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Abstract 

With the rise in the average global temperature due to human intervention, there is a need 

to reduce its increase to 1.5-2.0 0C to achieve carbon neutral society by the end of the century.1–

3 One major contributor to this issue, is atmospheric CO2 which is emitted as a greenhouse gas 

from currently used fossil fuel dependent processes.4 Therefore, there is a need to improve the 

current state of the art CO2 capture, conversion and storage technologies.5,6 In-situ spectroscopy 

techniques are a powerful tool for electrochemical reactions characterization under operating 

conditions. Vibrational spectroscopy, such as attenuated total reflection – surface enhanced 

infrared absorption spectroscopy (ATR-SEIRAS), allows the detection of species at the 

microenvironment of the catalyst surface.7,8 Using ATR-SEIRAS supplies meaningful 

fundamental insights for the optimization of the electrocatalytic system by monitoring changes 

at the catalyst-electrolyte interface in real time. 

Currently, the most promising approaches for electrochemical CO2 capture and 

conversion are electrolyzer technology and acid-base electrodialysis.9–11 Electrolyzer 

technology consists of an electrolytic electrochemical cell that when coupled with renewable 

energy sources as a driving force, can produce viable chemicals that can contribute to multiple 

industries (e.g. chemical fuels, feedstock and additives) while minimizing CO2 emissions from 

the energy source. The state-of-the-art configuration for a CO2 reduction electrolyzer consists 

of a membrane electrode assembly (MEA), with components in the following order: CO2 

stream/cathode/catholyte/membrane/anolyte/anode.12 The electrolyte used within the 

electrolyzer as catholyte or anolyte could be either in a solid, or liquid state.12–14 Lastly, it is 

suggested that decoupling the process into two steps, CO2 reduction to CO and CO reduction to 
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products, results in a more promising approach relative to a direct CO2 reduction to products.15 

However, one limiting factor for the improvement of CO2 reduction electrolyzer technology is 

related to the choice of catalyst and its synthesis as different electrocatalysts and their synthesis 

route could affect their product distribution and activity. Therefore, there is a need for interfacial 

in-situ characterization techniques to probe the catalyst-electrolyte microenvironment. Doing so 

can support better understanding of these microenvironments to improve catalytic performance. This 

research project aims to advance ATR-SEIRAS systems to gain fundamental insights on 

electrochemical CO2 reduction in various conditions. Moreover, this work could contribute to a 

wide variety of fields and applications, as the main focus is on technique development 

demonstrated on CO2 reduction and this approach could be used for other electrocatalytic 

systems. 

In this project we worked with the following objectives in mind: 

Objective 1: Understanding of Spectro-electrochemical fundamentals while proposing 

an approach for the usage of ATR-SEIRAS for electrochemical CO2 reduction. 

Objective 2: Support an experimental-computational feedback loop with either 

experimentally guided simulations, or validation of models with experiments. 

Objective 3: Advance the capabilities of in-situ Spectro-electrochemical ATR-SEIRAS 

towards bridging the gap between bench scale experiments and industrial needs. 
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Chapter 1: Introduction 

1.1 Fundamentals of electrochemical systems 

The introduction of the galvanic electrochemical cell design dates back to 1836, where 

John Frederik Daniell finalized the concept of the electrochemical battery by using a 

copper/zinc-mercury cell to generate electricity. The cell was used to demonstrate the operation 

of a lightbulb using this stack. Three years later (1839), the first fuel cell was produced by 

William Grove. Unlike previous batteries, a fuel cell requires a continuous source of fuel and 

oxygen. In addition, that specific fuel cell was used to demonstrate water recombination. The 

opposite case, where electricity is used to drive a chemical reaction, is called an electrolytic 

cell. In the context of the original fuel cell, electrons can be supplied in order to split water 

molecules to generate its constituents (Hydrogen and Oxygen). 

A typical electrochemical cell consists of the following: a potentiostat, a cathode which is 

immersed in an electrolyte (catholyte), a salt bridge, and an anode which is also immersed in an 

electrolyte (anolyte), as can be seen in the following illustration: 

Figure 1.1: Schematic of a water splitting electrochemical cell. 
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When electric potential bias is applied on the system, electrons can flow from the anode to 

the cathode. This results in two electrochemical reactions, reduction at the cathode and oxidation at the 

anode. In the case of charge accumulation, counter ions (ions with opposite charge to the charge 

built at the electrode surface) can flow within the electrolyte (and through the membrane) to the 

electrode surface to maintain electroneutrality.25 In this project, we focus on the cathode as we are 

interested in gaining insights on electrochemical reduction reactions, namely, CO2 reduction 

reaction (CO2RR). In the next subsection I will discuss specifically on electrochemical CO2RR in 

more detail. 

1.2 Electrochemical CO2RR 

Modern understanding of electrochemical CO2RR stems from works done by Yoshio Hori 

in the 1980s, which demonstrated selectivity and activity trends on various metallic electrodes.26 

Since then, major advances have been made in understanding CO2RR reaction pathways for 

various products, and selectivity trends for monometallic electrodes have been fairly 

characterized.27 Interestingly, among all monometallic electrodes, copper is the only one known to 

form multi-carbon (C2+) products.27–29 However, the contribution of different effects on CO2RR 

activity and selectivity, such as electrode reconstruction, degradation and the electrolyte 

composition, or more broadly, the characteristic of the catalyst-electrolyte microenvironment 

remains unclear. Therefore, to further understand CO2RR fundamentally, an active and selective 

system is needed. In addition, untangling these contributing effects remains an unresolved 

challenge. To elucidate reaction mechanisms, a collaborative approach using a combined 

experimental and computational analysis is needed. This approach can contribute to enhancing both 

experimental and computational research. On one hand, computational analysis can support 
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validating experimental results and elucidate mechanistic pathways. On one hand, computational 

analysis can support the validation of experimental analysis and elucidate mechanistic pathways. 

On the other hand, experimental analysis can support the validation and improvement of existing 

models. 

In this work, we have taken another step towards developing methods to probe CO2RR 

under operating conditions. First, we have used an active and selective system for formate (Sn 

based electrocatalysts) to gain mechanistic insights on CO2RR to formate as a 2-electron transfer 

reaction, following Chem. eq. 1. 

𝐶𝑂2 + 2𝑒− + 𝐻2𝑂 → 𝐻𝐶𝑂𝑂− + 𝑂𝐻−; (Chem. Eq. 1) 

Second, we employed a collaborative approach to gain insights on CO2RR selectivity ratio 

between ethylene (Chem. eq. 2) and carbon monoxide (Chem. eq. 3) on copper-based electrodes 

in highly concentrated electrolytes, namely, 1 M HCOOK and 7.1 M HCOOK. This was done to 

gain a deeper understanding of the contribution of various components affecting the catalyst-

electrolyte microenvironment. 

2𝐶𝑂2 + 12𝑒− + 8𝐻2𝑂 → 𝐶2𝐻4 + 12𝑂𝐻−; (Chem. Eq. 2) 

𝐶𝑂2 + 2𝑒− + 𝐻2𝑂 → 𝐶𝑂 + 2𝑂𝐻−; (Chem. Eq. 3) 

1.3 FTIR spectroscopy background for using ATR-SEIRAS 

Fourier Transformed Infra-Red (FTIR) spectroscopy was commercialized in the 1940s.30 

Since then, significant developments have been made to FTIR spectrometers. One mode that is 

relevant to electrochemistry is attenuated total reflectance (ATR). This mode leverages Snell’s law 

of refraction at an interface between media with different refractive indices, as described in eq. 1.1: 
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𝑛1 sin(𝜃1) = 𝑛2 sin(𝜃2) ; (eq 1.1)  

Where ni represents the refractive index of medium i and θi represents the angle of 

incidence relative to the normal to the interface.  

 Therefore, when considering the equation as a function of sin(θ1), and given an inequality 

between the refractive indices, there must be an angle at which the solution becomes a complex 

number. The threshold for this transition is called the critical angle (θc). 

𝜃𝑐 = sin−1 (
𝑛2

𝑛1
) , sin(𝜃2) = 1 ; (eq 1.2) 

Figure 1.2: Illustration of reflection from an interface between media with difference in 

refractive index. (a) Partial reflection, (b) critical angle reflection and (c) total internal reflection. 

The physical interpretation of this mathematical case is that when photons are incident on 

the system, total internal reflection occurs. However, this reflection of photons induces an electric 

field that interacts with the low refractive index medium following an exponential decay, namely, 

an evanescent wave as shown in eq. 1.3:  

𝐸 ∝ 𝑒
𝑧

𝑑𝑝 ; (eq 1.3) 

The evanescent wave depth of penetration,  which is the characteristic length scale over 

which the exponential decay (dz) reaches a value of 1/e (~36.8%), is shown in eq. 1.4: 
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𝑑𝑝 =
𝜆

2𝜋𝑛1√sin2(𝜃)−(
𝑛2
𝑛1

)2
 ; (eq 1.4) 

Where dp is the depth of penetration, λ is the wavelength of the incident ray in vacuum, n1 

is the refractive index of the medium through which the beam travels, θ is the angle of incidence 

and n2 is the refractive index of the medium from which the beam is reflected.31 

When measuring a differential spectrum between an initial state and a final state in the 

lower refractive index medium, attenuation of specific wavelengths that correspond to changes in 

vibrational modes within the medium can be detected. 

ATR-SEIRAS was first formulated by Masatoshi Osawa, who suggested that when 

incorporating nanoparticles of a material with a plasma frequency (Resonant frequency) at the 

visible light, the evanescent wave induces plasmonic resonances both within the particles 

(Plasmon) and at their skin (Surface plasmon). The surface plasmon induces a resonance within 

the dielectric medium (i.e., a polariton). These effects combined are called “Surface Plasmon 

Polariton” (SPP) which takes the form of an additional evanescent wave.32 

 Figure 1.3: Surface plasmon polariton illustration.16 

Such evanescent wave has a much shorter depth of penetration, and it follows an alternative set of 

physical equations according to SPP wave theory: 

𝑘𝑧,𝑑 = √𝑘𝑆𝑃𝑃
2 − 𝜀𝑑𝑘2 ; (eq 1.5a) 
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Where kz,d is the wavevector in the z direction, kSPP is the wavevector of the surface plasmon 

polariton, εd is the permittivity of the dielectric and k is the wavevector at the speed of light. 

𝑘 =
𝜔

𝑐
 ; (eq 1.5b) 

Where ω is the incident light frequency and c is the speed of light. 

and  𝑘𝑆𝑃𝑃 = 𝑘√
𝜀𝑑𝜀𝑚

𝜀𝑑+𝜀𝑚
  ; (eq 1.5c) 

Where εm is the permittivity in the metal. 

Therefore: 𝑘𝑧,𝑑 = √
𝜀𝑑𝜀𝑚

𝜀𝑑+𝜀𝑚
∗ 𝑘2 − 𝜀𝑑𝑘2 = 𝑘√

𝜀𝑑𝜀𝑚

𝜀𝑑+𝜀𝑚
− 𝜀𝑑 = 𝑘√

𝜀𝑑𝜀𝑚

𝜀𝑑+𝜀𝑚
−

𝜀𝑑(𝜀𝑑+𝜀𝑚)

𝜀𝑑+𝜀𝑚
= 𝑘√−

𝜀𝑑
2

𝜀𝑑+𝜀𝑚
 ; 

(eq 1.5d) 

Finally, the SPP electric field component in the z direction is proportional to an exponential 

decay as well. 

𝐸𝑆𝑃𝑃,𝑑 ∝  𝑒−𝑘𝑧,𝑑𝑧 ; (eq 1.6) 

Where ESPP,d is the electric field strength at a given distance from the metal-dielectric interface into 

the dielectric medium and z is the distance from the surface-dielectric interface in the dielectric 

medium. 

1.4 Spectro-electrochemical in-situ ATR-SEIRAS 

Investigating electrochemical reactions requires a closed electrochemical circuit. 

Therefore, to achieve electrical contact on the ATR crystal, a roughened thin conductive film is 

required as an alternative to plasmonic nanoparticles. However, when using roughened surfaces 

rather than plasmonic particles, a different model needs to be applied to simulate the SEIRA effect. 

Two highly relevant models have been developed and proposed by Stefan Franzen and Ian J. 
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Burgess, and a practical guide was formalized by Kas et al.8,33,34 However, there is still room for 

further optimization to capture the effects of a continuous thin film as a substrate, especially when 

the film consists of multiple layers. 

Using in-situ spectro-electrochemical ATR-SEIRAS allows the detection of changes at the 

catalyst-electrolyte microenvironment during reaction (e.g., CO2RR). Multiple factors can 

contribute to changes in signal response, such as materials composition, film thickness, 

nanostructure, etc. These effects result in a complex nature of the system’s physics and optics, 

which is still under debate. However, using experimental approaches, empirical signal evaluation 

and estimation are meaningful for comparing ATR-SEIRAS performance. Therefore, in this work, 

we have proposed an empirical approach for estimating the SEIRA signal response using a set of 

two consecutive measurements. First, we estimate the total signal response, which provides an 

estimation of the overall evanescent wave profile. Second, the deposition of a self-assembled 

monolayer as a proxy for adsorbate signal response provides an estimate of the width of the 

evanescent wave base at the catalyst-electrolyte interface. 

Figure 1.4: EC ATR-SEIRAS illustration showing the totally reflected IR broadband and 

evanescent waves on a silicon (100) micromachined ATR element. 
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To summarize, EC ATR-SEIRAS is a powerful tool for characterizing electrocatalytic 

processes. However, although major advancements have been made, further investigation is 

needed to improve its capabilities, especially for electrocatalytic systems is needed. 

1.5 Significance and chapters content 

In the second chapter, we focused on establishing electrosynthesis routes for ATR-SEIRAS 

Spectro-electrochemical measurements, devising an approach for signal profile estimation 

(Quality of catalyst for this type of measurement), and applying it to a renewable energy relevant 

problem (CO2RR). 

In the third chapter, we worked on resolving plausible mechanisms for CO2 reduction on 

Sn based electrocatalysts while validating computational models using ATR-SEIRAS. 

In the fourth chapter, we worked on understanding the different effects contributing to CO2 

reduction product selectivity at the catalyst-electrolyte microenvironment while validating 

experimental results with computational models. 

The fifth chapter serves as a summary of the project, including concluding remarks and 

ideas for future direction. 

