 has a mix of V4+ and V5+ oxidation states. In an ideal BiVO4 lattice, 

the vanadium species should have a 5+ oxidation state. However, it is very common to 

have intrinsic defects in the structure, in the form of oxygen vacancies. These oxygen 

vacancies are responsible for the n-type character of monoclinic BiVO4. Due to these 



 

   5.3    Results 

 

139 

oxygen vacancies, to maintain charge neutrality, some vanadium species in the BiVO4 

lattice could exist in the 4+ oxidation state. Rossell et al.39 quantified the vanadium 

oxidation state in monoclinic BiVO4 using energy-loss spectroscopy and suggested that 

the surface vanadium ions predominantly exist in a ~ 4+ oxidation state, due to the 

presence of a significant amount of oxygen vacancies.  

  

Figure 5.4. (a) XRS spectra of the vanadium oxides (V2O4 and V2O5) are presented together 

with the reference, dark and PC-BiVO4 to show the effect of changing V oxidation state on 

the peak position in the V L2 and L3 edge spectra. (b) The O K edge spectra of the dark and 

PC sample are overlaid with ab initio simulations including the semi-empirical dilatorb and 
screening parameters. 

To better understand these results, it is important to consider the penetration depth of 

the performed XRS measurements. Due to the grazing incidence angle of 0.5°, only the 

first 60 nm are probed. Additionally, the spray deposited BiVO4 is highly 

nanostructured and hence has a high surface-to-volume ratio. Therefore, the obtained 

vanadium L edge spectra for the reference, dark and photocharged samples could be an 

average of the surface and bulk oxidation state of vanadium who fall between the 4+ 

and 5+ oxidation state. These results are in alignment with the XRD diffractrograms that 

show a strong resemblance between the reference and photocharged samples, both 

having monoclinic scheelite BiVO4 features (Figure D4).40 The reference, dark and 

photocharged BiVO4 have similar vanadium L edge peak positions. However, the dark 

and PC-BiVO4 show a slightly different ratio in intensity between the V L3 and L2 edges 

compared to the reference spectra. A multiplet analysis was performed to predict the 

shape of the V L edge spectra for a vanadium species in its V4+ and V5+ oxidation state, 

in a hypothetical bismuth-vanadium oxide compound. These results are shown in 

Figure D5 and suggest that there could be a decrease in the oxidation state of vanadium, 

with an increase in the L3/L2 peak ratio. The V L3/L2 peak ratio is indeed higher for the 

dark and PC-BiVO4 compared to the reference (Table D3) and would suggest a decrease 

in the oxidation state of vanadium, possibly from the creation of additional oxygen 

vacancies at the surface. This would be in agreement with the above bandgap absorption 
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feature seen in the absorption spectra of the PC-BiVO4 and with the shift in the V 2p XPS 

spectrum. However, the low resolution of the XRS technique coupled with the surface 

and bulk averaging of the XRS technique, makes this comparison difficult. Screening of 

V 2p XPS spectra by the surface adsorbed layer also makes the comparison of the V 2p 

XPS spectra difficult. Additional experiments will be needed to study and quantify the 

vanadium oxidation state change in the dark and the photocharged sample, which is 

out of the scope of this work.  

A disappearance of the O 2p - Bi 6p peak at 534 eV was observed for both the PC sample 

and the dark sample. As mentioned previously, the Bi – O hybridisation is not very 

strong, therefore a small change in the electronic structure can make the Bi 6p signal less 

visible, this appears to be the case for the dark sample. Bismuth borate withdraws 

bismuth from BiVO4, which leads to the reduction of the O 2p – Bi 6p signal in the XRS 

spectrum of the photocharged BiVO4. The broadening of the mixed metal sp – O 2p peak 

implies the existence of multiple orbitals that partly overlap in energy. This can be 

caused by the presence of multiple V oxidation states that all have molecular orbitals of 

slightly different energy.  

The main difference between the dark and PC-BiVO4 XRS spectra is the filling with 

electrons of the V 3d states of the dark sample, as observed from a difference in peak 

height ratio between the pre-edge peak (V 3d – O 2p) and the main peak (mixed metal 

sp – O 2p) in the O K edge spectrum. This lowering of the pre-edge peak implies a filling 

of the d states, resulting in a higher concentration of electrons for the dark sample 

compared to the reference and photocharged samples. The reason for this difference is 

not immediately obvious, so to further elucidate and quantify the influence of the 

photocharging treatment on the electronic structure of BiVO4, ab initio simulations at 

the O K edge were performed with the FDMNES program package. The calculated 

spectra were compared to the experimentally obtained XRS spectra (the input parameter 

files of the calculations are shown in appendix D). In order to simulate the peak height 

ratios observed in the experimental XRS spectra, two semi-empirical parameters, the 

dilatorb and screening parameter were used in the calculations. The dilatorb and screening 

parameters allow the ability to tune the height of the pre-edge peaks and their position 

with respect to the main edge. Moreover, the dilatorb parameter allows the ability to 

consider the degree of ionicity of oxygen in the lattice structure by modifying the 

valence orbitals. Modifying this parameter means either dilating or contracting the 

valence orbitals, which is a necessary procedure when modelling anions with this 

package since the default is fully covalent, not considering the ionic character of 

oxygen.41 Anions have a more negative charge and are larger than their covalent radius 

because of the extra electrons that the anions take from the cations. The effect of 

changing the dilatorb parameter is shown in Figure D6. 
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The screening parameter is used to simulate a not fully screened core-hole in the 

absorbing atom, meaning that part of the electron charge in the conduction band is 

missing. When the total excited electron is present in the conduction band, no charge is 

missing and the core-hole is considered fully screened. The screening parameter 

generally points to a correlation effect caused by the presence of the excited 3d electrons 

that hinder the screening process. In this respect, the screening value is an indication of 

the filling with electrons of the conduction band. However, oxygen electrons can behave 

unexpectedly to the removal of electrons, and it is therefore not always possible to 

predict the pattern in the O K edge spectra as a function of electron depletion. Instead, 

the screening parameter can help making the trends of the spectra quantifiable. The effect 

of changing the screening parameter is shown in Figure D7.If the effects of the dilatorb 

and the screening value are now combined, it is possible to effectively simulate the XRS 

spectra. The best fitting simulations are shown in Figure 5.4 and D6. The reference 

spectrum (Figure D8) was fitted with a dilatorb value of 0.1 and no screening potential. 

The dark sample is fitted with a screening value of 0.1 and the dilatorb set to 0.1. The 

photocharged sample on the other hand is fitted with a screening parameter of 0.2 and a 

dilatorb value of 0.1. The default value for the screening parameter is 0 in the FDMNES 

software, so the lack of a defined screening value in the reference sample should be 

understood as full screening. The trend in the screening between the different samples is 

therefore: reference > dark > photocharged BiVO4.  