1.6 Introduction summary, conclusions and outlook 

In summary, electrochemical CO2RR powered by renewable energy presents a promising 

approach to reduce greenhouse gas emissions. Spectro-electrochemical methods such as ATR-

SEIRAS can be used in-situ to gain fundamental insights into CO2RR. In a collaborative approach 

involving computational researchers, density functional theory (DFT) and ab-initio molecular 

dynamics (AIMD) simulations can provide more accurate insights on CO2RR. 
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With this work, one could gain an understanding of how to use vibrational characterization 

methods to obtain fundamental insights when studying electrocatalytic systems. In addition, one 

could get up to date on the current state of CO2RR. However, while this work may be applicable 

and translatable to multiple systems, additional efforts may be needed to make this approach 

general and broad enough. Therefore, there is still a lot of room to work in this domain, and there 

is a need for passionate individuals to contribute to improving and optimizing this approach. 
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Chapter 2: Layered Sn-Au thin films for increased electrochemical ATR-SEIRAS 

enhancement 

Reprint with permission from: ACS Applied Materials & Interfaces. 2024, 16, 15, 19780-

19791, https://doi.org/10.1021/acsami.4c01525. Copyrights 2024 American Chemical Society. 

The full-text version of this article may be viewed at: 

https://pubs.acs.org/doi/10.1021/acsami.4c01525 

2.1 Abstract 

Operando electrochemical attenuated total reflection surface enhanced infrared absorption 

spectroscopy (EC ATR-SEIRAS) is a valuable method for fundamental understanding of 

electrochemical interfaces under real operating conditions. The applicability of this method 

depends on the ability to tune the optical and catalytic properties of an electrode film, and it thus 

requires unique optimization for any given material. Motivated by the growing interest in Sn-based 

electrocatalysts for selective reduction of CO2 to formate species, we here investigate several Sn 

thin film synthesis routes for their resulting SEIRA signal response. We compare the SEIRA 

performance of thermally evaporated metallic Sn to a series of Sn-based films on top of a SEIRA-

active Au substrate (metallic Sn, oxide-derived metallic Sn and metal oxide SnOx). Using 

alkanethiol self-assembled monolayers as a probe, we find that electrodepositing metallic catalyst 

films on top of SEIRA-active Au substrates yields higher signal relative to thermal evaporation as 

well as higher signal than the independent SEIRA-active Au 

underlayer. These observations come despite the fact that 

thermally evaporated Sn has a significantly higher surface 

roughness (and thus higher adsorbate population), 

suggesting specific SEIRA-magnifying effects for the 

https://doi.org/10.1021/acsami.4c01525
https://pubs.acs.org/doi/10.1021/acsami.4c01525
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stacked films. Finally, we apply these films to observe the electrochemical conversion of CO2. 

Differences are observed in spectral features based on the composition of the electrode being either 

metallic or oxide-derived metallic Sn, implying differences in their respective reaction pathways.  

2.2 Introduction 

The growth of renewable electricity generation has improved prospects for electrosynthesis 

of chemicals and fuels from renewable resources and/or waste products including water, carbon 

dioxide, and bio-derived organic molecules.27,35–40 In order to accelerate the development and 

deployment of these technologies, fundamental insights are needed to understand how various 

reactions proceed at the electrochemical interface, defined within a few nanometers of an 

electrocatalyst surface. This microenvironment can be very different than the bulk environment of 

the electrolyte, and thus there is a need for continued development of characterization techniques 

that can probe this region without disturbing the catalytic reaction. Vibrational spectroscopies such 

as Fourier transform infrared (FTIR) and Raman are powerful, noninvasive techniques for 

mechanistic studies, but they must be adapted in surface-sensitive modalities that are not always 

readily transferrable between materials and reactions of interest. For example, EC ATR-SEIRAS 

can amplify signals by 2-3 orders of magnitude and be used to probe both surface-bound reactive 

intermediates and near-surface speciation of molecules. However, the range of materials that can 

promote the phenomenon of SEIRA is limited, and with a few notable exceptions (mainly noble 

metals), there are neither well-established structural parameters to target for optimal enhancement, 

nor standard synthetic procedures to reproducibly achieve those structures. An important example 

can be seen in using EC ATR-SEIRAS to understand reaction mechanisms for electrochemical 

CO2 reduction (CO2RR), which involves numerous elementary steps and can yield a wide range of 

products. Au, Ag, and Cu electrocatalysts have been studied in great detail using EC ATR-SEIRAS, 
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while Sn—which is of growing interest for its uniquely high selectivity towards formate41—is not 

as readily implemented for ATR-SEIRAS, with very modest signal enhancements achieved in 

documented electrochemical ATR-FTIR studies.42 

The most common method of fabricating SEIRA-active electrodes (developed mainly for 

Au, Ag, Cu and Pt) is an electroless deposition approach first demonstrated by Osawa in the early 

2000s.43–45 While sputtering and thermal evaporation methods are also commonly 

implemented,7,42,46–52 it has been shown that electroless deposition tends to provide better signal 

response relative to other methods (without intensive parameter optimization). This is suggested 

to be due to more optimal nanoparticle size distributions that promote appropriate optical 

resonances.33,49,53–57 In addition, it has been suggested that electroless deposition provides better 

mechanical stability due to simultaneous etching reactions on the ATR crystal surface allowing 

better adhesion.32,43 While the exact structures needed for broad spectrum signal enhancement are 

hard to predict due to the complex optical properties of rough films, efforts to transfer the SEIRA 

effect between materials have also been explored through stacking catalytically-active films on top 

of established SEIRA-active surfaces.54,58,59 There are nonetheless still large gaps in understanding 

the optics of these systems due to their heterogeneous composition, as well as limited synthesis 

methodologies for precise and reproducible fabrication.    

Since many reports in electrocatalysis have pointed to Sn as a promising CO2 reduction 

catalyst—and these have further suggested that variation in reaction pathways/reactivity can stem 

from the origin of the material (metallic vs. oxide-derived)—we explore here the impact on SEIRA 

characteristics and resulting spectra using a variety of Sn-film electrosynthesis methods. We focus 

mainly on direct electrodeposition and indirect electrosynthesis via oxide deposition, examining 

each of these using a SEIRA-active Au substrate for deposition of Sn and measuring the relative 
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signal intensities using alkane self-assembled monolayers (SAMs) on the final films. These Sn/Au 

stacked films are further compared to the ATR-SEIRAS performance of pure thermally evaporated 

Sn. We find that when optimized, Sn/Au stacked films promote higher signal response than Sn or 

Au layers alone. Since the signal response from the Sn/Au stack is higher than that of either 

constituent, it suggests that surface plasmon resonance (SPR) in the IR regime is enhanced by 

interactions between the layers. Lastly, we demonstrate the SEIRA performance of the electro-

synthesized metallic and oxide-derived Sn electrodes under CO2RR conditions, highlighting 

differences in their catalytic reaction chemistry. This work may support mechanistic insights in the 

electrocatalysis field for CO2RR while also providing a simple and general synthesis approach for 

active films in diverse ATR-SEIRAS applications. 

2.3 Methods 

2.3.1 Materials 

All materials were used as purchased without further purification. For thermal evaporation, 

Au (Kurt J. Lesker, 99.999% 1/8” Diameter -1/8” long pellets) and Sn (1 mm shots, 99.99995%) 

were used. For Au electroless deposition, NaAuCl4 (Premion Sodium tetrachloroaurate dihydrate 

99.99% - metal basis Au 49-50%), NH4F (99.99%, trace metals basis, Sigma-Aldrich), NH4Cl 

(99.99%, ACS Grade, Sigma-Aldrich), HF (Suprapur 40%, Merck), Na2S2O3 (98%, ACS Grade, 

Sigma-Aldrich) and Na2SO3 (99.5%, ACS Grade, Sigma-Aldrich) were used. For 

electrosynthesis, Tin(II) sulfate (Sigma-Aldrich, ≥ 95% metal salt), H2SO4 (Merck, Suprapur 

96%) and HNO3 (Merck, Suprapur 65%) were used. For thiolate self-assembled monolayer 

deposition, 1-Decanethiol (96% Alfa Aesar) and 200 proof EtOH (Decon Laboratories inc.) were 

used. For phosphonic acid self-assembled monolayer deposition, 1-Decylphosphonic acid (98% 

Thermo Scientific) was used. CO2 (Instrument grade, CD I200), O2 (Ultra High Purity, Ox UHP 
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300) and Ar (Ultra High Purity, Ar UHP 300) gas cylinders were used in this work and were 

supplied by Airgas.  

Throughout this work, MilliQ ≥ 18.2 MΩ was used as a water source. 

2.3.2 Electrosynthesis 

Sn based electrodes synthesis was conducted within the same PTFE and PEEK cell housing 

from the ATR-FTIR apparatus was used with a custom acrylic cap, which includes three ports. The 

ports serve as housing for a bubbler, a reference electrode, and a counter electrode. A graphite rod 

counter electrode was held in parallel to the working electrode in a vertical configuration. A KCl 

saturated Ag/AgCl electrode was used as the reference electrode. Metallic derived Sn based 

electrode was deposited at -0.467 V vs Ag/AgCl in 0.1 M H2SO4 with 10 mM SnSO4, and oxide 

derived Sn based electrode was deposited at -0.6 V vs Ag/AgCl in 1.5 M HNO3 with 30 mM SnSO4 

via chrono-coulometry.  

2.3.3 Thermal evaporation 

A CVC thermal evaporator was used for physical vapor depositions. The evaporation 

chamber was pumped down to a pressure of ~5x10-7 torr prior to deposition. For Au thermal 

evaporation, a deposition rate of 0.2 Å/s was used to a thickness of 5 nm followed by a deposition 

rate of 1.0 Å/s to a total thickness of 30 nm. For Sn thermal evaporation, initial deposition rate of 

1.0 Å/s for the first 10 nm, followed by a deposition rate of 2.0 Å/s for an additional 90 nm. 

Thicknesses were measured in-situ using an Au quartz crystal microbalance. All samples were 

introduced to a reductive electrochemical treatment prior to FTIR experiments equivalent to thin 

films synthesized via chemical, or electrosynthesis methods.  

 



15 
 

2.3.4 Characterization methods 

XRD: X-ray diffractograms were acquired on a Rigaku Smartlab 9kW rotating anode 

utilizing Cu K-alpha radiation (1.54 Angstrom). Nickel metal foils were used to filter Kβ radiation. 

The instrument was operated in parallel beam grazing incidence mode with a HyPix3000-SE 

detector set to 0D continuous acquisition. The beam profile was set to 0.1 mm tall x 5 mm wide, 

and the axial divergence was reduced with symmetric 2.5 degree Soller slits on the incident and 

receiving optics path. An additional 0.5 degree parallel slit analyzer was used to reduce vertical 

divergence of the diffracted X-rays. The detector two-theta range and source incidence angles were 

varied as reported in the main text. All data was acquired and reduced using the Rigaku SmartLab 

Studio II software. 

LEIS: For high-sensitivity low-energy ion scattering (HS-LEIS) characterization, an 

IONTOF Qtac100 spectrometer was used. Samples were first inserted into a high vacuum chamber. 

For metallic Sn sample, Ar sputtering was used for surface cleaning. Sputtering was done at 500 

eV for a dose density of 2.04x1016 ions/cm2.  For SnO2, atomic oxygen cleaning was performed 

for 10 min prior to the measurement. Post cleaning, a spectrum was collected using He+ ion gun 

with 3keV energy, averaging 10 rounds of measurements (Dose density of 2.43x1013 ions/cm2 and 

5.01x1013 ions/cm2 for ED-Sn and ED-SnO2 respectively) in an energy range that accommodates 

oxygen, tin and gold (500-3000eV). 

Profilometry: To characterize the thickness profile of the different layers of the stack, we 

used a Bruker Dektak XT with contact stylus profilometer, measuring a 40 μm line over 3 sec, 

applying 2x10-5 N of force on the sample. We measured Sn/Au step profile and Au/Si step profile 

separately for each sample to measure the height of each thin film layer. Films were synthesized 

similarly to spectroscopically tested electrocatalysts. We created a well-defined step using PTFE 
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tweezers, exposing the underlying silicon layer without damaging it. Finally, we probed a line 

including the step using a Dektak contact stylus profilometer. 

FIB: An FEI NOVA Nanolab 600 FIB was used for SEM imaging. A current of 93 pA was 

used for secondary electrons, and the working distance was set to 5 mm. Images were taken at an 

angle of either 0o or 52o. 

SEM: Scanning electron microscopy (SEM) micrographs were acquired using a 

backscattered electron detector in a through-lens configuration on a FEI Nova NanoSEM 630 

operating at 8 keV accelerating voltage and 2.3 nA beam current at a working distance of 5 mm. 

Energy-dispersive X-ray spectroscopy (EDS) was performed using an Oxford Instruments Ultim 

Max detector. 

XPS: data sets were acquired using a Physical Electronics VersaProbe III instrument. High-

resolution XPS spectra were acquired at 55 eV pass energy, using monochromatic Al-ka x-rays 

(hn = 1486.7 eV). Measurements were calibrated using the Au 4f7/2 (83.96 eV) and Cu 

2p3/2 (932.62 eV) core levels measured on sputter-cleaned metal foils. 

Ellipsometry: The thickness and optical properties of the Au and Sn samples were 

determined through ex situ spectroscopic ellipsometry, employing a J.A. Woollam Co. M-2000® 

variable angle ellipsometer. To enhance measurement sensitivity, three angles near the Brewster 

angle of Si were selected for the Au-containing samples 65˚, 70˚, and 75˚. Similarly, angles of 72˚, 

77˚, and 82˚, close to the Brewster angle of Sn, were chosen for the Sn-containing samples. The 

analysis used the CompleteEASE software (version 6.1), employing the built-in general oscillator 

parameterization to model data from TE-Au and TE-Sn. 
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2.3.5 ATR-FTIR 

For in-situ ATR-FTIR experiments, a Nicolet 6700 FTIR spectrometer (Thermo Fisher 

Scientific) with VeeMAXTM III (PIKE Technologies) ATR configuration chamber was used. The 

photoelectrochemical experiments were performed in a J1W Jackfish spectro-electrochemical cell 

(PIKE Technologies) with a PTFE/PEEK base, and IRUBIS Si(100) specialized 1 ATR element 

(single-bounce ATR crystal). Polycrystalline Au electrode was chemically deposited (electroless 

deposition) from. based on previous work by Osawa.43 Each electrode was first deaerated with 

argon for at least 2 minutes per ml of electrolyte, then cycled between 0.2 V – 1.75 V vs. RHE for 

20 cycles at 50m V/s for surface cleaning and SEIRA activation. 

Alkane SAM deposition: The ATR-SEIRAS experiments on gold were performed by taking 

background spectra in MilliQ water, followed by solution exchange to 10 mM 1-Decanethiol in 

200 proof EtOH for SAM deposition. Next, the solution was rinsed with ultrapure water, with 

spectrum taken after each rinse without purging until no more changes were noticeable. 

In the case of Sn/Au electrodes, prior to ATR-SEIRAS experiments, a CV was conducted, 

followed by polarization for 5 min using the SnO2 reduction peak potential bias prior to SAM 

deposition. For decanethiols deposition on Sn based electrodes, a reducing bias was held until no 

change in IR signal response was observed. 

For decyl phosphonic acid (deposited on ED-SnO2), we followed a similar procedure to 

thiol SAM deposition on gold but dissolved 10 mM 1-Decylphosphonic acid in ultrapure milliQ 

water rather than ethanol. 

2.4 Results and discussion 

2.4.1 Synthesis of Sn ATR-SEIRAS films   
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Different synthesis methods were used to generate metallic and oxide-derived Sn films for 

assessment of SEIRA activity (Figure 2.1).  For clarity, electrodeposited Sn and SnO2 electrodes  

Figure 2.1: Illustration of (a) metallic Sn and (b) oxide derived Sn via SnO2 

electrosynthesis routes. (c) Illustration of electrodeposited film topography as a function of applied 

reducing overpotential (η). 

 

are hereby referred to as ED-Sn and ED-SnO2, while the thermally evaporated Sn electrodes are 

denoted as TE-Sn. Oxide-derived Sn, created from reduction of SnO2, will be referred to as OD-

ED-Sn. For bare Au, electroless chemically deposited Au electrodes are denoted as CD-Au while 

thermally evaporated electrodes are denoted TE-Au.  

The deposition methods for each film were designed with consideration of the Pourbaix 

diagram of Sn in H2O (Figure S2.1). Inspecting this diagram, it can be seen that Sn2+ (E0
Sn/Sn2+ = - 

0.14 vs. NHE) is only soluble in a narrow potential window below pH ~4. Conversion to Sn4+ 

(E0
Sn2+/Sn4+ above ~0.15 vs. RHE) results in SnO2 precipitation over a wide range of conditions—

SnO2 is effectively insoluble from roughly pH 0-13. Thus, to maintain solubility for a controlled 

deposition rate, the electrodepositions were carried out in a plating solution of 0.1 M H2SO4 + 10 

mM SnSO4 (pH~1). The sulfate precursor was chosen to avoid halide species that can specifically 
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adsorb (e.g. from SnCl2), and the solution was deaerated with argon prior to salt addition and 

throughout the synthesis to avoid promotion of alternate oxide formation paths (e.g., 𝑆𝑛2+ +

1

2
𝑂2 + 2𝐻2𝑂 → 𝑆𝑛𝑂2 + 𝐻2𝑂 + 2𝐻+). The low pH also aids to avoid Sn hydrolysis to Sn-

hydroxide species.60–62  

Electrodeposition conditions such as potential bias, current density, Sn salt concentration, 

and total charge passage dictate the roughness, thickness, and porosity of the resulting electrodes 

(Figure 2.1.c).22,63 Depositing Sn at a high negative bias can result in a porous electrode due to 

bubble formation from the hydrogen evolution reaction (HER), which occurs simultaneously with 

the electrodeposition.64 In order to decide on the potential biases for plating, cyclic voltammetry 

experiments were conducted to locate the Sn underpotential deposition (Sn-UPD) peak, seen at 

~0.1 V vs. RHE, and Sn overpotential deposition (Sn-OPD), with peaks at roughly –0.2 V and –

0.3 V vs. RHE. These are followed by oxidation and dissolution on the reverse sweep, as can be 

seen in Figure S2.2.a.60 The first Sn-OPD peak potential was chosen for electrodeposition to 

minimize generation of porosity from the HER while still being able to deposit Sn. ED-Sn films 

were deposited to 38 mC/cm2
geo (After testing a series between 3.16mC/cm2

geo and 47.4mC/cm2
geo) 

via chronocoulometric electroreduction of Sn onto Au (Figure S2.2.b). Using the Van der Waals 

radius of Sn to estimate a cross-sectional area, we approximate—assuming conformal growth, 

negligible HER, and average roughness factor of 9 (measured separately)—the charge transfer 

required to fill a complete monolayer would be ~574 µC. This equates to an estimated film 

thickness of 9.1 nm for the conditions used. Calculation examples can be found in the 

Supplementary Information. Although, additional pH/concentration dependent synthesis routes 

may exist and will require further investigation beyond the scope of this work. 
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For metal oxide film synthesis, it is challenging to precipitate a nanoscale thin film because 

pH adjustment creates conditions of bulk insolubility. Therefore, rapid electroreduction of the 

electrolyte was used to alter the local pH near the electrode surface, promoting amorphous SnO2 

growth only in that region. Films formed by this method are thus still referred to as 

“electrodeposited” SnO2 (ED-SnO2). The method developed was based on a work by Vequizo et. 

al., who deposited amorphous SnO2 on an indium doped tin oxide (ITO) substrate.65  1.5 M HNO3 

(pH~ -0.17) was chosen as the electrolyte because solubilizing Sn4+ requires very acidic conditions 

(pH<0).61 Rapid reduction of protons and NO3
– was then utilized to raise the local pH (Figure 

2.1.b). A characteristic cyclic voltammogram (CV) is shown in Figure S2.3.a. Based on this CV, 

a deposition potential of –0.6 V vs. Ag/AgCl was chosen for film synthesis. Film deposition was 

additionally carried out with O2 purging in order to enhance SnO2 formation by converting Sn in 

the bulk solution to the +4 state as well as possible additional reaction through the redox process: 

𝑆𝑛4+ + 𝑂2 + 4𝑒− → 𝑆𝑛𝑂2.65 Deposition conditions such as potential bias and charge transfer that 

were tested for suitable deposition conditions: 1.58 – 6.32 C/cm2
geo total charge transfer and -0.6, 

-0.8 V vs Ag/AgCl potential biases. Films were deposited up to 3.16 C/cm2
geo (Figure S2.3.b) and 

then the reaction was quenched by replacing the plating solution with MilliQ water to avoid 

dissolution from the original low bulk pH.  

2.4.2 Physical characterization of deposited films 

To observe morphological properties that may correlate with performance of the different 

films, scanning electron microscopy (SEM) and atomic force microscopy (AFM) were performed. 

Samples were analyzed both as-deposited as well as after a reductive treatment, required to convert 

ED-SnO2 to OD-ED-Sn and applied to other Sn samples for consistency. For as-synthesized ED-

Sn, the surface was relatively smooth and uniform (SEM Figure S2.4.a). After reductive treatment, 
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the average particle height according to AFM was ~7 nm (1 m2 geometric area), although wider 

survey images showed a low density of large (~50 nm) particles (Figure S2.4.d). For ED-SnO2, 

after reductive treatment to form metallic Sn (OD-ED-Sn), SEM and AFM images suggest a 

comparable surface topography between both the ED-Sn and OD-ED-Sn, as shown in Figure 2.2.a- 

Figure 2.2: AFM topography of pretreated (a) OD-ED-Sn and (b) ED-Sn. SEM images of 

pretreated (c) OD-ED-Sn and (d) ED-Sn. (e) Characteristic CVs of as-synthesized ED-SnO2 in 0.1 

M NaClO4 (scan rate of 100 mV/s). Black line corresponds to first cycle, red line to second cycle, 

and blue line to third cycle. (f) CVs of ED-Sn in 0.1 M NaClO4 (scan rate of 50 mV/s). Cycle 

evolution follows brown (1st) to blue (7th) line color.  
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d. Unlike ED-Sn and OD-ED-Sn, TE-Sn maintains its roughness, topography and broad particle 

height distribution (Table S2.1, Figure S2.4 and Figure S2.5). Unlike ED-Sn and OD-ED-Sn, TE-

Sn exhibits much different surface structure (SEM and AFM images in Figure S2.4.c,f). The TE-

Sn shows large, isolated particles sitting atop relatively smoother domains. Topological metrics 

(average and RMS roughness) for all samples are compiled in Table S2.1. To further characterize 

the electrodeposited films interface, cross-section SEM was performed on CD-Au, ED-Sn, ED-

SnO2 and OD-ED-Sn (Figure S2.6). According to cross-section SEM measurements, the film 

thickness of the bare CD-Au layer is approximately 30 nm (Figure S2.6.a). In the case of ED-Sn, 

a gradient within the layered film is noticeable (Figure S2.6.b), which we suspect to be the result 

of intermetallic alloying between the gold and the tin layers. Unlike ED-Sn, ED-SnO2 synthesis 

results in two distinct layers of Au and SnO2, with SnO2 being relatively rough and irregular 

(Figure S2.6.c). Upon electrochemical reductive treatment (Conversion of ED-SnO2 to OD-ED-

Sn), it is noticeable that the composite film’s nature appears more similar to ED-Sn (Figure S2.6.d). 

To estimate the thickness of the thin films, profilometry was used (representative profile 

shown in Figure S2.7).  For the ED-Sn films, a thickness of approximately 12-30 nm was observed 

for the top (Sn) layer, measured at multiple locations. As-synthesized ED-SnO2 showed an 

approximate thickness of 20-35 nm (Figure S2.8.a), while reductively treated OD-ED-Sn (Figure 

S2.8.b) showed an approximate thickness of 10-30nm. Unlike electrodeposited Sn based films, 

TE-Sn showed a thickness of approximately 20-40 nm at the edge of the film (Figure S2.8.c) and 

100-160 nm at the center (Figure S2.8.d), showing this technique leads to a less homogeneous 

deposition. CD-Au and TE-Au had thicknesses of approximately 35-45 nm and 20-35 nm 

respectively (Figure S2.8.e,f). 
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Although the optical properties of Sn will mainly be tuned by its morphology and thickness, 

we additionally characterized each film by a variety of other ex situ techniques. The thin film 

crystallinity and bulk composition was analyzed by X-ray diffraction (XRD, Figure S2.9). ED-Sn 

(Figure S2.9.a) showed a pure thin film Sn body centered tetragonal (BCT) phase66 with trace 

amounts of a SnAu alloy originating from a mixed phase that is known to form at the interface 

between bulk Au and bulk Sn layers.66–68 A lack of well-defined diffraction peaks for ED-SnO2 

implies an amorphous film structure (Figure S2.9.b).65 The Sn and SnO2 surfaces were found to 

be pinhole-free with respect to exposure of the Au underlayer, confirmed by high-sensitivity low 

energy ion scattering (HS-LEIS)69 to assay the top atomic layer of each surface (Figure S2.10). X-

ray photoelectron spectroscopy (XPS) was further used to analyze Sn 3d (Figure S2.11) and Au 4f 

(Figure S2.12) states. From the Sn 3d5/2 binding energy, due to the presence of a doublet peak with 

binding energies of ~485eV and ~486.7eV, ED-Sn, OD-ED-Sn and TE-Sn result in a mixture of 

Sn0 and SnOx (Figure S2.11.a,b,c),70,71 which is consistent with a small degree of surface oxidation 

from air exposure. Unlike the former cases, ED-SnO2 is comprised of SnOx solely, due to the 

presence of a singlet peak with binding energy of ~487.5eV (Figure S2.11.d). The high binding 

energy for tin oxide in the case of ED-SnO2 relative to the standard value (~486.7eV – 3d5/2) is 

most likely related to the presence of carbon on the surface, being an ex-situ measurement. To test 

this hypothesis, we conducted depth profiling XPS measurements (Figure S2.11.e). According to 

the analysis, upon surface sputter cleaning, the SnOx peak position appears at a binding energy of 

486.7eV. Sputter etching through the SnO2 layer reviles traces of metallic Sn following binding 

energy of 485eV for Sn 3d5/2. The Au 4f signal is more intense for ED-Sn (Figure S2.12.b) relative 

to ED-SnO2 (Figure S2.12.c), suggesting that ED-SnO2 is thicker than ED-Sn. It also implies that 

some regions of the pure Sn phase in the stacked films may be less than ~10 nm thick in some 
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locations (information depth for XPS). In addition to inhomogeneities in the Sn layer thickness, a 

shift in Au 4f7/2 binding energy from ~84eV closer to ~85eV for ED-Sn and OD-ED-Sn (Figure 

S2.12.b,d),68,71 but not for ED-SnO2 (Figure S2.12.c), Suggests that SnAu intermetallic alloys layer 

has formed at the interface of Sn and Au. This shift in Au 4f7/2 binding energy in the case of OD-

ED-Sn strengthens the elemental mixing hypothesis between Au and Sn and that it occurs upon 

reductive treatment in addition to direct cathodic reduction. To try and qualitatively discuss the 

elemental composition of the electro-synthesized thin films, we took additional XPS depth 

profiling measurements (Figure S2.13 and figure S2.14). Interestingly, Au 4f electrons are 

sensitive to both film thickness and intermixing with Sn.68,70–72 As can be seen in figure S2.13 and 

S14, in the case of ED-Sn and OD-ED-Sn, the Au 4f7/2 binding energy is initially ~85eV. This is 

in agreement with Sn rich intermixed layer. Unlike the formers, ED-SnO2 Au 4f7/2 electrons have 

binding energy of ~84eV. This suggests minimal mixing between the metals. Finally, in all cases 

when etching through the gold layer its 4f electrons binding energies shift towards 85eV. In 

agreement with previous works in literature regarding Au 4f electrons binding energy as a function 

of film thickness .72 Spectroscopic ellipsometry was employed to compare the optical properties 

of various thin film systems. For the isolated Au (TE-Au) and Sn (TE-Sn) films, with thicknesses 

of ~ 30 nm and ~39 nm, respectively, their dielectric functions were parameterized using Drude-

Lorentz oscillators (Table S2.2). Typically, strongly absorbing metallic films exhibit bulk-like 

optical properties ~50 nm, rendering ellipsometry less sensitive to thickness. Nevertheless, a 

pseudo-transform from psi and delta yields a representative dielectric function, denoted as <𝜀𝑟> = 

<𝜀1> + i<𝜀2> ~ 𝜀𝑟, where 𝜀𝑟 is the dielectric function and <𝜀𝑟> is its pseudo counterpart. 

This transformation is illustrated in Figure S2.15 for TE-Au and TE-Sn, where 𝜀1 and 𝜀2 

obtained from the general oscillator model align closely with the pseudo-transforms <𝜀1> and 
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<𝜀2>. In Figure S2.15, the pseudo dielectric functions of the treated samples are compared with 

those of the pristine TE-Au and TE-Sn samples. All thin films display a pseudo dielectric function 

comparable to that of TE-Au, with CD-Au nearly indistinguishable from TE-Au. However, subtle 

yet notable differences are observed in the Sn and SnO2-containing films. 