The difference in screening value between the dark and PC spectra can be explained by 

the photocharged sample having less electrons in the conduction band than the dark 

sample in the area measured by XRS, which also explains the pre-edge filling of the dark 

sample observed in Figure 5.3. The screening value of 0.2 for PC-BiVO4 is significantly 

higher with respect to the value of 0 that was used for the reference sample, showing 

strong structural changes in BiVO4 as a result of the photocharging treatment. A higher 

screening value also indicates a shift to a lower Fermi level since less electrons are present 

in the conduction band. Less electrons for the photocharged sample might seem 

counterintuitive, but in fact it is a consequence of improved band bending induced by 

the heterojunction between BiVO4 and the surface formed bismuth borate layer. The fact 

that electrons are driven away from the surface by band bending is responsible for the 

strong suppression of surface recombination induced by the photocharging treatment. 

The decrease in Fermi level is also introduced in the simulations. The dark sample also 

has less electrons compared to the reference sample and a lower Fermi level, but the 

changes are smaller as compared to the photocharged sample. 
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 Discussion 
The XPS analysis confirmed the formation of a bismuth borate surface layer on BiVO4, 

upon photocharging. The shifts of the core level XPS spectra, to lower binding energies 

upon photocharging, suggested that this borate surface layer induced an upward band 

bending within BiVO4 (Figure 5.5a). Similar conclusions could be drawn in the case of 

the dark samples. After 18 h under open circuit conditions in the dark, the dark sample 

has an OH coverage that initially improves the photo-electrochemical performance of 

the sample (Figure D9). This improvement is, however, smaller than the PEC 

improvement of the PC samples and is not maintained over time because the OH species 

are removed from the surface during water oxidation. Both the dark and photocharged 

samples demonstrated a higher open circuit potential in the dark than the reference 

sample (Figure D2), resulting in a Fermi level closer to the conduction band in the bulk, 

as depicted in Figure 5.5a. To determine whether the bismuth borate and OH surface 

layers had any effect on the bulk structure of BiVO4, both UV-Vis and XRS 

measurements were performed. The UV-Vis spectra revealed a change in absorption 

post photocharging, with the formation of an above bandgap absorption feature. This 

feature was attributed to a defect-related absorption, possibly from the creation of 

surface oxygen vacancies.  

To gain a deeper understanding of the electronic effect of the bismuth borate layer on 

BiVO4, XRS measurements were performed. These results showed that the hybridised 

Bi 6p – O 2p orbital disappeared, which corresponds well with the formation of a Bi 

surface layer. In addition, the ab-initio simulations of the O K edge spectra revealed a 

decrease in the Fermi level of the PC-BiVO4. This can be explained by band bending 

induced by the surface borate layer. Bismuth borate has a larger band gap than BiVO4 

and according to the valence band spectra (Figure 5.1d) its valence band lies closer to 

the Fermi level than the valence band of BiVO4. This means that the heterojunction of 

BiVO4 and bismuth borate will create strong band bending and a significant space 

charge region (SCR) of several tens of nanometres (Figure 5.5a).42,43 The SCR coincides 

with the region that is probed by XRS. Since the band bending forces electrons toward 

the back contact, the SCR will contain fewer electrons than in the case of a flat band 

situation. The monolayer of OH on the surface of the dark BiVO4 sample has a similar 

band bending effect that directs the electrons toward the back contact, away from the 

surface.  

The XRS results from this work suggest that there is a severe alteration in the surface 

electronic structure when BiVO4 comes in contact with an electrolyte, even without 

illumination. This is also supported by the changes visible in the data obtained from XPS 

and HR-SEM. The initiator of this surface restructuring could be the surface adsorption 

of electrolyte anionic species, borate in the case of the PC-BiVO4 and hydroxide in the 

case of dark BiVO4. The heterojunctions formed as a result of this surface adsorption 
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improve the charge separation close to the surface, and thus suppress surface 

recombination. Since other metal oxides13,14,16 were also shown to photocharge like 

BiVO4, these findings could be generalised. 

Figure 5.5. The effect of photocharging on the band gap region and the Fermi level of 

BiVO4. (a) The hydroxide (dark sample) and bismuth borate (PC sample) surface layers 

have a valence band closer to the Fermi level, introducing band bending at the surface. The 

band bending directs electrons towards the bulk of BiVO4, leading to a reduced electron 

concentration in the space charge region for PC-BiVO4. Note that the bulk band gap size is 

not altered by the PC treatment (Figure D10). (b) The effect of photocharging on a BiVO4 

photoanode in contact with an electrolyte under illumination. The additional band bending 

improves the charge separation, leading to the unrivalled PEC properties of PC-BiVO4. 

 Additionally, this time-dependent surface layer formation shows that the metal 

oxide/electrolyte interface is very dynamic. Reversibility of the photocharging effect10 

in the dark could be explained by the desorption of this buffer anion surface layer under 

dark conditions, which was also shown by Favaro et al.17 The dynamic nature of the 

metal oxide/electrolyte interface makes it difficult for the photoanode material to be 

stable for long-term operation. The constant switching between the dark and light 

conditions, as in a practical case where intermittent sunlight drives the reaction, would 

imply constant surface restructuring of the photoanode material. Some material from 

the surface could be lost in each of these restructuring steps, in addition to other 

corrosion mechanisms occurring at the surface of a photoanode material. 

It is important to emphasise that this surface layer formation, in the dark and under 

illumination, from the electrolyte anionic species has been “ever-present” in metal oxide 

photoanodes. This work highlights that the choice of electrolyte/buffer solutions needs 
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to be considered when making comparisons of PEC performance of different systems 

with the same metal oxide semiconductor. The surface layer formed would be different 

with different electrolytes and hence the resultant heterojunction would be different as 

well. However, the importance or the effect of the electrolyte has been largely unnoticed 

in the PEC research field when analysing material surfaces after photo-electrochemical 

measurements. This current study is a strong indicator that the effect of surface 

adsorption of electrolyte anionic species can have serious implications on PEC 

measurements and should be given due regard for future works in the field.  

 Conclusions 
The photocharging treatment of BiVO4 was studied using a sequence of XPS, UV-Vis 

and XRS techniques. The XPS studies revealed the formation of a surface borate layer 

on the BiVO4 surface, upon illumination in open circuit conditions. The borate anion 

from the electrolyte covalently bonded with the bismuth ions in the BiVO4, resulting in 

a BiVO4/bismuth borate heterojunction near the surface. This heterojunction resulted 

in improved band bending near the surface, improving the charge separation and 

suppressing the surface recombination of charge carriers. The improved band bending, 

as a result of the heterojunction, explains the enhancement in the PEC performance of 

photocharged BiVO4. In a similar manner, a BiVO4 sample kept under open circuit 

conditions in the dark formed an OH layer at the surface, leading to a relatively smaller 

degree of band bending and a short-lived PEC performance enhancement.  

The UV-Vis studies showed the formation of a new absorption feature, outside the 

bandgap of BiVO4, upon photocharging. This feature was attributed to defect-related 

absorption, resulting from the surface restructuring during photocharging. This surface 

restructuring during photocharging was confirmed using HR-SEM images. A 

combination of XRS studies and ab-initio simulations on the oxygen K edge spectra 

revealed a decrease in the electron occupancy in the space charge region of the dark and 

PC-BiVO4, confirming the improvement in band bending after the dark and 

photocharging treatment. Additionally, the XPS, UV-Vis and XRS measurements 

indicated a decrease in the oxidation state of the surface vanadium species due to the 

anion adsorption. Further experiments are required to quantify this change.  