The pseudo dielectric constants for both Sn samples, ED-Sn and OD-ED-Sn, are very 

similar, with only a slight shift in <𝜀2>. The low-energy "dip" in <𝜀1> is likely attributable to Sn's 

feature ~ 1.2 eV, evident in TE-Sn's <𝜀1>, confirming the presence of Sn in these samples. In the 

low eV region, it is intriguing to note that <𝜀2> is more intense for these Au-Sn samples compared 

to the Au-only samples. This region signifies characteristics of free carriers, suggesting a 

potentially higher electrical conductivity than that of pristine Au films. Finally, the SnO2-

containing sample displays dielectric constants consistent with semiconducting behavior: <𝜀2> 

approaches 0 from ~3.6 eV, corresponding to SnO2's bandgap, and the intensity in the low-energy 

region indicates lower free-carrier absorption than in metallic samples. 

2.4.3 Electrochemical characterization  

To test the electrochemical characteristics of ED-Sn and OD-ED-Sn electrodes, CV scans 

were taken in 0.1 M NaClO4. Figure S2.16.a shows the CV of the as-deposited ED-Sn electrode, 

which shows reduction features, indicating that some surface oxides still initially co-exist with 

metallic Sn, followed by oxidation on the reverse sweep. The ED-Sn CVs were stable to 

atmospheric exposure and comparable to the as-synthesized CV, with negligible changes after 

testing the electrode again after 48 hours storage in air. The characteristic CV of as-deposited ED-

SnO2
 (Figure S2.16.b) showed two cathodic reduction features which can be attributed to SnO2 → 

SnO (C1) and SnO → Sn0 (C2) transitions, followed by two anodic oxidation peaks (A1 and A2) 

related to the reverse processes.60 Unlike ED-Sn, OD-ED-Sn turned back to its transparent oxide 
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form (ED-SnO2) within 24 hours of air exposure. No Au redox features appeared in either case, 

validating that the Sn phases are sufficiently thick to not expose Au (Figure 2.2.e-f). Upon 

extending cycling to oxidative potentials, Sn dissolution and readsorption occurs on both ED-Sn 

and OD-ED-Sn. The growth in Au features after oxidation cycles suggests that leaching and/or 

readsorption of Sn is favored on Sn surfaces, causing agglomeration and exposing the gold 

substrate (Figure 2.2.e-f). Due to this behavior, oxidative bias should be avoided.   

To estimate the electrochemically active surface area (ECSA), capacitance measurements 

were used. For electro synthesized Sn based electrodes, the double layer capacitance was found in 

organic electrolyte (0.15 M KPF6 in acetonitrile) (Figure S2.17) because the specific capacitance 

in water is ill-defined for easily oxidized metals. From this method, ED-Sn and OD-ED-Sn both 

had roughness factors (RFs) of ~6.0 based on an established capacitance of 11 µF/cm2.73 For Au 

based electrodes, we estimated ECSA in aqueous electrolyte using a specific capacitance value of 

8 µF/cm2.73 These approximations yielded an RF (ratio of real to geometric area) of 9.0 (Figure 

S2.18).  

For TE-Sn (films deposited directly on silicon wafers), an RF was calculated using the 

average roughness height root mean square (RMS) value (Table S2.1). This was done by taking 

the RMS ratio between TE-Sn and ED-Sn and multiplying by the ED-Sn double layer capacitance 

roughness factor (calculation example can be seen in the SI). The relative RF ratio was estimated 

to be ~10 in this manner, with RF values of 61.1 and 6.0 for TE-Sn and ED-Sn respectively. 

2.4.4 ATR-SEIRAS signal response  

The EC ATR-SEIRAS performance of electrodes made by each fabrication technique was 

experimentally examined next. To probe SEIRAS signals of adsorbates, we deposited C10 alkane 

SAMs onto the electrode surfaces (procedure described in the SI), as they can organize to have 
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similar dense coverages on all the materials.74–78 Decanethiol was used for Au and Sn-based 

electrodes (including OD-ED-Sn),74–78 while on the as-is SnO2 electrode, decyl phosphonic acid 

was used to form the SAM (Figure S2.19).79 Having a hydrocarbon chain, these SAMs are 

characterized by strong vibrational signals at frequencies in the 2850 cm-1–3000 cm-1 range, 

attributed to various CH2 and CH3 stretching modes.80 The raw signals from the SAMs in ATR-

SEIRAS are compared in Figure 2.3.a and Figure S2.19. Following the CH2 antisymmetric stretch  

Figure 2.3: (a) CH
3
 and CH

2
 stretches signal response, depositing decanethiols under Sn 

reducing conditions. (b) EtOH νC-O ATR-FTIR spectra. (c) Acetonitrile νC-N ATR-FTIR spectra. 

 

around ~2927 cm-1 (the most intense peak) as a benchmark, signal intensities are also reported in 

Table 2.1 (representative CH-stretches peaks deconvolution in Figure S2.20).   
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Table 2.1: Signal response for SAM’s CH2 asymmetric stretch (~2927cm-1) and 

roughness factor for electrocatalysts 

Electrode 

Raw peak 

intensity 

(x10-3) 

[a.u.] 

Roughness 

Factor 

Area-

normalized 

peak 

intensity 

(x10-3) [a.u.] 

Peak 

area 

(x10-3) 

[a.u.] 

Area-

normalized 

peak area 

(x10-3) 

[a.u.] 

Peak 
frequency 

[cm-1] 

FWHM 
[cm-1] 

CD-Au 10.8* 9.0 1.2 239 26.6 2928 22.2 

TE-Au 5.7* 9.0 0.63 130 14.5 2926 24.1 

ED-

SnO2/ 

OD-ED-

Sn 

5.6^ / 

31.7** 
32.6# / 6.0 0.17 / 5.3 

149 / 

659 
124 

2927 / 

2927 

24.2 / 

22.1 

ED-Sn 32.5** 6.0 5.4 685 127 2926 22.8 

TE-Sn 7.1** 61.1# 0.12 202 3.3 2922 30.0 

* Decanethiol signal response deposited at OCP. ** Decanethiol signal response deposited 

under reducing conditions. ^ Decyl-phosphonate signal response deposited at OCP. # Estimated via 

AFM average roughness height RMS relative to pretreated EDSn0 RF (Calculation example in SI). 

 

First, comparing the different deposition methods for the Au underlayer revealed that the 

CD-Au electrode shows a ~1.8 times higher signal relative to TE-Au electrode. Next, the ratios for 

both ED-Sn and OD-ED-Sn relative to TE-Sn were ~3.4. Comparing signal enhancements between 

the most active films, we observe that the signal ratio for both ED-Sn and OD-ED-Sn, relative to 

CD-Au alone, is ~2.8 higher for the Sn-coated electrodes. Lastly, the ED-SnO2 electrode showed 

comparable signal response with the TE-Au electrode (Table 2.1) but had a lower response than 

any of the various metallic Sn electrodes.  

To eliminate contribution from difference in surface population as a result of differences 

in surface area, we also normalized signals by RF. First, we observed that the CD-Au and TE-Au 

electrodes had comparable surface roughness and CV profiles (Figure S2.21). Thus, we attribute 

most of the difference in signal between the Au electrodes to differences in plasmonic effects, 

which emanate from differences in morphology and topography between the electrode (As can be 
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seen for Sn based electrodes in table 2.1). Unlike single crystal metallic electrodes which have a 

well-defined surface plasmon frequency (ωSP) that is much higher than the IR frequency regime, 

polycrystallinity can support extension of plasmon polariton evanescent wave (SPP-EW) 

contributions to a much lower and broader distribution of frequencies spanning the IR. This results 

in giving corresponding signal enhancements to surface species.81 Although crystallinity of the 

electrocatalysts may affect the peak shape, or intensity, these deviations are minor relative to the 

differences observed in this work. Looking at Sn-based electrodes and accounting for differences 

in ECSA, signals for ED-Sn and OD-ED-Sn electrodes were roughly 38x relative to TE-Sn. 

Compared to CD-Au, signals for ED-Sn and OD-ED-Sn were greater by ~4x, highlighting that the 

Sn/Au stacked films were more enhancing than either constituent. Interestingly, comparing CH2 

stretch frequency and full width half max (FWHM) between all cases, it is noticeable that every 

electrode except for TE-Sn have comparable results. Thus, we suspect that the main contribution 

to deviation for TE-Sn is a result of film topography which affects the absorption/dispersion ratio.8 

The dispersive nature of TE-Sn can be seen in figure 2.3 by the asymmetric nature of the peaks.  

To further attempt a qualitative understanding of the SEIRAS signal response in terms of 

the total evanescent wave shape, we devised a complementary method for comparing adsorbate to 

bulk signal response.  Specifically, solvent signals were used to characterize the total intensity of 

the evanescent wave that penetrates into the dielectric medium. Unlike adsorbate signals—which 

only correspond to the evanescent wave intensity at the metal-dielectric interface—measuring bulk 

electrolyte can gauge the total signal response captured with ATR-SEIRAS. In other words, a 

wider base to the evanescent wave increases surface signal, while a low penetration depth results 

in reduced signal coming from the solution near the surface. For electrochemical reactions, it is of 
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interest to enhance signals from both adsorbates as well as near-surface electrolyte for estimation 

of characteristics such as local pH.  

Since water gives quite diffuse IR responses, the solution was changed from MilliQ-H2O 

to 200proof EtOH (Figure S2.22), and sensitivity between the electrodes was compared for the C-

O stretching modes at 1045 cm-1 and 1090 cm-1 (Figure 2.3.b). For this total signal intensity, we 

found the following trend: TE-Sn > ED-Sn > OD-ED-Sn ~ CD-Au > TE-Au. It is worth also noting 

that the exact frequency for EtOH C-O stretches is different between the electrodes. This is most 

likely a result of the spectral shift that can occur when the IR beam interacts with different optical 

density media. We illustrate this further in Figure S2.23 by following a series of ED-Sn electrodes 

with increasing thickness. A change in both signal as well as C-O stretch vibrational frequencies 

can be seen, with red shifts from frequencies comparable to pure Au (on Si wafer) films to those 

of pure Sn (on Si) for thicker Sn films. Finally, it should be emphasized that the ratio of adsorbate 

to bulk signal response is not proportional. The signal intensity for adsorbates on ED-Sn, OD-ED-

Sn and CD-Au is higher than TE-Sn, while the total signal response to EtOH is lower than TE-Sn 

on all of these surfaces. Since plasmonic surface enhancement has a short penetration depth, we 

propose total evanescent wave shapes as illustrated in Figure 2.4, where the SPP contribution is  

Figure 2.4: Illustration of proposed total evanescent wave profile for (a) CD-Au, (b) TE-

Sn, (c) ED-Sn/OD-ED-Sn. * Illustration is not to scale. 
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much greater on Au and stacked Sn/Au films and the attenuation length of the ATR wave is much 

longer on pure Sn. Thiolate stability under reducing conditions was not directly evaluated in this 

work. But, following previous reports in literature, on Au based electrocatalysts, decanethiols drop 

below 75% of a monolayer above the theoretical HER onset potential,82 while in the case of Sn 

based electrocatalysts decanethiols were proposed to desorb reductively around the SnOx 

reduction potential.75 As an attempt to compare penetration and propagation lengths, while 

considering a simplified set of equations (Equations can be found in the supporting information), 

we calculated a ratio of ~1.41 for Sn/Au penetration depth (Normal to the surface) and a ratio of 

~0.07 for Sn/Au lateral propagation depth (Parallel to the surface). This is in line with the proposed 

evanescent wave profile in Figure 2.4. 

To further assess the signal response for solution phase species, we conducted a series of 

dilution experiments starting with 1 M EtOH, exposing the detection limit. For the detection limit 

estimation, we followed Agilent’s definition of “three times the noise peak to peak value”.83 

According to this analysis, we found that the detection limits of ethanol over ED-Sn, OD-ED-Sn 

and CD-Au are 0.118 M, 0.143 M and 0.167 M respectively (Figure S2.24 and table S2.3). 

Similarly, to test the generality of this approach beyond protic solvents, we extended the sensitivity 

analysis to another class of solvents (Aprotic) using acetonitrile (ACN) as the probe molecule 

(Figure 2.3.c). Albeit the fact that the trend between ED-Sn, OD-ED-Sn and CD-Au is maintained, 

in the case of aprotic solvents ED-Sn shows signal enhancement relative to the bare Si-ATR 

element. This is also validated by testing signal response to acetone (Figure S2.25). The detection 

limit to ACN for ED-Sn, OD-ED-Sn and CD-Au were 0.400 M, 0.794 M and 0.537 M respectively 

(Figure S2.26 and table S2.3). Due to the low signal response in the case of TE-Au, this sample 

was excluded from the analysis. 
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The above approach comparing surface and bulk signals of ATR-SEIRAS provides a 

simple method to probe complex interconnected effects that may contribute to differences in 

evanescent wave shapes between differently synthesized films. Given the differences between ED-

Sn and TE-Sn, the observations could indicate a change in ωSP of ED-Sn due to deposition on the 

Au thin film, since it maintains similar surface topography to the SEIRA-active Au underlayer.84,85 

In addition, according to the modified Fresnel equations (Reflection coefficient and SPP 

penetration depth into the dielectric medium equations can be found in the Supplementary 

Information), the thickness of the metal layer plays a role in reflection efficiency. However, 

according to physical and electrochemical characterization, the OD-ED-Sn films show similar 

characteristics and thickness to the ED-Sn films. Since our system is composed of complex 

multilayered composite films with comparable total thicknesses (ED-Sn and OD-ED-Sn), we 

assume a similar reflection coefficient between these cases.  

While a deeper explanation is beyond the current scope, it is clear that using Au as a support 

underlayer for Sn based electrodes yields better enhancement that allows EC ATR-SEIRAS 

measurements with signal response that is at least on par with gold. Based on this work and 

corroboration with prior literature, it is possible to gain better signal response of an electrocatalyst 

by pairing it with a conductive support layer with optimal optical properties, but this approach is 

strongly material dependent and may not be generalizable. 

2.4.5 Application to CO2 reduction 

Additional EC ATR-SEIRAS experiments were performed on the ED-Sn and OD-ED-Sn 

electrodes to test their ability to reveal surface species and features of the catalyst 

microenvironment during electrochemical CO2RR. Both surfaces were first reduced under 0.1 M 

NaClO4 electrolyte, then saturated with CO2 gas, and continuously purged throughout the 
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experiment. Figure 2.5.a-b shows that there are major differences in spectra between ED-Sn and 

OD-ED-Sn, suggesting differences in their electrocatalytic nature.  

Figure 2.5: CO
2
RR ATR-SEIRAS on (a) ED-Sn (b) OD-ED-Sn using cyclic voltammetry 

at a scan rate of 1 mV/s in 0.1M-NaClO
4
. Corresponding CVs for (c) ED-Sn and (d) OD-ED-Sn. 

 

Focusing on the bands which are related to CO2RR, there are several species that may be 

reactive intermediates, spectators, reaction products, or bi/carbonate species related to the solution 

phase equilibrium: 𝐶𝑂2,𝑎𝑞 ↔ 𝐻𝐶𝑂3,𝑎𝑞
− ↔ 𝐶𝑂3,𝑎𝑞

2− . In comparison to prior literature, the metallic 
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and oxide derived Sn based electrodes shared common peaks around 1366 cm-1 and 1260 cm-1 that 

relate to bidentate oxygen-bound formate derived from CO2 reduction.42,86,87  

 

However, the metallic Sn electrode had a peak around 1400 cm-1 that corresponds to 

solution phase carbonate (Figure S2.27), caused by bicarbonate-carbonate equilibrium shifting 

from an increase in local pH under reducing conditions.88 The detection of changes in solution 

phase species only in the metallic derived case could reflect on the difference in increase of local 

pH near the electrocatalytic surfaces.7 Unlike ED-Sn electrode, OD-ED-Sn had a peak around 1520 

cm-1 that may correspond to monodentate adsorbed carbonate. Monodentate adsorbed carbonate 

should also have a peak around 1380 cm-1, although this overlaps with adsorbed formate and likely 

contributes to broadening of the band relative to ED-Sn.42,87,89  

In addition, the peak around 1620 cm-1 that can be seen prior to CO2RR onset (Figure 

2.5.a,b) is suggested to be bidentate adsorbed carbonate,42,87,89 under the assumption that 

bicarbonate deprotonates upon adsorption.90 However, this peak could also be derived from 

adsorbed water.91,92 According to the corresponding CVs, both metallic and oxide derived Sn 

electrodes hold similar current densities and onset potential for CO2RR (Figure 2.5.c,d). Prior work 

by He et al. also showed that the activity and product distribution of CO2RR on metallic and oxide 

derived Sn based catalysts is comparable.93 Therefore, we suspect that there is a difference in the 

electrocatalysts microenvironment between metallic and oxide derived Sn based electrodes during 

CO2RR. To reconcile further mechanistic insights and reveal potential reaction pathways, 

additional analysis beyond the scope of this work, such as quantum chemical calculations, will be 

needed. 

2.5 Conclusions 
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In this work we have demonstrated a general, simple electrosynthesis route of either direct 

electrodeposition (metals) and indirect electrosynthesis (metal oxides) for ATR-SEIRAS 

electrocatalyst films.  It has been shown that using a layered electrodeposition design yields 

superior signal response to adsorbed phase species relative to thermal evaporation while reducing 

the total evanescent wave bulk signal response to a comparable magnitude as the substrate. It was 

observed that applying a thin film of Sn on top of a SEIRA active Au film results in surface 

enhancement which is at least on par with polycrystalline Au thin films, while the normalized 

signal showed further enhancement relative to other samples tested in this work. In addition, we 

found that the profile of the evanescent waves of ATR-FTIR and ATR-SEIRAS can be influenced 

by complex interfacial electromagnetic effects, although they are beyond the scope of this work. 

Finally, the EC ATR-SEIRAS response for CO2RR was compared between the ED-Sn and OD-

ED-Sn electrodes. Differences were found based on these synthesis methods. Therefore, care 

should be taken with regard to electrocatalysts synthesis method and history when using different 

metallic and oxide derived electrodes for SEIRAS experiments.  

2.6 Supporting information 

 

 
Figure S2.1: (a) EH-pH Pourbaix diagram for Sn in H2O with a dissolved Sn activity of 10-

6 including reaction pathways for (1) Direct electrodeposition of ED-Sn and (2) Indirect 

electrodeposition of ED-SnO2 via pH swing. (b) Blowup of the Pourbaix diagram exposing phases 

with narrow stability window. The diagrams were generated using materials project.17–21   



36 
 

 

 

 
Figure S2.2: (a) Characteristic CV of 10 mM SnSO4 in 0.1 M H2SO4 Ar-purged plating 

solution on Au electrode at a scan rate of 20mV/s (Inset: 1 mM SnSO4 in 0.1 M H2SO4). (b) 

Chronocoulometric electrodeposition of 12 mC ED-Sn on Au electrode. Steady current changes 

after ~2.1 mC/cm2
geo (~2 sec), which may be attributed to several phenomena including a transition 

between intermetallic alloy deposition and Sn deposition or a transition from nucleation to growth 

of the Sn layer.22 

 

 

 

 

 
 

Figure S2.3: (a) Characteristic CV of 30 mM SnSO4 in 1.5 M HNO3 Ar-purged plating 

solution on Au electrode at a scan rate of 20 mV/s. A plateau on the cathodic sweep is due to mass 

transport limited conversion of Sn4+ to Sn2+ prior to the onset of HER and nitrate reduction. The 

existence of Sn4+ in solution is most likely due to homogeneous redox reactions with oxygen or 

nitrate, as they can be reduced with higher standard potential than Sn2+ /Sn4+ (e.g. Sn2+ + NO3
- + 

2H+ → Sn4+ + NO2
- + H2O).  (b) Chronocoulometric electrodeposition passing 2 C to form ED-

SnO2 on Au electrode.  
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Figure S2.4: SEM images of as synthesized (a) ED-Sn, (b) ED-SnO2 and (c) TE-Sn. AFM 

topography of as synthesized (d) ED-Sn, (e) ED-SnO2 and (f) TE-Sn. Particle height distribution 

of as synthesized (g) ED-Sn (1 µm x 1 µm), (h) ED-SnO2 (1 µm x 1 µm) and (i) TE-Sn (5 µm x 5 

µm). 
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Figure S2.5: (a) AFM images (5µm x 5µm) of pretreated TE-Sn. (b) Particle height 

distribution of pretreated TE-Sn. 

 

 
 

Figure S2.6: Cross-section SEM of (a) bare CD-Au, (b) ED-Sn, (c) ED-SnO2 and (d) 

OD-ED-Sn. The gradient in the thin film region is represented by the layers in the composite 

films with the following interfaces from bottom to top: Au-AuSn, AuSn-Sn, Sn-SnOx. 
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Figure S2.7: (a) Profilometer thickness profile of CD-Au (black line) and ED-Sn (red line) 

layers. (b) Optical microscope image of the profilometry measurement region. Red arrow 

represents the path to measure the Sn/Au step edge. Black arrow represents the path to measure 

the Au/Si step edge. 

 

 

Figure S2.8: Profilometer thickness profiles of (a) ED-SnO2, (b) OD-ED-Sn including Au 

layer, (c) TE-Sn sample edge, (d) TE-Sn sample center, (e) CD-Au and (f) TE-Au. 



40 
 

 

 
Figure S2.9: XRD patterns of (a) EDSn. Stars correspond to Sn0, squares correspond to 

Au0, and triangles correspond to SnAu. And (b) ED-SnO2. Circles correspond to SnO2 and squares 

correspond to Au0. 

 

 

 

 

 
Figure S2.10: HS-LEIS spectrum of as synthesized (a) ED-Sn and (b) ED-SnO2 showing 

only Sn and O elements on the surface. In the case of ED-Sn, measurement was taken between 

750-1500eV and 2300-3000eV to avoid collection in blank region. 
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Figure S2.11: High resolution XPS Sn 3d spectra of (a) ED-Sn, (b) OD-ED-Sn, (c) TE-Sn 

and (d) ED-SnO2 as is and (e) ED-SnO2 post initial sputter etch.  
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Figure S2.12: High resolution XPS Au 4f spectra of (a) CD-Au, (b) ED-Sn, (c) ED-SnO2,  

(d) OD-ED-Sn and (e) TE-Au.  
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Figure S2.13: Depth profiling XPS spectra of 4f7/2 and 4f5/2 peaks position as a function 

of sputter time on (a) ED-Sn, (b) OD-ED-Sn and (c) ED-SnO2. 

 

 

Figure S2.14: Depth profiling XPS spectra of Au 4f7/2 and 4f5/2 peaks position as a function 

of sputter time on (a) CD-Au and (b) TE-Au. 
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Figure S2.15: Pseudo dielectric function <𝜀1> and <𝜀2> for all thin film systems 

considered in this study: a) TE-Au, b) CD-Au, ED-Sn, OD-ED-Sn, ED-SnO2, c) TE-Sn. For the 

pristine metals, TE-Au and TE-Sn, the actual dielectric function, 𝜀1 and 𝜀2, obtained from a general 

oscillator model is added in the dashed line. 
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Figure S2.16: As deposited CV cycling within Sn/SnOx redox region for (a) ED-Sn (on 

Au) in 0.1 M-HClO4 and (b) ED-SnO2 (on Au) in 0.1 M-NaClO4. Black curve corresponds to first 

cycle and red curve corresponds to second cycle. 

 

 
Figure S2.17: ECSA by double layer capacitance in 0.15 M-KF6P in acetonitrile of (a) ED-

Sn electrode. Black squares correspond to anodic current and red circles correspond to cathodic 

current, and (b) OD-ED-Sn electrode. Black squares correspond to anodic current and red circles 

correspond to cathodic current. 
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Figure S2.18: (a) ECSA of CD-Au estimation by double layer capacitance in 0.1 M HClO4. 

Black squares correspond to anodic current and red circles correspond to cathodic current. (b) 

ECSA of TE-Au estimated by double layer capacitance in 0.1 M-HClO4. Black squares correspond 

to anodic current and red circles correspond to cathodic current. 

 

 
Figure S2.19: ATR-FTIR spectrum of decyl phosphonic acid self-assembled monolayer on 

as synthesized ED-SnO2 
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Figure S2.20: Representative fit of CH2 and CH3 stretches region for signal response 

analysis 

 
Figure S2.21: Characteristic CV profile of (a) CD-Au and (b) TE-Au in 0.1 M HClO4 at a 

scan rate of 50 mV/s. 
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Figure S2.22: ATR-FTIR spectrum of 200 proof ethanol over silicon uATR element. 

Background taken in DI water. 

 

 

 
Figure S2.23: ATR-FTIR spectra of C-O stretch in EtOH signal response as a function of 

electrodeposited Sn electrode thickness by charge. Blue line corresponds to 1 mC ED-Sn, red line 

corresponds to 6 mC ED-Sn and black line corresponds to 12 mC ED-Sn. 
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Figure S2.24: Ethanol detection limit dilution series above: (a) ED-Sn, (b) OD-ED-Sn and 

(c) CD-Au electrocatalysts. 

 

 
 

Figure S2.25: Acetone ATR-FTIR spectra above: ED-Sn, OD-ED-Sn, CD-Au and bare 

silicon. 

 

Figure S2.26: Acetonitrile detection limit dilution series above: (a) ED-Sn, (b) OD-ED-Sn 

and (c) CD-Au thin films. 
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Figure S2.27: Characteristic ATR-FTIR spectrum of solution phase electrolytes. Black line 

corresponds to ClO4
- , Green line corresponds to SO4

2-, red line corresponds to CO3
2- and blue line 

corresponds to HCO3
-. 

 

 
 

Figure S2.28: ATR-FTIR spectrum of CO2,aq consumption upon reduction.  A negative 

band at 2343 cm-1 is commonly attributed to CO2,aq.23  Apart from these peak assignments 

unrelated to the surface or reaction, the band around 1650 cm-1 is associated with the water in-

plane H-O-H bending mode (Figure 5a.b).24 These results yield lower signal likely due to the fact 

that we are not reaching high surface coverage or there is a difference in dipole moment 

orientation or absorption cross section. 
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Table S2.1: Average roughness height and RMS for EDSnO2, EDSn and TESn 

 

 As is ED-

SnO2 

OD-ED-Sn As is TE-Sn Pretreated 

TE-Sn 

Pretreated 

ED-Sn 

Average 

roughness 

33.4nm 4.7nm 57.1nm 66.4nm 5.6nm 

RMS 41.8nm 6.1nm 70.4nm 78.4nm 7.7nm 

Average 

particle height 

61.0nm 16.8nm 124.0nm 116.9nm 8.77nm 

 

Table S2.2: Results from the Drude-Lorentz oscillators used to model TE-Au and TE-Sn, 

where the error bars give the 90% confidence interval 

 
Thin film 
system 

Metal 
thickness 

(nm) 

Drude parameters a Lorentz parameters b Surface 
roughness c 

(nm) 

Overall fit 
quality – 

mean 
squared 

error (MSE) 

TE-Au 30.28 ± 
0.15 

R = 2.66x10-5 ± 
6x10-7 Ω. 𝑐𝑚 

𝜏 = 4.06 ± 0.08 𝑓𝑠 

Amp = 3.77 ± 0.02 𝑒𝑉 
Br = 4.59 ± 0.04 𝑒𝑉En = 

4.14 ± 0.01 𝑒𝑉 

-- 15.88 

TE-Sn 38.96 ± 
0.21 

R = 1.10x10-4 ± 
8x10-6 Ω. 𝑐𝑚 
 

𝜏 = 1.17 ± 0.01 𝑓𝑠 

Amp = 27.30 ± 0.34 𝑒𝑉 
 
Br = 3.65  ± 0.04 𝑒𝑉 
 
En = 3.63  ± 0.01 𝑒𝑉 

14.85 ± 
0.14 

13.91 

 : R   d 𝜏    p     t th    d l d    i ti ity   d    tt  i g ti    f f        i       p   i l  f   th  D  d  

i t     d      pti    f        i      B: Th  i t     d      pti        d     i            p     t iz d   i g 

  L    tz    ill t    h    t  iz d  y   plit d     p ,     d  i g  B  ,   d     gy p  iti    E     : Th  

   f       gh     i    d l d   i g    EM  wh    th    id f   ti     d th  f   ti    f th  t p l y   i  

  d l d  

 

Table S2.3: Solvents detection limit 

 

 ED-Sn OD-ED-Sn CD-Au TE-Sn TE-Au 

Ethanol 0.118 M 0.143 M 0.167 M - - 

Acetonitrile 0.400 M 0.794 M  0.537 M - - 

 

 

 

Table S2.4: Optical properties of Si, Au and Sn 

 

 α(@3400nm) [cm-1] ε'(@3400nm) ε'’(@3400nm) n 

Si94 0.0083862 12.040 1.5746*10-6 3.4699 

Au95 8.5750*105 -537.82 31.508 0.67903 

Sn96 7.3772*105 -372.27 204.07 5.1120 
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RF estimation by average roughness height RMS 

 

Example: 𝑃𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑇𝐸𝑆𝑛𝑅𝐹 =
𝑃𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑇𝐸𝑆𝑛𝑅𝑀𝑆

𝐸𝐷𝑆𝑛𝑅𝑀𝑆
0 ∗ 𝐸𝐷𝑆𝑛𝑅𝐹

0 =
78.4

7.7
∗ 6 = 61.1 

 

Electrode thickness calculation 

 

For the electrode thickness calculation, as first approximation, we assume that the gold 

underlayer is a smooth and flat surface (Geometric area=ECSA). Second, we use the Van Der 

Waals tin ion cross-sectional area per tin atom deposited. Working electrode window cross-

sectional area: 0.3167cm2; Sn ionic cross-sectional area: 1.5904x10-15[cm2/atom]. This results in 

1.9913x1014 atoms per atomic layer, ignoring the packing factor. Assuming 2 electron transfer per 

Sn atom → 3.982x1014 [electrons/layer]. 