A strong agreement was found between the XRS spectra obtained in this work and soft 

X-ray XANES spectra from others, indicating that XRS is a very powerful tool to study 

semiconductors in (near) in-situ conditions with a larger probing depth than allowed by 

soft X-ray techniques. The dynamic nature of the metal oxide/electrolyte interface will 

have strong implications on the long-term stability of metal oxide photoanodes. The 

effect of surface adsorption of electrolyte anionic species on the surface structure of 

metal oxide photoelectrodes is often overlooked within the PEC research field. Our 

results show that this time-dependent surface adsorption of electrolyte anionic species 
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on the metal oxide photoanode surface plays an important role in defining the electronic 

and catalytic properties of a photoanode. Anionic adsorption was shown to form a 

heterojunction at the surface which improved charge separation and suppressed surface 

recombination. The effect of the electrolyte on the metal oxide photoanode surface and 

the time-scale of the surface adsorption of these anions cannot be ignored, and hence 

should be taken into consideration while performing analyses and gaining mechanistic 

understanding of reactions on metal oxide photoanodes surfaces. 

 



 

Photo-electrochemistry 

 

146 

 References 
(1)  Alexander, B. D.; Kulesza, P. J.; Rutkowska, I.; Solarska, R.; Augustynski, J. Metal 

Oxide Photoanodes for Solar Hydrogen Production. J. Mater. Chem. 2008, 18, 

2298–2303. 

(2)  Han, H. S.; Shin, S.; Kim, D. H.; Park, I. J.; Kim, J. S.; Huang, P. S.; Lee, J. K.; Cho, 

I. S.; Zheng, X. Boosting the Solar Water Oxidation Performance of a BiVO4 

Photoanode by Crystallographic Orientation Control. Energy Environ. Sci. 2018, 

11, 1299–1306. 

(3)  Abdi, F. F.; Han, L.; Smets, A. H. M.; Zeman, M.; Dam, B.; Van De Krol, R. Efficient 

Solar Water Splitting by Enhanced Charge Separation in a Bismuth Vanadate-

Silicon Tandem Photoelectrode. Nat. Commun. 2013, 4 (2195). 

(4)  Sharp, I. D.; Cooper, J. K.; Toma, F. M.; Buonsanti, R. Bismuth Vanadate as a 

Platform for Accelerating Discovery and Development of Complex Transition-

Metal Oxide Photoanodes. ACS Energy Lett. 2017, 2, 139–150. 

(5)  Pilli, S. K.; Furtak, T. E.; Brown, L. D.; Deutsch, T. G.; Turner, J. A.; Herring, A. 

M. Cobalt-Phosphate (Co-Pi) Catalyst Modified Mo-Doped BiVO4 

Photoelectrodes for Solar Water Oxidation. Energy Environ. Sci. 2011, 4, 5028–

5034. 

(6)  Zhong, D. K.; Choi, S.; Gamelin, D. R. Near-Complete Suppression of Surface 

Recombination in Solar Photoelectrolysis by “Co-Pi” Catalyst-Modified 

W:BiVO4. J. Am. Chem. Soc. 2011, 133, 18370–18377. 

(7)  Lee, D.; Kvit, A.; Choi, K. S. Enabling Solar Water Oxidation by BiVO4 

Photoanodes in Basic Media. Chem. Mater. 2018, 30, 4704–4712. 

(8)  Zachäus, C.; Abdi, F. F.; Peter, L. M.; Van De Krol, R. Photocurrent of BiVO4 Is 

Limited by Surface Recombination, Not Surface Catalysis. Chem. Sci. 2017, 8, 

3712–3719. 

(9)  Trotochaud, L.; Mills, T. J.; Boettcher, S. W. An Optocatalytic Model for 

Semiconductor-Catalyst Water-Splitting Photoelectrodes Based on in Situ Optical 

Measurements on Operational Catalysts. J. Phys. Chem. Lett. 2013, 4, 931–935. 

(10)  Trześniewski, B. J.; Smith, W. A. Photocharged BiVO4 Photoanodes for Improved 

Solar Water Splitting. J. Mater. Chem. A 2016, 4, 2919–2926. 

(11)  Trześniewski, B. J.; Digdaya, I. A.; Nagaki, T.; Ravishankar, S.; Herraiz-Cardona, 

I.; Vermaas, D. A.; Longo, A.; Gimenez, S.; Smith, W. A. Near-Complete 



     

5.6    References  
 

 

147 

Suppression of Surface Losses and Total Internal Quantum Efficiency in BiVO 4 

Photoanodes. Energy Environ. Sci. 2017, 10, 1517–1529. 

(12)  Liu, E. Y.; Thorne, J. E.; He, Y.; Wang, D. Understanding Photocharging Effects 

on Bismuth Vanadate. ACS Appl. Mater. Interfaces 2017, 9, 22083–22087. 

(13)  Breuhaus-Alvarez, A. G.; Dimeglio, J. L.; Cooper, J. J.; Lhermitte, C. R.; Bartlett, 

B. M. Kinetics and Faradaic Efficiency of Oxygen Evolution on Reduced HxWO3 

Photoelectrodes. J. Phys. Chem. C 2019, 123, 1142–1150. 

(14)  Venugopal, A.; Smith, W. A. Light Induced Formation of a Surface Hetero-

Junction in Photocharged CuWO4 Photoanodes. Faraday Discuss. 2019, 215, 175–

191. 

(15)  Xie, J.; Yang, P.; Liang, X.; Xiong, J. Self-Improvement of Ti:Fe2O3 Photoanodes: 

Photoelectrocatalysis Improvement after Long-Term Stability Testing in Alkaline 

Electrolyte. ACS Appl. Energy Mater. 2018, 1, 2769–2775. 

(16)  Deng, J.; Lv, X.; Zhong, J. Photocharged Fe2TiO5/Fe2O3 Photoanode for 

Enhanced Photoelectrochemical Water Oxidation. J. Phys. Chem. C 2018, 122, 

29268–29273. 

(17)  Favaro, M.; Abdi, F. F.; Lamers, M.; Crumlin, E. J.; Liu, Z.; van de Krol, R.; Starr, 

D. E. Light-Induced Surface Reactions at the Bismuth Vanadate/Potassium 

Phosphate Interface. J. Phys. Chem. B 2018, 122, 801–809. 

(18)  Abdi, F. F.; Firet, N.; van de Krol, R. Efficient BiVO4 Thin Film Photoanodes 

Modified with Cobalt Phosphate Catalyst and W-Doping. ChemCatChem 2013, 

5, 490–496. 

(19)  Huotari, S.; Sahle, C. J.; Henriquet, C.; Al-Zein, A.; Martel, K.; Simonelli, L.; 

Verbeni, R.; Gonzalez, H.; Lagier, M. C.; Ponchut, C.; et al. A Large-Solid-Angle 

X-Ray Raman Scattering Spectrometer at ID20 of the European Synchrotron 

Radiation Facility. J. Synchrotron Radiat. 2017, 24, 521–530. 