 

(1) 3.982𝑥10 − 14 [𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠/𝑙𝑎𝑦𝑒𝑟]  ∗  1.6022𝑥10 − 19 [𝐶/𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛]  =  6.3808𝑥10 −
5 [𝐶/𝑙𝑎𝑦𝑒𝑟]  =  0.063808 [𝑚𝐶/𝑙𝑎𝑦𝑒𝑟]. 

(2) 12[𝑚𝐶] /0.063808 [𝑚𝐶/𝑙𝑎𝑦𝑒𝑟]  =  188𝑙𝑎𝑦𝑒𝑟𝑠 ~ 84.6 [𝑛𝑚] 
Under the assumption of depositing the same amount of Sn atoms per layer. 

Considering experimental roughness factor, the charge per layer comes to: 

 

(3) 0.063808 [
𝑚𝐶

𝑙𝑎𝑦𝑒𝑟
] ∗ 9 =  0.5743 [

𝑚𝐶

𝑙𝑎𝑦𝑒𝑟
] 

Therefore, the electrodeposited layer thickness turns to: 

(4) 12[𝑚𝐶] /0.5743 [𝑚𝐶/𝑙𝑎𝑦𝑒𝑟]  =  20.9𝑙𝑎𝑦𝑒𝑟𝑠 ~ 9.1 [𝑛𝑚] 

Surface plasmon polariton penetration depth 

𝐿𝑝𝑑 =
1

𝑅𝑒{𝛾𝑑}
 ;  𝛾𝑑 = 𝑖𝑘

𝜀𝑑

√𝜀𝑚+𝜀𝑑
 ; 𝑘 =

2𝜋

𝜆
  

With Lpd being the penetration depth into the dielectric medium of a surface plasmon polariton, 

𝛾𝑑 being the propagation constant, k being the wave vector and ε being the permittivity of the 

material. Since Lpd is formed at the metal-dielectric interface, the thickness of the metal layer 

does not affect its value. 

𝐿𝑝𝑥 =
1

2 ∗ 𝑘′′𝑥
  ; 𝑘′′𝑥 =

2𝜋

𝜆
(

𝜀′
𝑚 ∗ 𝜀𝑑

𝜀′
𝑚 + 𝜀𝑑

)

3
2

(
𝜀′′

𝑚

2𝜀′′
𝑚
2 ) 

With Lpx being the propagation length (1/e decay) along the interfacial surface, 𝑘′′𝑥 being the 

imaginary component of the propagation vector, ε’
m and ε’'

m being the real and imaginary 

components of the metal permittivity and ed being the dielectric permittivity. Since Lpx is formed 

at the metal-dielectric interface, the thickness of the metal layer does not affect its value. 

Fresnel reflection coefficient for prism-metal-dielectric system 

𝑟𝑝𝑚𝑑 =
𝑟𝑝𝑚+𝑟𝑚𝑑𝑒2𝑖𝑘𝑚𝑥𝑞

1+𝑟𝑝𝑚𝑟𝑚𝑑𝑒2𝑖𝑘𝑚𝑥𝑞  ;  𝑘𝑚𝑥 =
2𝜋𝑛𝑚

𝜆
∗ cos(𝜃)  
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With rpmd being the total reflection coefficient from both the prism-metal and the metal-dielectric 

interfaces, rpm being the reflection coefficient from the prism-metal interface, rmd being the 

reflection coefficient from the metal-dielectric interface, kmx being the perpendicular component 

of the wave vector within the metal layer and q being the metal layer thickness.  
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Chapter 3: Insights into Electrochemical CO2 Reduction on Metallic and Oxidized 

Tin Using Grand-Canonical DFT and In Situ ATR-SEIRA Spectroscopy 

Reprint with permission from: ACS Catal. 2024, 14, 8353-8365, 

https://doi.org/10.1021/acscatal.4c01290. Copyrights 2024 American Chemical Society. The full-

text version of this article may be viewed at: 

https://pubs.acs.org/doi/full/10.1021/acscatal.4c01290 

 In this work, I was in charge of the ATR-SEIRAS methodology, measurements 

acquisition, processing and analysis, and manuscript editing. 

 3.1 Abstract 

Electrochemical CO2 reduction (CO2R) to formate is an attractive carbon emissions 

mitigation strategy due to the existing market and attractive price for formic acid. Tin is an 

effective electrocatalyst for CO2R to formate, but the underlying reaction mechanism and whether 

the active phase of tin is metallic or oxidized during reduction is openly debated. In this report, we 

used grand-canonical density functional theory and attenuated total reflection surface-enhanced 

infrared absorption spectroscopy to identify differences in the vibrational signatures of surface 

species during CO2R on fully metallic and oxidized tin surfaces. Our results show that CO2R is 

feasible on both metallic and oxidized tin. We propose that the key difference between each surface 

termination is that CO2R catalyzed by metallic tin surfaces is limited by the electrochemical 

activation of CO2, whereas CO2R catalyzed by oxidized tin surfaces is limited by the slow 

reductive desorption of formate. While the exact degree of oxidation of tin surfaces during CO2R 

is unlikely to be either fully metallic or fully oxidized, this study highlights the limiting behavior 

of these two surfaces and lays out the key features of each that our results predict will promote 

rapid CO2R catalysis. Additionally, we highlight the power of integrating high-fidelity quantum 

https://doi.org/10.1021/acscatal.4c01290
https://pubs.acs.org/doi/full/10.1021/acscatal.4c01290
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mechanical modeling and spectroscopic measurements to elucidate intricate electrocatalytic 

reaction pathways. 

 3.2 Introduction 

Electrochemical CO2 reduction (CO2R) is a potential strategy to lessen the impact of 

anthropogenic climate change and has been studied extensively across a variety of electrode 

materials over the last few decades.97 Copper has received the most attention in the CO2R literature 

due to its seemingly unique ability to produce C2+ products such as ethylene and ethanol with 

appreciable Faradaic efficiency, while gold and silver have also been studied for their high 

selectivity to CO.27,98,99 However, a recent technoeconomic analysis showed that under 2019 

market conditions, formic acid was the CO2R product with a production cost closest to break-

even.100 Formic acid, which has an annual global demand of ∼800 kilotons and is used mostly as 

a food preservative and in the production of rubber and leather, is produced at scale via the 

hydrolysis of formamide, which has undesirable environmental impacts.101 Therefore, CO2R to 

produce formic acid is not only a promising climate solution but can potentially reduce dependence 

on a nonideal existing industrial process. 

CO2R catalysts that are selective toward formate are generally characterized by having a 

weak affinity for CO. Most are p-block metals, and, among these, tin (Sn) is the most attractive 

because it has higher electrochemical stability than zinc and indium, is more environmentally 

benign than cadmium or lead, and is more abundant than bismuth.102,103 There have been many 

reports of using Sn-based electrocatalysts for CO2R, generally showing that at potentials more 

negative than −0.6 VRHE, Faradaic efficiencies of >70% toward formic acid can be achieved with 

state-of-the-art current densities reaching 500 mA/cm2.93,104–106 However, several reports have 

shown differing interpretations of the precise nature of the active phase of Sn during CO2R. Based 
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on the Pourbaix diagram for Sn, the purely metallic phase is expected to be present at potentials 

more negative than −0.5 VRHE. However, numerous reports have invoked oxide phases of Sn as 

the active phase,104,107–114 with some going as far as to say that CO2R does not proceed on metallic 

Sn at all.42,115,116 In direct opposition to this conclusion, many other reports claim that the metallic 

phase is the active phase and that in situ reduction of the oxide material to a more active metallic 

Sn phase is responsible for the high observed CO2R activity and selectivity.93,117,118 Clearly, neither 

the true surface state nor the mechanism of CO2R on Sn-based electrocatalysts has been firmly 

established, and this lack of clarity has limited the development of improved catalysts and reactor 

systems. 

In this report, we use a combined computational chemistry and in situ spectroscopic 

approach to examine CO2R on both metallic and oxidized Sn electrodes. While a number of 

metastable Sn phases exist between the fully metallic Sn0 and fully oxidized SnO2 phases that 

could be responsible for CO2R activity,42,107 we chose these end points as useful limiting cases to 

examine. We use grand-canonical density functional theory (GC-DFT) to investigate the CO2R 

mechanism under conditions relevant to the in situ experimental measurements. This approach 

poses several advantages compared to simpler methods such as the computational hydrogen 

electrode (CHE) method developed by Nørskov and co-workers almost 20 years ago. While the 

CHE is elegantly simple and has led to valuable insights into electrocatalytic mechanisms,119 it 

also suffers from key limitations, namely that all molecular geometries, including the catalyst 

adsorbate structures, are relaxed at the potential of zero charge (PZC), that all electron transfers 

must be charge neutral (e.g., proton-coupled electron transfer, PCET, rather than sequential 

proton/electron transfer), and that it neglects the potential dependence on energetics of chemical 

steps.120–123 GC-DFT accurately describes electrochemical mechanisms due to its self-consistent 
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treatment of the electrified interface under an applied potential and its ability to capture decoupled 

charge transfer, widely believed to be a relevant elementary step in CO2R (CO2 + * + e– → CO2
–

*, where * represents a surface active site).99,123,124 We also use attenuated total reflection surface-

enhanced infrared absorption spectroscopy (ATR-SEIRAS) to investigate metallic and oxidized 

Sn surfaces during electrocatalysis. We recently developed a method of preparing Sn-based films 

that exhibit excellent surface enhancement in ATR-SEIRAS.125 Much of the ongoing debate in the 

community regarding CO2R on Sn originates from the lack of reliability in preparing and 

characterizing model Sn surfaces for spectroscopic investigation, as well as ambiguous frequency 

assignment.42,104 By carefully comparing our observations from the GC-DFT and ATR-SEIRAS 

studies, we show that CO2R is feasible on both metallic and oxidized Sn through a combination of 

pathways that lead to adsorbed formate. Based on these results, metallic Sn is expected to show 

stronger competition from the hydrogen evolution reaction (HER) because of its lower affinity for 

CO2R intermediates, whereas oxidized Sn is hindered by overbound formate and competition with 

molecularly adsorbed water and electrolyte ions. 

 3.3 Methods 

 3.3.1 Materials 

All solutions were prepared in 18.2 MΩ deionized water (Elga PURELAB flex 1). 

CO2 (4.0, Airgas), Ar (5.0, Airgas), 96% sulfuric acid (Suprapur, Merck), 65% nitric acid 

(Suprapur, Merck), tin(II) sulfate (≥95%, Sigma-Aldrich), and potassium bicarbonate (Certified 

ACS Crystalline, Fisher Chemical) were used as received. 

3.3.2 ATR-SEIRAS 
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In situ ATR-SEIRAS experiments were performed on a Nicolet 6700 FTIR spectrometer 

(Thermo Fisher Scientific) with a VeeMAX III ATR chamber (PIKE Technologies). The spectro-

electrochemical experiments were performed in a J1W Jackfish spectro-electrochemical cell 

(PIKE Technologies) with a PTFE/PEEK base. The synthesis and characterization of ATR-

SEIRAS-active Sn-based films have been described in detail elsewhere.125 Other reports have also 

detailed the synthesis of electrodeposited metal films for SEIRAS, but not films of metal 

oxides.126,127 Briefly, a polycrystalline Au underlayer was chemically deposited onto a Si(100) 

specialized 1 ATR element (single-bounce ATR crystal, IRUBIS) according to the procedure 

reported by Osawa.43 This underlayer was electrochemically cycled between 0.2 and 1.75 VRHE at 

50 mV/s for 20 cycles with a Au counter electrode to achieve a clean, SEIRAS-active film. Metallic 

Sn was electrodeposited onto the Au underlayer at −0.467 VAg/AgCl in 0.1 M H2SO4 until the total 

charge passed was 37.9 mC/cmgeo
2, which corresponds to a ∼10 nm thick Sn film. Oxidized Sn 

was deposited onto the Au underlayer by precipitating SnO2 directly at the electrode surface by 

controlling the local pH via nitrate reduction to nitrite. The nitrate reduction was performed at −0.6 

VAg/AgCl in 1.5 M HNO3 until the total charge passed was 3.16 C/cmgeo
2, which corresponds to a 

∼20 nm thick SnO2 film. The oxidized Sn film was reductively pretreated at −0.4 VRHE for 5 min 

in 0.1 M KHCO3 to improve the film’s conductivity. Both Sn film deposition procedures used a 

graphite counter electrode. A non-Pt counter electrode was used during the Au underlayer and Sn 

film preparation was to avoid Pt dissolution and electrodeposition on the working electrode 

surface, which can cause erroneous SEIRAS features.128,129 Once the Sn film was synthesized, 

spectroscopy was acquired using a Pt counter electrode which only experienced a linear anodic 

current sweep. Pt dissolution has been shown to be initiated during the oxide reduction process 

when switching from high anodic potentials back toward cathodic potentials.130,131 Therefore, the 
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use of a Pt counter electrode should not convolute the SEIRAS features on Sn electrodes. CO2R 

experiments were performed on metallic or oxidized Sn electrodes by sparging the electrolyte (0.1 

M KHCO3) with CO2 for 20 min before starting the experiment. Cyclic voltammograms were 

collected using a Gamry Interface 1010 potentiostat at a sweep rate of 1 mV/s from −0.25 to −1 

VRHE. The uncompensated resistance was corrected using the current interrupt compensation 

feature of the potentiostat. Control experiments were also performed, where the electrolyte was 

sparged/blanketed with Ar rather than CO2. All electrochemical experiments were performed using 

a homemade Ag/AgCl reference electrode, calibrated, and subsequently converted to the RHE 

potential scale. 

3.3.3 Computational Details 

GC-DFT calculations were performed using the open-source JDFTx software.132 The 

generalized-gradient approximation PBE DFT functional with Grimme’s D3 dispersion 

corrections was used for all calculations.133,134 The Brillouin zone was sampled using a γ-centered 

4 × 4 × 1 folded k-point mesh. The core electrons were modeled with GBRV v1.5 ultrasoft 

pseudopotentials with an energy cutoff of 20 hartree (544 eV) and a charge density cutoff of 100 

hartree (2721 eV).135 Charge neutrality was ensured by the inclusion of the CANDLE implicit 

solvation model.136 The fluid solvent was water with 0.5 M NaF and was chosen as a 

noninteracting electrolyte. The constant potential calculations were performed by setting the 

electron chemical potential, μcalc, to the desired potential via eq 3.1 

𝜇𝑐𝑎𝑙𝑐 = −(𝑉𝑒 + 𝑉𝑅𝐻𝐸 − 0.059 ∗ 𝑝𝐻)𝜇𝑐𝑎𝑙𝑐 = −(𝑉𝑒 + 𝑉𝑅𝐻𝐸 − 0.059 ∗ 𝑝𝐻) ; (eq 3.1) 

where Ve is the absolute electron potential (taken to be 4.66 eV, calibrated using the CANDLE 

solvation model136), VRHE is the desired potential on the RHE scale, and pH is the solution pH 
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being modeled. Our calculations were performed at 0, −0.5, and −1 VRHE and a pH of 8 to match 

the experimental conditions (energies were linearly interpolated between potentials to find 

equilibrium potentials reported in Results and Discussion). Bulk body-centered tetragonal (bct) Sn 

and rutile SnO2 structures, acquired from the Materials Project,21 were first relaxed and reproduced 

the experimental lattice parameters within 2% accuracy (calculated a = 5.958 Å, c = 3.157 Å and 

experimental a = 5.838 Å, c = 3.180 Å for bct Sn;137 calculated a = 4.811 Å, c = 3.232 Å and 

experimental a = 4.741 Å, c = 3.187 Å for rutile SnO2
138,139). The lowest energy surfaces of each 

material were taken to be the 200 and 110 surface termination for bct Sn and SnO2, 

respectively.140,141 These surfaces were created using the Pymatgen python package.142 Both 

surface unit cells, shown in Figure 3.1, contained 48 atoms (16 Sn and 32 O atoms for SnO2(110)),  

Figure 3.1: Side and top views of Sn(200) and SnO2(110) surfaces. 

and were 4 atomic layers thick, with at least 30 Å separating the slabs to ensure adequate potential 

screening. The bottom two atomic layers were frozen to their bulk coordinates. Geometry 

optimizations were performed using the Atomic Simulation Environment (ASE) python 

package.143 Geometry optimizations were considered converged when the net force on the atoms 

was lower than 0.05 eV/Å. Vibrational frequencies for relevant adsorbates were calculated within 

JDFTx, with all atoms frozen aside from the adsorbate atoms and surface atoms directly bound to 

the adsorbate. Grand free energy was calculated according to eq 3.2 
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𝛺 = 𝐸𝐷𝐹𝑇 − 𝜇𝑁𝑒 + 𝐸𝑍𝑃𝐸 + ∫ 𝑇0𝐶𝑝𝑑𝑇 − 𝑇𝑆𝛺 = 𝐸𝐷𝐹𝑇 − 𝜇𝑁𝑒 + 𝐸𝑍𝑃𝐸 +

∫ 0𝑇𝐶𝑝𝑑𝑇 − 𝑇𝑆 ; (eq 3.2) 

where EDFT is the electronic energy, μ is the potential of the calculation, Ne is the number of 

electrons in the calculation, EZPE is the zero-point energy, Cp is the heat capacity, T is the 

temperature, and S is the total entropy (sum of translational, vibrational, rotational and electronic). 

For molecules, the free energy corrections were determined from the ideal gas partition function 

using ASE’s thermochemistry IdealGasThermo package. To investigate the vibrational frequency 

dependence on potential (Stark shift), we also computed the vibrational frequencies (at 298 K) as 

a function of potential. All converged geometries are shown in Figure S3.1. 

 3.4 Results and Discussion 

 3.4.1 Sn Surface Speciation Under Relevant Electrochemical Conditions 

Before examining the thermodynamics of CO2R intermediates on Sn surfaces, we first 

evaluated the potential-dependent interactions of both metallic and oxidized Sn with water in the 

absence of CO2 across the range of potentials used in experiments. We performed this analysis 

because it is commonly claimed that surface hydroxylation is a key element for effective CO2R 

catalysis on Sn-based electrodes.42,104,107 For metallic Sn, we examined the oxidative adsorption of 

hydroxyl (Sn + OH– → Sn – OH + e–) as well as associative adsorption of water molecules. We 

found that water spontaneously desorbed at all potentials on the Sn(200) surface. Figure 3.2 shows 

the coverage of hydroxyls on Sn(200) using a potential-dependent Langmuir adsorption isotherm, 

shown in eq 3.3 

𝐾𝑒𝑞, 𝑖 = 𝑒 − 𝛥𝛺𝑖(𝑉)/𝑅𝑇; 𝜃𝑖 = 𝐾𝑒𝑞, 𝑖𝑎𝑖1 + 𝐾𝑒𝑞, 𝑖𝑎𝑖𝐾𝑒𝑞, 𝑖 = 𝑒 − 𝛥𝛺𝑖(𝑉)/𝑅𝑇; 𝜃𝑖 =

𝐾𝑒𝑞, 𝑖𝑎𝑖1 + 𝐾𝑒𝑞, 𝑖𝑎𝑖 ; (eq 3.3) 
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Figure 3.2. Coverage of OH* on Sn(200) and cus-water on SnO2(110) as a function of 

potential, as derived from the potential-dependent change in grand free energy and Langmuir 

isotherm (eq 3.3, temperature = 298.15 K, pH = 8 and aH2O = 1). 

 

The coverage of hydroxyls on Sn(200) approaches zero for potentials more negative than 

−0.6 VRHE. Therefore, for potentials more negative than −0.6 VRHE on fully metallic Sn surfaces, 

we do not expect surface hydroxyls to make a significant contribution to CO2R. 

Oxidized Sn has a more complex surface speciation, summarized in Figure S3.2. 

Stoichiometric metal oxides are known to spontaneously dissociate water to form surface 

hydroxyls.144–146 These surface hydroxyls are also known to have different Brønsted acid–base 

properties, namely that the hydroxyls bound to 5-fold coordinate metal sites (coordinatively 

unsaturated, or cus-) are more basic than those bound to 6-fold coordinate metal sites (bridge-

bound, or br-).147 We used the stoichiometric SnO2(110) surface as our model starting point. The 

results of our calculations agree that stoichiometric SnO2(110) spontaneously dissociates water to 

form cus- and br-hydroxyls at all potentials studied (more positive than −1 VRHE). We also 

calculated the energy of protonating the cus-hydroxyls and found that, at potentials more negative 

than −0.5 VRHE, the formation of cus-water groups is also spontaneous. Lastly, we considered the 

molecular desorption of water from cus- sites and found that it became favorable at potentials more 
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negative than −0.8 VRHE. We found that br-hydroxyls could not be protonated; if a neighboring 

cus-hydroxyl site was available, the proton was spontaneously transferred to form the more stable 

cus-water, and if no cus-hydroxyl sites were available, the change in grand free energy was greater 

than 2 eV at all potentials. 

CO2R on Sn-based electrodes is generally carried out at potentials more negative than −0.5 

VRHE, so we considered the starting oxidized surface to be fully hydroxylated/protonated (where 

all br- sites are br-hydroxyl and all cus- sites are cus-water). Figure 3.2 also shows the coverage of 

cus-water as a function of potential. The coverage remains much higher than fully metallic Sn, 

only approaching zero at potentials more negative than −1.1 VRHE. Therefore, in the potential 

regime relevant to CO2R (−0.5 to −1 VRHE), a non-negligible coverage of cus-water and br-

hydroxyl is present. Consequently, we considered the clean Sn(200) (that is, no surface hydroxyls) 

and a SnO2(110) surface with partial cus-water coverage (one cus-water and one cus-Sn with two 

br-hydroxyls), as well as with no cus-water groups (two cus-Sn and two br-hydroxyls). The other 

consequence of this finding is that a CO2R mechanism that invokes the formation of surface 

bicarbonate/carbonate via nucleophilic attack of hydroxyls to CO2 is unlikely to substantially 

contribute to the CO2R activity of Sn-based electrodes. 

3.4.2 Activation of CO2 

It has been proposed that the origin of selectivity toward formate over CO in CO2R relates 

to bifurcation in pathways during CO2 activation. One pathway creates OCHO* adsorbed via 

surface-oxygen(s) bonds, while the other creates COOH* adsorbed via a surface-carbon 

bond.117 However, it is also often proposed that the first elementary step of CO2R (to either 

product) is the single-electron reductive adsorption CO2 + * + e– → CO2
–.104,107,110,148 The CO2

–

* intermediate can be bound through the carbon atom or the oxygen atom(s), which can be 
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protonated to form COOH* or OCHO*, respectively. We therefore considered both the single-

electron reductive adsorption and each of the PCET pathways to activate CO2. We hypothesize 

that selectivity toward formate originates with the preference of Sn to activate CO2 through the 

oxygen atoms rather than the carbon atom. We calculated the adsorption energy of CO2 in both 

carbon-bound and oxygen-bound geometries as well as COOH* and OCHO* on the clean metallic 

Sn(200), SnO2(110) with 1 cus-water, and SnO2(110) with no cus-water surfaces as a function of 

potential, shown in Figure 3.3. It is immediately apparent however that the selective formation of  

Figure 3.3: Change in grand free energy as a function of potential for different 

CO2 adsorption elementary steps. The potentials are 0 (light gray), −0.5 (dark gray), and −1 (black) 

VRHE. The reactions represented are reductive adsorption of CO2 through the carbon atom (top left) 

and oxygen atom(s) (top right), proton-coupled electron transfer adsorption to form COOH* 

(middle left) and bidentate OCHO* (middle right), and proton adsorption (bottom left) and 

CO2 insertion into a metal-hydride bond to form monodentate OCHO* (bottom right). The average 

number of electrons transferred across the three potentials is also shown (in blue). 
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OCO–* vs CO2
–* is not a reasonable explanation for the selectivity to formate vs CO, on metallic 

or oxidized Sn, regardless of potential. Reductive adsorption of CO2 to form OCO–* is not 

favorable at any potential more positive than −1 VRHE─in fact, CO2 spontaneously desorbs during 

geometry optimization at 0 and sometimes −0.5 VRHE, see the Supporting Information, Figures 

S3.3 and S3.4 for a more detailed discussion of this point. In contrast, the formation of CO2
–

* becomes favorable at −0.99 and −0.45 VRHE on metallic Sn and SnO2 with no cus-water, 

respectively, while the formation of CO2
–* is favorable at all examined potentials on the 

SnO2 surface with one cus-water. Therefore, OCO–* is not expected to play a substantial role in 

CO2R toward formate. We note that in either case, the number of electrons transferred determined 

from the GC-DFT is not exactly one, but rather in the range of 0.4–0.9, depending on the surface 

and binding geometry. This demonstrates the utility of GC-DFT’s ability to determine, rather than 

assume, the extent of charge transfer. 

 

The formation of OCHO* is more favorable than COOH* across all potentials and 

surfaces, which is consistent with the experimentally observed selectivity trend. We did not 

calculate any transition state energies in the current study, and while a large kinetic barrier to 

forming OCHO* (or COOH*) via the PCET mechanism may exist, we expect the more exothermic 

step to also possess a lower activation barrier on the basis of Brønsted–Evans–Polanyi (BEP) 

scaling relationships.149–151 Once again, we note that the number of electrons transferred in this 

step is not precisely what would be presumed from writing out the elementary steps, but in this 

case, more electrons (1.1–1.4) are transferred than expected. The consequence of this asymmetry 

in the degree of charge transfer is that the PCET adsorption of CO2 to form either COOH* or 

OCHO* becomes more favorable at less reducing potentials than the reductive adsorption to form 

CO2
–*. 

We also considered the formation of monodentate OCHO* via CO2 insertion into the Sn–

H bond, known as the Eley–Rideal pathway, which has been suggested as a possible pathway for 

formate-selective CO2R.152 Figure 3.3 (bottom left) shows the energetics for proton reduction for 

the three different surfaces as a function of potential. The formation of H* becomes favorable at 

−0.29, 0.26, and −0.12 VRHE on the metallic Sn(200), SnO2(110) with one cus-water, and 
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SnO2(110) with zero cus-water surfaces, respectively. Therefore, under potentials relevant for 

CO2R, we expect a non-negligible coverage of H*, especially considering the adsorption energy 

is more favorable than for the adsorption of CO2
–*. Figure 3.3 (bottom right) shows the energetics 

for insertion of CO2 into the Sn–H bond. For all surfaces at all potentials, the formation of OCHO* 

in this fashion is favorable. There is less than a 0.1 eV difference in the formation energy for 

monodentate OCHO* and bidentate OCHO*. The potential dependence of the energetics of 

CO2 insertion into the Sn–H bond is attenuated when compared to the Faradaic reactions in the 

other panels of Figure 3.3 because there is a lower, near-zero amount of electron transfer involved 

in this reaction, i.e., this is a chemical step. The origin of the potential dependence of this step may 

be due to second-order effects such as the interaction of the adsorbate dipole with the developing 

electric field, or changes in the stabilization of the electrolyte due to changes in the local 

concentration of electrolyte ions.153 

3.4.3 Formation of Desorbed CO and Formate 

The previous section compared the different pathways CO2 may take to form an activated 

adsorbate on the surface of Sn-based catalysts. We now consider the next steps of CO2R that 

involve the desorption of the products CO and formate. We started by calculating the adsorbate 

geometry of both CO and formic acid on the three Sn surfaces but found that they do not adsorb 

under any conditions considered (Figures S3.5 and S3.6). Therefore, moving forward we assume 

that any step that forms either CO or formic acid includes spontaneous desorption. 

First, we considered reactions involving CO2
–*. We note that the energetics presented in the 

previous section do not rule out the formation of CO2
–* simply because the PCET adsorption to 

form COOH* or OCHO* is more downhill. The presence of a large kinetic barrier for the PCET 

steps and sufficiently low barrier for the direct reductive adsorption of CO2
–* could lead to non-
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negligible flux through this pathway, particularly on the oxide surfaces which bind CO2
–* more 

strongly than metallic Sn. Both COOH* and OCHO* are accessible from CO2
–*, the former likely 

coming from a proton transfer and the latter likely coming from a surface-catalyzed coupling of 

CO2
–* with H*. The energetics for these reactions are depicted in Figure 3.4. Protonation of CO2

–

* is not purely a proton transfer─the GC-DFT calculation predicts that ∼0.5 electrons are  

Figure 3.4: Change in grand free energy as a function of potential for the protonation of 

CO2
–* (top left), coupling of CO2

–* and H* (top right), reduction of COOH* to form CO (bottom 

left), and reductive molecular desorption of OCHO* (bottom right). The potentials are 0 (light 

gray), −0.5 (dark gray), and −1 (black) VRHE. The average number of electrons transferred across 

the three potentials is also shown (in blue). 