(20)  Singh, S. P.; Karmakar, B. Bismuth Oxide and Bismuth Oxide Doped Glasses for 

Optical and Photonic Applications. In Bismuth: Characteristics, Production and 

Applications. Materials Science and Technologies; New York, 2012; p Chapter 9. 

(21)  Sahle, C. J.; Mirone, A.; Niskanen, J.; Inkinen, J.; Krisch, M.; Huotari, S. Planning, 

Performing and Analyzing X-Ray Raman Scattering Experiments. J. Synchrotron 

Radiat. 2015, 22, 400–409. 



 

Photo-electrochemistry 

 

148 

(22)  Joly, Y. X-Ray Absorption near-Edge Structure Calculations beyond the Muffin-

Tin Approximation. Phys. Rev. B 2001, 63, 125120 1-10. 

(23)  Joly, Y.; Cavallari, C.; Guda, S. A.; Sahle, C. J. Full-Potential Simulation of X-Ray 

Raman Scattering Spectroscopy. J. Chem. Theory Comput. 2017, 13, 2172–2177. 

(24)  Retegan, M. Mretegan/Crispy v0.7.1. Zenobo. October 8, 2018. 

(25)  Oprea, B.; Radu, T.; Simon, S. XPS Investigation of Atomic Environment 

Changes on Surface of B2O3-Bi2O3 Glasses. J. Non. Cryst. Solids 2013, 379, 35–

39. 

(26)  Bajaj, A.; Khanna, A.; Chen, B.; Longstaffe, J. G.; Zwanziger, U. W.; Zwanziger, 

J. W.; Gómez, Y.; González, F. Structural Investigation of Bismuth Borate 

Glasses and Crystalline Phases. J. Non. Cryst. Solids 2009, 355, 45–53. 

(27)  Hermans, Y.; Murcia-López, S.; Klein, A.; Morante, J. R.; van de Krol, R.; 

Andreu, T.; TOUPANCE, T.; Jaegermann, W. Analysis of the Interfacial 

Characteristics of BiVO4/Metal Oxide Heterostructures and Its Implication on 

Their Junction Properties. Phys. Chem. Chem. Phys. 2019, 21, 5086–5096. 

(28)  Feldman, L. C.; Boatner, L. A.; López, R.; Rini, M.; Haynes, T. E.; Cavalleri, A.; 

Haglund, R. F.; Schoenlein, R. W. Photoinduced Phase Transition in VO2 

Nanocrystals: Ultrafast Control of Surface-Plasmon Resonance. Opt. Lett. 2005, 

30, 558–560. 

(29)  Schubert, W. K.; Wolf, E. L. Electron-Energy-Loss Spectra of Vanadium, 

Niobium, Molybdenum, and Tantalum. Phys. Rev. B 1979, 20, 1855–1862. 

(30)  Toudert, J.; Serna, R.; Jiménez De Castro, M. Exploring the Optical Potential of 

Nano-Bismuth: Tunable Surface Plasmon Resonances in the near Ultraviolet-to-

near Infrared Range. J. Phys. Chem. C 2012, 116, 20530–20539. 

(31)  Wang, L.; Tsang, C. S.; Liu, W.; Zhang, X.; Zhang, K.; Ha, E.; Kwok, W. M.; Park, 

J. H.; Suk Lee, L. Y.; Wong, K. Y. Disordered Layers on WO 3 Nanoparticles 

Enable Photochemical Generation of Hydrogen from Water. J. Mater. Chem. A 

2019, 7, 221–227. 

(32)  Wang, S.; Chen, P.; Yun, J. H.; Hu, Y.; Wang, L. An Electrochemically Treated 

BiVO4 Photoanode for Efficient Photoelectrochemical Water Splitting. Angew. 

Chemie - Int. Ed. 2017, 56, 8500–8504. 

(33)  Jovic, V.; Laverock, J.; Rettie, A. J. E.; Zhou, J.-S.; Mullins, C. B.; Singh, V. R.; 

Lamoureux, B.; Wilson, D.; Su, T.-Y.; Jovic, B.; et al. Soft X-Ray Spectroscopic 



     

5.6    References  
 

 

149 

Studies of the Electronic Structure of M:BiVO 4 (M = Mo, W) Single Crystals. J. 

Mater. Chem. A 2015, 3, 23743–23753. 

(34)  Cooper, J. K.; Gul, S.; Toma, F. M.; Chen, L.; Glans, P. A.; Guo, J.; Ager, J. W.; 

Yano, J.; Sharp, I. D. Electronic Structure of Monoclinic BiVO4. Chem. Mater. 

2014, 26, 5365–5373. 

(35)  Jovic, V.; Rettie, A. J. E.; Singh, V. R.; Zhou, J.; Lamoureux, B.; Buddie Mullins, 

C.; Bluhm, H.; Laverock, J.; Smith, K. E. A Soft X-Ray Spectroscopic Perspective 

of Electron Localization and Transport in Tungsten Doped Bismuth Vanadate 

Single Crystals. Phys. Chem. Chem. Phys. 2016, 18 (46), 31958–31965. 

(36)  Zhao, Z.; Li, Z.; Zou, Z. Electronic Structure and Optical Properties of 

Monoclinic Clinobisvanite BiVO4. Phys. Chem. Chem. Phys. 2011, 13, 4746–

4753. 

(37)  Nie, K.; Kashtanov, S.; Wei, Y.; Liu, Y. S.; Zhang, H.; Kapilashrami, M.; Ye, Y.; 

Glans, P. A.; Zhong, J.; Vayssieres, L.; et al. Atomic-Scale Understanding of the 

Electronic Structure-Crystal Facets Synergy of Nanopyramidal CoPi/BiVO4 

Hybrid Photocatalyst for Efficient Solar Water Oxidation. Nano Energy 2018, 

53, 483–491. 

(38)  Lin, X. W.; Wang, Y. Y.; Dravid, V. P.; Michalakos, P. M.; Kung, M. C. Valence 

States and Hybridization in Vanadium Oxide Systems Investigated by 

Transmission Electron-Energy-Loss Spectroscopy. Phys. Rev. B 1993, 47, 3477–

3481. 

(39)  Rossell, M. D.; Agrawal, P.; Borgschulte, A.; Hébert, C.; Passerone, D.; Erni, R. 

Direct Evidence of Surface Reduction in Monoclinic BiVO 4. Chem. Mater. 2015, 

27, 3593–3600. 

(40)  Tokunaga, S.; Kato, H.; Kudo, A. Selective Preparation of Monoclinic and 

Tetragonal BiVO4 with Scheelite Structure and Their Photocatalytic Properties. 

Chem. Mater. 2001, 13, 4624–4628. 

(41)  Joly, Y.; Cabaret, D.; Renevier, H.; Natoli, C. R. Electron Population Analysis by 

Full-Potential X-Ray Absorption Simulations. Phys. Rev. Lett. 1999, 82, 2398–

2401. 

(42)  Peter, L. M.; Gurudayal; Wong, L. H.; Abdi, F. F. Understanding the Role of 

Nanostructuring in Photoelectrode Performance for Light-Driven Water 

Splitting. J. Electroanal. Chem. 2018, 819, 447–458. 



 

Photo-electrochemistry 

 

150 

(43)  van der Krol, R.; Grätzel, M. Photoelectrochemical Hydrogen Production, 1st ed.; 

Springer US: New York, 2012.

 

 

  



     

Appendix D  
 

 

151 

Appendix D 

 

Figure D1. Deconvoluted O 1s XPS spectra for (a) reference BiVO4, (b) dark BiVO4 and (c) 
PC-BiVO4. (d) C1s spectra showing the C correction to 284.8 eV. 

Table D1. Gaussian fits of Bi 4f spectra from Figure 5.1a. All values are given in eV. 

  Ref Dark PC 

Centre Bi 4f5/2 164.82 164.34 163.97 

FWHM Bi 4f5/2 1.05 1.07 1.27 

Centre Bi 4f7/2 159.52 159.04 158.67 

FWHM Bi 4f7/2 1.04 1.07 1.26 
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Table D2. Gaussian peak fits of core level spectra and valence band onset values from 
Figure 5.1. All values are given in eV. 

 Ref Dark Ref-Dark (Dark shift) PC Ref-PC (PC shift)  

O 1s main 530.29 529.85 0.44 529.57 0.72 

O 1s shoulder 530.8 530.85 -0.05 530.97 -0.17 

V 2p3/2 517.21 516.67 0.54 516.16 1.05 

Bi 4f5/2 164.82 164.34 0.48 163.97 0.85 

VB onset 1.94 1.42 0.52 1.06 0.88 

  

 

Figure D2. Plot of OCP vs time for dark and PC-BiVO4. 
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Figure D3. (a) UV-vis absorption and (b) difference spectra of a before and after 
photocharging sample in phosphate buffer. After photocharging in phosphate buffer at pH 
10, the PC sample also displays a plasmonic feature at 520 nm, indicating the optic response 

stems from the BiVO4, rather than the electrolyte. (c) HR-SEM images of reference BiVO4, 

not displaying surface roughening. Scale bar is 400 nm. 

 

Figure D4. X-ray diffraction patterns of a reference and PC-BiVO4 sample. The peak at 

17.5° 2θ only exists in monoclinic scheelite. Note that these XRD patterns were recorded 
using a cobalt (λ=1.7903 Å) radiation source, changing the XRD pattern compared to more 
commonly used copper (λ=1.5406 Å) sources.  
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Figure D5. A multiplet analysis of the vanadium L3 and L2 edge reveals the oxidation state 

of vanadium in the first 60 nm of BiVO4 to be lower than 5+. Arrows indicate trends: the 

L3 increases in height and the L2 edge decreases and broadens when the oxidation state 

decreases. Note: analysis was normalised with respect to E0. Therefore the shift in energy 

as a function of oxidation state cannot be derived from the simulated spectra. 

Table D3. Heights and intensity ratios of the XRS spectra given in Figure 5.4a. 

V5+ V4+ Ref Dark PC 

L3 1.9 1.9 1.7 1.5 1.9 

L2 1.7 1.7 1.3 1.1 1.4 

L3/L2 1.1 1.2 1.3 1.4 1.4 
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Figure D6. The effect of increasing the dilatorb parameter on the BiVO4 crystal structure. 

 

Figure D7. Simulated O K edge spectra. The effect of changing the screening parameter on 

the BiVO4 crystal structure for (a) a standard and (b) a 5 eV shifted Fermi level case. 
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Figure D8. Simulated O K edge spectra overlaid on XRS reference BiVO4 spectrum. 

Reference BiVO4 was simulated with a dilatorb value of 0.1, no screening parameter and 

no Fermi level shift. 

 

Figure D9. (a) Plot showing the anodic scans of the CV’s of the reference, dark and PC-

BiVO4 (b) Improved performance of the BiVO4 sample post dark treatment and the sudden 

decay of the performance once the surface adsorbed OH species is consumed for the water 
oxidation reaction. 
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Figure D10. Tauc plot of the absorbance spectra in Figure 5.2a. 

The absorption coefficient (𝛼 ) was calculated using equation D1, 

  𝛼 = 2.303 𝐴/𝑡 D1 

where A is the absorbance and t is the thickness of the BiVO4 sample. A thickness of 200 

nm of deposited BiVO4 was used for the calculations. The absorbance was calculated 

from the measured transmittance (%T) data using equation D2, 

  𝐴 = 2 − log(%𝑇) D2 

The bandgap of the BiVO4 was determined using the relation presented by Tauc and 

Davis and Mott1,2, 

 (𝛼ℎ𝜈)1/𝑛  ∝ (ℎ𝜈 − 𝐸𝑔) D3 

Where n can take different values depending on the type of bandgap. BiVO4 is an in-

direct bandgap semiconductor3 and hence n=2 was used to make the calculation from 

Figure D10. 𝐸𝑔 in equation D3 is the bandgap and is obtained by extrapolation to the 

baseline, as in Figure D10.  
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! Fdmnes indata file 
! Calculation for the O K edge in BiVO4  
! Finite difference method calculation with convolution 
 
 Filout 
   ./bvo4_cry_o_dlorb_0.2_sp_scr_0.1_new 
 
 Range                            ! Energy range of calculation (eV) 
 -20. 0.2 -5 0.05 0. 0.1 5 0.2 10. .5 40. 1 80. ! first energy, step, intermediary energy, step ..., last energy     
 
 Radius                           ! Radius of the cluster where final state calculation is performed 
 8.0    
                     ! For a good calculation, this radius must be increased up to 6 or 7 Angstroems 
! SCF 
 
! R_self  
! 7 

 
! N_self 
! 100 
 
 Green 
 
! state_all 
 
 Edge 
 K  
 
 Z_absorber 
 8 
 
 Atom 
 83 1 6 1 3  
 23 2 3 2 3 4 0 2 
 8  2 2 0 2 2 1 4 
 
 Dilatorb  
 0 1 0.2 
 
 Screening  
 2 1 0.1  
 
 Spgroup  
 15:b1  
  
 Crystal 
 7.2532 11.702 5.096 90 134.234 90 
1  0.0000 0.2500 0.6337  
2  0.0000 0.2500 0.1352 
3  0.1490 0.5060 0.2100 
3  0.2580 0.3790 0.4510 
 
!!!Convolution keyword : broadening with a width increasing versus energy as an arctangent 
 Estart 
 -20 
Convolution 
  42 11 10 
 Gamma_hole 
 0.5 
 Gamma_fix 
 Gaussian 
 1.0  
 End 
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6  
Outlook  

 

 The role of science versus industry 
Science is often the birth ground of new technologies. However, to truly incorporate 

new technologies into society, industry has to adopt them at a certain stage and aid their 

further development. For electrochemistry in general and CO2 reduction in particular, 

this moment has now come. Reactor configurations currently exist where CO2 can be 

reduced at almost 1 A/cm2 with ~90% faradaic efficiency toward carbon-based 

products.1 Industry should now take this knowledge and start working on upscaling, 

separation technologies and long-term stability tests. At the same time, science can still 

contribute by trying to understand catalyst degradation mechanisms, the interplay 

between reactants and their environment and improving selectivity toward specific 

products even further. Many of these studies will benefit greatly from operando studies, 

to which this thesis can hopefully provide a place to start.  
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The rest of this chapter is devoted to several issues that have emerged over the course 

of this PhD work as new fields of research. These topics have only recently become 

important since CO2 reduction research has now matured to a point where it has become 

an interesting technology for industry. A brief techno-economic analysis is discussed to 

show which factors affect economic validity the most. Separation technology and 

intermittency are identified as severely underdeveloped but highly important research 

topics to have industrial-scale CO2 reduction succeed; these are discussed as well. 

 Techno-economic background 
In a research field where the ultimate goal is implementation into society, the cost of the 

technology is an omnipresent variable. The two main cost drivers for electrochemical 

CO2 reduction are the electricity price and the cost of an electrolyser.2 The main profit 

besides selling the product can be gained from policies rewarding storage options that 

can make intermittent power production more constant. High power electricity grids 

need to make expensive adjustments to their systems in order to keep up with projected 

solar photovoltaics (PV) and wind turbine parks since the increase of these loads make 

the variability bigger. Building electrolyser facilities next to wind or solar farms that can 

store the electricity would reduce the load on the grid, and could therefore become a 

profitable activity. The prices of solar PV and wind-generated electricity are falling fast, 

and are already cheaper than fossil fuel-based electricity in some parts of the world.   

The type of product determines the amount of electrons needed per produced molecule 

and thus largely determines the cost price. Therefore, products that require few 

electrons to make and that have a high selling price under current technologies are 

expected to be the first to enter the market. Table 6.1 shows that carbon monoxide and 

formic acid are obvious initial products. Hydrogen has an even better electrons-to-price 

ratio and is in some cases already being produced electrochemically.3 The cost of 

hydrogen electrolysers is dropping at the moment due to an increasing demand and 

developments in increasing electrolyser size.   

A simple techno-economic analysis for CO and ethylene was recently published to be 

able to compare the economic value of these different CO2 reduction products (Figure 

6.1). The chosen parameters are quite optimistic, but might be within reach in the 

coming years. Since the parameters are the same for CO and C2H4 it becomes evident 

how big the effect of the number of required electrons is to the total production cost. The 

difference in selling price between CO and ethylene is relatively minor, yet 

electrochemical CO production is far more cost-competitive than ethylene production. 

Unless the energy conversion efficiency improves and the electricity price decreases 

significantly, it will be difficult to produce ethylene or higher order hydrocarbons such 

as diesel cost effectively through a purely electrochemical process. Instead, partial 

electrochemical pathways could be envisaged where either H2 or syngas (CO + H2) are 
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formed electrochemically and further conversions are performed through 

thermocatalytic or biological pathways. Methanol, having the same electrons/price ratio 

as ethylene, could become a very interesting product to make if subsidies for large-scale 

storage are added to the profits.  

Table 6.1. Number of electrons needed to generate one molecule of product and their 
current market price4,5 

Product 
Electrons 
needed 

Selling price 
$/tonne 

Carbon monoxide 2 7004 or 3005 
Formic acid 2 400 
Hydrogen 2 3900 
Methane 8 200 
Methanol 6 500 
Ethanol 12 800 
Ethylene 12 1000 

Figure 6.1. Basic techno-economic analyses for the electrochemical production of (a) CO 
and (b) C2H4. Based on a CO2 price of 30 $/tonne, 90% FE, 500 mA/cm2, $300/kW 
electrolyser cost, plant lifetime: 30 years. Reprinted from De Luna et al.4 

6.2.1 Product separation 

When considering the production of methanol, ethanol and formic acid through 

electrochemical CO2 reduction, it is very important to study separation technologies, 

since these are liquid products that can be difficult to separate from an aqueous 

electrolyte. In theory, liquid products in the catholyte can be separated using distillation, 

although this is an energy intensive process. One method to reduce the overall energy 

consumption is process intensification, which can reduce the carbon and energy 

footprint by burning the hydrogen that is produced during CO2 reduction as a side-

product to heat the distillation column.2 Other types of liquid separation technologies 
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should be studied to help improve the overall energy footprint of CO2 reduction. Since 

not all liquid side products can be recovered from the electrolyte, the influence of trace 

amounts of liquid side products in the catholyte on the CO2 reduction performance 

should be studied as well.  

Gasses can be separated using pressure swing adsorption. For the CO2 stream it is still 

unknown what effect the presence of side products such as hydrogen and carbon 

monoxide will have on the reaction efficiency. The influence of flue gas impurities is 

also not yet studied. 

6.2.2 Intermittent operation 

When electrochemical CO2 reduction is used as a technology that can absorb the 

intermittent character of renewable electricity generation, it will not run continuously 

and at variable current density. Research is then needed to study whether CO2 reduction 

can be performed at different current densities and if the electrolysers maintain their 

lifetime when they are switched on and off regularly. In order to finance an 

electrochemical CO2 reduction facility that does not run continuously, the plant design 

needs to be simplified to save on capital cost. Certain separation techniques, like 

distillation boilers, can only run efficiently if they run continuously. Therefore, not 

recycling the electrolyte (which is done to stay below a 10% impurity level in the 

catholyte) is detrimental to the cost and energy balances of a CO2 reduction facility when 

considerable amounts of liquid side products are expected.2 Intermittent operation 

therefore only seems feasible for processes at near 100% Faradaic efficiency at high 

current density, unless new separation technologies are developed.  

 Conclusion 
Clearly, a renewable electricity based society needs other technologies than what is 

presently available to become the main source of our energy supply. Electrochemistry, 

and in particular, CO2 reduction can play an important and enabling role here. The CO2 

reduction technology does still have significant work to be done, in terms of stability, 

energy efficiency and cost reduction. 
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Summary 
Fossil resources are being depleted, while the concentration of CO2 in the atmosphere 

rises (408.5 ppm in September 2019, against 401.5 in March 2015, when I started my 

PhD). All over the world, extreme weather events take place more frequently. There 

clearly is a strong and immediate need for a radical energy transition. Renewable energy 

is growing strongly as supplier of fossil-free electricity, but it needs large-scale and long-

term storage options in order to be able to make a real impact on our total energy market. 

Another difficulty in eliminating fossil fuels from our society is the fact that petroleum 

is not only a feedstock for energy resources such as kerosene and gasoline, but also for 

many materials and chemicals that are being used in everyday life. A technology called 

electrochemical CO2 reduction (CO2R) can provide a solution to both these issues: 

renewably generated electricity is converted in any carbon-based energy containing 

molecule. The purpose (large-scale energy storage, mobile energy carrier or chemical) 

determines the molecule that should be produced. 

Electrochemical CO2 reduction is demonstrated at the lab scale. In order for it to become 

economically feasible and scalable to use in industry, additional research is needed to 

find better catalysts, understand the reactions and to improve cell design. The need for 

research includes a need for operando studies to investigate the exact physical and 

structural state of the catalyst under operating conditions. Also, relevant reaction 

intermediates cannot be studied without operando experiments. This thesis therefore 

focusses on the question how we can use existing operando characterisation techniques 

to study electrochemical systems. 

The results obtained through operando studies in this thesis are combined with 

modelling work (Chapter 3) and ex situ material characterisation (Chapter 3 and 4) to 

better our understanding of CO2 reduction. Reaction species can be monitored using 

infrared radiation (Chapter 2). There are pitfalls connected to operando studies. Since 

there is little literature to compare to, signals are  easily misinterpreted. Operando 

experiments to study catalyst properties may also complicate the experimental set-up to 

such an extent that it is preferred to use ex situ characterisation instead (Chapter 5). 

Attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy can be 

used to study reaction mechanisms since the technique is able to probe molecular 

species close to the ATR crystal. The ATR-FTIR signal strength decreases exponentially 

as a function of distance from the crystal, making it very suitable to study molecules that 

are adsorbed on the ATR crystal. In Chapter 2, this characteristic was exploited by 

depositing a silver film on the ATR crystal and using this as the cathode in CO2 

reduction. This way, adsorbates present on the cathode surface could be monitored 

during CO2R. The results indicated a change in reaction mechanism between low (up to 

-1.55 V vs. Ag/AgCl) and high (-1.60 V vs Ag/AgCl) applied potential.   
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Literature has hosted a debate over the presence of oxygen in both oxide-derived silver 

(ODAg) and oxide-derived copper electrocatalysts. Its presence is difficult to confirm 

experimentally since it is a low concentration, low mass element, making most 

characterisation techniques unsuitable. X-ray photoelectron spectroscopy works well in 

low concentration and low mass, but often operates in vacuum, which could change the 

oxidation state of silver. In Chapter 3, a cell design for an electrochemical cell enabling 

operando X-ray absorption spectroscopy (XAS) studies on ODAg during CO2 reduction 

is presented. The elongated ODAg cathode is covered by a thin layer of electrolyte and 

a polypropylene window, allowing the X-rays to pass at a shallow angle and probe only 

the first micrometres of the nanoporous ODAg. Experiments performed in this cell 

revealed the presence of a silver-oxygen bond, that at 2.28 Å is longer than average 

silver-oxygen bonds in silver oxides (up to 2.06 Å). The silver-oxygen bond 

concentration and length were modelled and compared to literature and considered 

accurate for this system. Several CO2 reduction reaction mechanisms including the 

oxygen bond were hypothesised. 

A gas-diffusion electrode (GDE) improves the performance of CO2 reduction immensely 

due to the high concentration of CO2 at the reaction site. Since the GDE-based CO2 

reduction research field is relatively recent, not much is known about the catalyst under 

relevant experimental conditions. Especially the effects of high current density (>50 

mA/cm2) on the catalyst are unknown, since such current densities are not possible in 

traditional H-cell systems. Chapter 4 presents a guide on how to conduct operando XAS 

experiments on GDE-based CO2 reduction catalysts. The chapter discusses both the 

experimental details, the theory behind the technique, the most important shortcomings 

and presents work on silver and copper GDEs. The data shows how silver films are more 

polydisperse compared to copper films and that thin (20 nm) copper catalysts with 

reduced ethylene selectivity compared to 100 nm copper films are almost amorphous. 

Another important observation was the transformation that the copper samples 

underwent between reducing, ex situ, and open circuit conditions. In open circuit, the 

copper films quickly reduce in size compared to CO2 reduction conditions, the same 

holds for ex situ samples. This confirms the earlier notion made in Chapter 3 that ex situ 

characterisation techniques can easily misinterpret the exact size and oxidation state of 

a catalyst.  

Chapter 5 shows how light elements can be studied with hard X-rays using a technique 

called X-ray Raman scattering (XRS). In XAS, catalysts are probed with X-rays of an 

energy equal to the energy of the core electrons. This limits the availability of the 

technique to heavier (> 7000 eV) elements, since lower energy photons will not be able 

to penetrate through air or any other element without being fully absorbed. In XRS, a 

higher energy beam can be used and light-weight elements such as oxygen and carbon 

can be studied. Using XRS, in Chapter 5 the electronic effect of photocharging on 
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bismuth vanadate (BiVO4) photoanodes is revealed to be the result of band bending 

induced by a bismuth borate surface layer. The surface layer is created by light soaking 

and the subsequent band bending directs photogenerated electrons toward the back 

contact, suppressing the surface recombination that often troubles BiVO4.     

CO2 reduction research has progressed tremendously during the last 5 years. Large 

improvements in operating current densities and stability have raised the interest of 

companies to join in developing the technology further. This means that science should 

focus on furthering the understanding of CO2 reduction under relevant conditions while 

industry works on upscaling and improving the cell and catalyst stability to thousands 

of hours. The operando methods developed in this thesis can help further scientific 

studies on electrochemical systems. 
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Samenvatting 
Fossiele brandstoffen raken uitgeput, en tegelijkertijd stijgt de concentratie van CO2 in 

de atmosfeer. Deze was 401.5 ppm in maart 2015, toen ik met mijn PhD begon en 408.5 

in september 2019, aan het einde van mijn PhD. Extreem weer komt over de hele wereld 

steeds vaker voor. Dit maakt duidelijk dat er een dringende behoefte is aan een radicale 

energietransitie. Hernieuwbare energie groeit sterk als een leverancier van  fossiel-vrije 

elektriciteit, maar er is behoefte aan lange termijn en grootschalige 

opslagmogelijkheden, wil fossiel-vrije elektriciteit een serieuze impact op de 

energiemarkt hebben. Een andere uitdaging van het elimineren van fossiele 

brandstoffen uit onze maatschappij is het feit dat petroleum niet alleen een grondstof is 

voor brandstoffen zoals kerosine en benzine, maar ook voor veel materialen en 

chemicaliën die men dagelijks gebruikt. Een technologie genaamd elektrochemische 

CO2 reductie kan een oplossing bieden voor deze twee problemen: hernieuwbaar 

opgewekte elektriciteit kan worden omgezet in ieder op koolstof gebaseerd 

hoogenergetisch molecuul. Het doel (grootschalige energieopslag, of mobiele 

energiedragers, of chemicaliën) bepaalt het te produceren molecuul. 

Elektrochemische CO2 reductie is reeds bewezen op laboratorium niveau. Om het 

economisch rendabel en schaalbaar naar industrieel gebruik te maken is er meer 

onderzoek nodig naar betere katalysatoren, begrip van chemische reacties, en verbeterd 

cel ontwerp. Binnen deze onderzoeksrichtingen valt een sterke behoefte aan operando 

studies die de precieze fysische en structurele staat van de katalysator tijdens de 

chemische reacties kunnen meten. Ook relevante reactie intermediairen kunnen niet 

bestudeerd worden zonder operando experimenten. Deze PhD thesis focust daarom op 

de vraag hoe we bestaande operando karakterisatie technieken kunnen gebruiken om 

elektrochemische systemen te bestuderen.  

De resultaten die met behulp van operando experimenten zijn behaald in deze thesis 

worden gecombineerd met modelleren (Hoofdstuk 3) en met ex situ 

materiaalkarakterisatie (Hoodstuk 3 en 4) om ons begrip van CO2 reductie te verbeteren. 

Reaktie intermediairen kunnen gemeten worden met infrarood spectroscopie 

(Hoofdstuk 2). Er zitten ook nadelen aan operando studies. Aangezien er weinig 

vakliteratuur bestaat waarmee de metingen vergeleken kunnen worden, is het 

makkelijk om verkeerde interpretaties te maken. Ook kunnen operando metingen die 

als doel hebben de katalysator te bestuderen een meetopstelling in zulke mate 

compliceren dat het in sommige situaties beter is ex situ karakterisatie te gebruiken 

(Hoofdstuk 5). 

Attenuated total reflection Fourier transform infrarood (ATR-FTIR) spectroscopie kan 

gebruikt worden om reactiemechanismen te bestuderen omdat deze techniek moleculen 

die zich in de buurt van het ATR kristal bevinden kan meten. Het signaal van de ATR-
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FTIR meting neemt exponentieel af met de afstand tot het kristal, dit maakt het een 

uitermate geschikte techniek om moleculen die zich op de oppervlakte van het kristal 

bevinden te meten. In Hoofdstuk 2 is deze eigenschap gebruikt door een zilveren laag 

bij wijze van kathode voor de CO2 reductie op de oppervlakte van het kristal aan te 

brengen. Op deze manier konden geadsorbeerde moleculen die aanwezig waren tijdens 

CO2 reductie worden gemeten. De resultaten in dit hoofdstuk wijzen op een verandering 

in reactiemechanisme tussen lage (tot -1.55 V vs RHE) en hoge (-1.60 V vs RHE) 

aangelegde potentiaal. 

Binnen de vakliteratuur is er een debat gaande over de vermeende aanwezigheid van 

zuurstof in zowel oxide-afgeleide zilveren (ODAg) en oxide-afgeleide koperen 

katalysatoren. De aanwezigheid van zuurstof is moeilijk experimenteel vast te stellen 

omdat het een element betreft dat in lage concentratie aanwezig is en een lage massa 

heeft. De meeste karakterisatietechnieken zijn hierdoor ongeschikt om de eventuele 

zuurstof te meten. X-ray photoelectron spectroscopie is wel geschikt binnen deze eisen, 

maar werkt onder hoog vacuüm. Hoog vacuüm kan de oxidatiestaat van zilver 

aantasten, waardoor deze techniek ook niet geschikt is. In Hoofdstuk 3 wordt een cel 

gepresenteerd waarmee operando X-ray absorption spectroscopie (XAS) metingen 

kunnen worden gedaan aan ODAg tijdens CO2 reductie. De langwerpige ODAg 

kathode wordt bedekt door een dunne laag elektroliet en een polypropyleen venster, 

waardoor de X-ray bundel kan binnenkomen onder een zeer lage hoek, en zodoende 

alleen de eerste paar micrometers van het ODAg zullen meten. Metingen die in deze cel 

zijn gedaan wezen op de aanwezigheid van een zuurstof-zilver verbinding van 2.28 Å. 

Deze verbinding is significant langer dan de meeste zuurstof-zilver verbindingen in 

zilveroxides, deze zijn maximaal 2.06 Å lang. De concentratie en lengte van zuurstof-

zilver verbindingen werden gemodelleerd, vergeleken met waardes uit de vakliteratuur 

en aannemelijk bevonden voor dit systeem. Tevens zijn verschillende mogelijke CO2 

reductie reactiemechanismen waarbij zuurstof een rol speelt beschreven.  

Een gas-diffusie elektrode (GDE) verbetert de CO2 reductie presaties aanzienlijk dankzij 

de enorm hoge CO2 concentratie op de locatie van de reactie. Omdat het op GDEs 

gebaseerde CO2 reductie onderzoeksveld nog relatief nieuw is, is er weinig bekend over 

de staat van de katalysator onder relevante reactiecondities. Vooral de effecten van hoge 

stroomdichtheden (>50 mA/cm2) zijn niet bekend, omdat zulke stroomdichtheden 

onmogelijk zijn in traditionele H-cellen. Hoofdstuk 4 bevat een gids over hoe een 

operando XAS experiment uit te voeren op GDE-gebaseerde CO2 reductie katalysatoren. 

Het hoofdstuk behandelt experimentele details, de theorie achter de techniek, de 

belangrijkste tekortkomingen van de techniek en presenteert metingen aan zilveren en 

koperen GDEs. Deze data laat zien dat zilveren GDEs een grotere verscheidenheid aan 

deeltjesgrootte hebben dan koperen GDEs. Ook blijken zeer dunne (20 nm) koperen 

GDEs niet alleen een slechtere selectiviteit voor ethyleenproductie te hebben dan 100 
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nm koperen GDEs, maar ook bijna volledig amorf te zijn. Een derde belangrijke 

observatie was de verandering die de koperen films doormaakten tussen reducerende, 

ex situ en open circuit omstandigheden. Zodra de films in een open circuit gebracht 

worden krimpt de kristalgrootte aanzienlijk ten opzichte van de reducerende 

omstandigheden, hetzelfde geldt voor de ex situ omstandigheden. Dit bevestigt de 

eerdere opmerking gemaakt in Hoofdstuk 3, namelijk dat ex situ karaterisatietechnieken 

makkelijk een verkeerd beeld kunnen geven van de exacte grootte en oxidatiestaat van 

een katalysator onder realistische omstandigheden.  

Hoofdstuk 5 laat zien hoe lichte elementen bestudeerd kunnen worden met harde 

X-rays met een techniek genaamd X-ray Raman scattering (XRS). Met XAS worden 

katalysatoren gemeten met X-rays van dezelfde energie als de energie van diens 

kernelektronen. Dit maakt de techniek alleen geschikt voor zware (> 7000 eV) 

elementen, omdat X-rays met een lagere energie niet in staat zijn om door lucht of 

andere elementen te dringen zonder volledig geabsorbeerd te worden. In tegenstelling 

tot XAS, kan met XRS een bundel van hogere energie dan de te meten elementen worden 

gebruikt. Dit maakt deze techniek geschikt om lichte elementen zoals zuurstof en 

koolstof te bestuderen. In Hoofdstuk 5 is met behulp van XRS ontdekt dat het foto-laden 

(‘photocharging’) van bismut vanadaat (BiVO4) fotoanodes zorgt voor een bismut 

boraat oppervlaktelaag die leidt tot buigende banden in BiVO4. De oppervlaktelaag 

wordt gecreëerd door lange blootstelling aan licht en de daarop volgende buiging van 

banden duwt de fotogegenereerde fotonen in de richting van het elektrische contact aan 

de achterzijde, dit onderdrukt de recombinatie aan de oppervlakte die vaak voorkomt 

bij BiVO4.  

Onderzoek naar CO2 reductie is enorm vooruit gegaan gedurende de laatste 5 jaar. Grote 

verbeteringen in operationele stroomdichtheden en stabiliteit hebben de interesse van 

de industrie gewekt om mee te werken aan de verdere ontwikkeling van deze 

technologie. Dit betekent dat de wetenschap zich moet richten op het verbeteren van het 

begrip van CO2 reductie onder relevante reactieomstandigheden terwijl de industrie kan 

werken aan de opschaling en de verbetering van de stabiliteit van cellen en 

katalysatoren richting duizenden uren. De operando methodes die zijn ontwikkeld in 

deze thesis kunnen een bijdrage leveren aan verdere wetenschappelijke studies aan 

elektrochemische systemen.              
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