 

transferred during this step as well. The formation of COOH* in this manner is mostly favorable 

across the three surfaces at all potentials considered. The Langmuir–Hinshelwood coupling 

between H* and CO2
–* to form OCHO* is also mostly favorable across all potentials and surfaces 

studied, although interestingly the calculated electron transfer shows that this is an oxidation, with 
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∼0.5 electrons transferred to, rather than from, the electrode. This step therefore becomes less 

favorable with more negative potential. 

Next, we consider the reactions that form the CO or desorbed formate products (Figure 

3.4). We examined a PCET reduction of COOH* to form CO and water as the pathway to CO and 

the reductive molecular desorption of OCHO* as the primary pathway to formate. We also 

considered the Langmuir–Hinshelwood coupling of COOH* and H* to form formic acid directly, 

but due to a less favorable change in grand free energy that becomes increasingly less favorable at 

more negative potential than the direct desorption, we do not consider it to be an active pathway 

(Figure S3.7). Interestingly, metallic Sn has a much larger driving force to form CO than either of 

the oxide surfaces, which only become favorable at potentials more negative than −0.8 VRHE. This 

is somewhat expected based on the observation that COOH* is bound less strongly on the metallic 

Sn surface than on the SnO2 surfaces. The same trend is observed when considering the reductive 

molecular desorption of OCHO*, where the desorption is more favorable on the metallic surface 

than the oxide. Without explicit calculation of transition state energetics, we cannot definitively 

say which of these steps will be kinetically faster, but molecular adsorption/desorption steps 

typically do not have significant activation barriers. Complex reaction coordinates such as 

reducing COOH* to CO and water may have an appreciable activation barrier, so the reductive 

desorption of OCHO* and formation of CO may be relatively competitive in rate. 

3.4.4 Competition by HER and Carbonate Adsorption 

The competition between cathodic reactions and HER is ubiquitous in electrocatalysis. An 

additional parasitic reaction that can lower the efficiency of CO2R is the strong adsorption of 

bicarbonate and carbonate, which are present in CO2R electrochemical cells either as supporting 

electrolyte or formed spontaneously from the equilibrium of CO2 and water/hydroxide. To 
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holistically evaluate the performance of metallic and oxidized Sn catalysts for CO2R, we also 

considered the competition from HER and bicarbonate/carbonate adsorption. 

HER may follow two well-known mechanisms: the Volmer–Heyrovsky and Volmer–Tafel 

mechanisms.154 HER on Sn is thought to mainly follow the Volmer–Heyrovsky mechanism due to 

low coverage of H* until larger overpotentials, by which time the rate of the Heyrovsky step 

becomes fast enough to scavenge H*.155 We consider both mechanisms for the sake of 

completeness. Figure S3.8 shows the reaction coordinate diagrams for both the Volmer–

Heyrovsky and Volmer–Tafel mechanisms on all three surfaces as a function of applied potential. 

The results agree with the existing literature that the Volmer–Heyrovsky mechanism is preferred 

on all Sn surfaces, with all steps being thermodynamically downhill at potentials more negative 

than −0.3 VRHE. The presence of a large kinetic barrier for the Heyrovsky step could lead to non-

negligible flux through the Volmer–Tafel mechanism on metallic Sn once an appreciable coverage 

of H* has accumulated. Each Volmer step transfers 1.1–1.4 electrons from the electrode, meaning 

that 0.2–0.8 electrons must be transferred back to the electrode during the Tafel step. Therefore, 

the Tafel step becomes less favorable at more negative potentials. This is more pronounced on the 

SnO2 surfaces, so it is even more likely that the reaction proceeds through the Volmer–Heyrovsky 

mechanism on these surfaces. The most significant consequence of this is that, because the Volmer 

step is potential-determining on all three surfaces (for the Volmer–Heyrovsky mechanism), the 

surface coverage of H* is likely to be low (but not zero) because of the favorable reaction between 

either H+ to from H2 or CO2 to form OCHO*. This will negatively impact the rate of CO2R steps 

that involve H* unless there is a much lower kinetic barrier for these steps than the Heyrovsky 

step. 
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Next, we considered the competitive adsorption of bicarbonate/carbonate. Bicarbonate is 

often the supporting electrolyte of choice for CO2R because it can retard the aqueous 

CO2 equilibrium, which results in efficiency losses.156,157 This aqueous CO2 equilibrium means 

that bicarbonate will likely be present even in electrolytes that do not have intentionally added 

bicarbonate and therefore must be considered when evaluating the surface processes of CO2R 

catalysts. Lastly, carbonate may begin to accumulate near the electrode interface due to the increase  

in pH that arises from the consumption of protons during cathodic reactions.158 It is not unusual 

for the interfacial pH of a cathode to be 2–4 pH units higher than the bulk pH, meaning the 

interfacial pH could be greater than the pKa of bicarbonate.7 Figure 3.5 shows the energetics for  

Figure 3.5: Change in grand free energy as a function of potential for the molecular 

adsorption of bicarbonate (left) and carbonate (right). The potentials are 0 (light gray), −0.5 (dark 

gray), and −1 (black) VRHE. The average number of electrons transferred across the three potentials 

is shown (in blue). 

 

the molecular adsorption of bicarbonate and carbonate on the three Sn surfaces as a function of 

potential. In line with the results described above for all previously discussed adsorbates, metallic 

Sn binds both bicarbonate and carbonate more weakly than either of the SnO2 surfaces. The 

adsorption of bicarbonate and carbonate becomes less favorable at more negative potentials as 

expected due to the net oxidation during adsorption. The net electrons transferred for bicarbonate 
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is close to the expected value of 1, but the number of electrons transferred for carbonate is much 

lower than the expected value of 2, only slightly above 1. This means the carbonate adsorbate is 

partially charged and the adsorption energy is less sensitive to potential than expected. We also 

considered the energetics of the adsorption of bicarbonate with a simultaneous discharge of its 

proton to form adsorbed carbonate (Figure S3.9), but this process was less favorable than either of 

the two molecular adsorption processes and is therefore not expected to contribute significantly to 

the adsorption processes. This evidence suggests that molecular adsorption of bicarbonate and 

carbonate can compete with other intermediates for active sites at low potential, but will be driven 

off of the surface at more negative potentials. 

Before discussing the results of the ATR-SEIRAS experiments, we summarize the 

observations from the preceding sections. First, metallic Sn is unlikely to have an appreciable 

coverage of hydroxyls during CO2R, whereas oxidized Sn may have a non-negligible coverage of 

hydroxyls and water groups throughout the CO2R relevant potential window. Next, CO2 has four 

feasible activation pathways: direct reductive adsorption to form CO2
–* bound through the carbon 

atoms, PCET adsorption to form either COOH* or OCHO*, and insertion of CO2 into a Sn–H 

bond to form OCHO*. CO2
–* can subsequently be protonated to form COOH*, which may react 

to form CO and H2O in a final PCET, or react with H* to form OCHO*, which subsequently 

undergoes reductive molecular desorption to form solution-phase formate. A non-negligible 

competition may exist between CO2R and (i) molecular adsorption of bicarbonate/carbonate at low 

overpotential and (ii) Volmer–Heyrovsky HER at higher overpotential. 

3.4.5 ATR-SEIRAS on Metallic and Oxide-Derived Sn 

With some degree of understanding of what might be present on the surface during CO2R 

from the GC-DFT analysis described above, we performed ATR-SEIRAS experiments to validate 
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and refine this understanding. We previously reported a method to prepare both fully metallic and 

oxidized SEIRAS-active Sn films, which we used in the present study to discern differences in 

adsorbed species during CO2R.125 Before we begin the discussion of the SEIRAS results, we would 

like to point out that ex situ characterization of the two Sn films after the reductive treatment shows 

that they have similar degrees of oxidation. Both Sn films undergo spontaneous oxidation in air, 

which complicates the assignment of the exact oxidation state of the two films during CO2R. Dutta 

et al. performed operando EXAFS experiments on SnO2-based catalysts and found that metallic 

Sn coordination was not observed until −0.88 VRHE, and SnO2 and SnO features were still observed 

even at −1 VRHE.112 Therefore, while the oxidized Sn film undoubtedly partially reduces under the 

electrochemical conditions present in CO2R, we do not necessarily expect it to resemble the fully 

metallic Sn film under the conditions examined and spectroscopic differences between the two Sn 

films may still appear. Figure 3.6 shows the ATR-SEIRAS spectra for both the metallic and  

oxidized Sn film as a function of potential during CO2R. We point out two common features for 

both samples, at ∼1200 and ∼1100 cm–1. These features are attributed to the Si(100) phonon that 

comes from the wafer used to perform the ATR-SEIRAS experiment.159 There may also be trace 

amounts of sulfate that remain from the electrosynthesis of the Sn films. Both features are present 

during blank experiments with no CO2 or bicarbonate present and will not be discussed or 

interpreted further. The observed vibrational frequencies are collected in Table 3.1. 
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Figure 3.6: Full (4000–800 cm–1, top left) and carbonaceous region (1800–1200 cm–1, top 

right) ATR-SEIRAS spectra on the metallic Sn electrode during CO2R. Full (4000–800 cm–1, 

bottom left) and carbonaceous region (1800–1200 cm–1, bottom right) ATR-SEIRAS spectra on 

the oxidized Sn electrode during CO2R. Colored lines are drawn to guide the eye (spectra without 

these lines are available in the Supporting Information, Figures S3.34 and S3.35). Conditions: 0.1 

M KHCO3 (pH = 8) with bubbling CO2, Sn, or SnOx thin-film deposited on Au working electrode, 

Pt wire counter electrode and Ag/AgCl reference electrode. Inset: monodentate formate adsorbed 

on SnO2(110) with no cus-waters with annotated vibration vectors for the calculated vibrational 

frequency of 1519 cm–1. 
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Table 3.1. Observed Vibrational Frequencies (in cm–1) for the Metallic and Oxidized 

Sn Films from Figure 3.6, along with the Corresponding Assignments 

metallic Sn oxidized Sn 

frequency (cm–1) assignment frequency (cm–1) assignment 

3562 (loss) desorption of OH* 3644 interfacial water 

3366 interfacial water 3486 interfacial water 

3209 interfacial water 3256 interfacial water 

∼2400 (loss) consumption of CO2 ∼2400 (loss) consumption of CO2 

1611 interfacial water 1635 interfacial water 

1410 solution-phase carbonate 1524 monodentate formate 

1363 monodentate formate 1349 monodentate formate 

1282 monodentate formate 1267 monodentate formate 

First, we observe positive bands in the 3200–3500 cm–1 region that could be assigned to 

changes in the interfacial water structure during electrode polarization.160,161 The band at 1611 and 

1635 cm–1 for metallic and oxidized Sn, respectively, is likely also related to changes in interfacial 

water structure. A difference between the two materials is seen in the high-frequency O–H stretch 

region, where metallic Sn has a negative band at 3562 cm–1 and oxidized Sn has a positive band at 

3644 cm–1. Given that the calculated PZC for Sn(200) is −0.52 VRHE and the onset of the negative 

band is at −0.6 VRHE, the O–H stretches might be attributed to shifts in the interfacial water 

structure. However, these high-frequency spectral features have also previously been assigned to 

“dangling” surface hydroxyls that have less hydrogen bonding than water.147 Given that GC-DFT 

predicts that hydroxyls will desorb from metallic Sn at a similar potential, the negative IR peak is 

also consistent with the desorption of surface hydroxyls. This also explains why no such negative 
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peak appears for the oxidized Sn surface, where the cus-hydroxyls spontaneously form cus-water, 

and br-hydroxyls are not predicted to desorb at these potentials. Furthermore, the negative IR peak 

is fully reversible, which implies that as the potential is returned to the starting value, the vibrating 

species can return to their prior state. 

Focusing now on the bands that may be associated with carbon-bearing species, both the 

metallic and oxidized Sn materials have loss bands at ∼2400 cm–1 that appear between −0.5 and 

−0.6 VRHE (although it is more apparent on the metallic Sn surface). These bands can be assigned 

to the consumption of CO2 during electrolysis. However, it is not immediately obvious if this is 

simply due to the reactions of CO2R, or if some of the CO2 is converted to aqueous bicarbonate 

and carbonate at the electrode interface due to the cathodic pH increase. We refrain from 

interpreting the magnitude of these bands because of this ambiguity. Next, there is a band at 1524 

cm–1 that is only present on the oxidized Sn surface and grows between −0.5 and −0.6 VRHE, before 

mostly decreasing to the background level. A peak in this region has previously been interpreted 

as formate,162 bicarbonate42 and carbonate,104 so we attempted to assign this band by calculating 

the vibrational frequencies. Table S3.1 shows the GC-DFT-calculated vibrational frequencies as a 

function of potential for the Sn(200), SnO2(110) with 1 cus-water, and SnO2(110) with no cus-

waters. For the oxidized Sn surfaces, the observed vibrational frequency is most consistent with 

monodentate formate and bidentate bicarbonate adsorbates. However, due to the surface selection 

rule, only adsorbate vibrational modes with a change in dipole that is perpendicular to the surface 

will be IR active. Visualizations of the vibrational modes are provided in Figures S3.10–S3.33 (gif 

file animations are also available in the Supporting Information). For both monodentate formate 

and bidentate bicarbonate, the vibrational mode responsible for the frequency that is closest to the 

observed value is the OCO asymmetric stretch. The vibration coordinate, shown as an inset 
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in Figure 3.6, is more perpendicular for monodentate formate than for bidentate bicarbonate, so 

we assign this peak as monodentate formate. An additional clue that this is less likely to be 

bicarbonate and more likely to be formate is that we predicted the formation of formate to become 

increasingly favorable and the adsorption of bicarbonate to become decreasingly favorable at more 

negative potentials. Monodentate formate was assigned to a feature at 1680 cm–1 by Jiang et al. 

when studying CO2R on Pd-based electrocatalysts.162 They also assigned a peak at 1584 cm–1 to 

solution-phase, desorbed formate. This peak position differs significantly from both what we have 

observed in our own spectra and calculated using GC-DFT, but the difference could be explained 

by both differences in vibrational frequencies across different materials and under different 

electrochemical environments. 

The next peak observed and used for mechanistic analysis is only present in the metallic 

Sn catalyst spectra as a reversible peak that appears at 1410 cm–1 at potentials more negative than 

−0.6 VRHE. This feature is most consistent with either monodentate carbonate, or solution-phase 

carbonate which would arise from the increase in interfacial pH. GC-DFT calculations predict that 

carbonate will desorb from metallic Sn at these potentials, so it is more likely that solution-phase 

carbonate has accumulated at the electrode interface. The absence of this feature in the oxidized 

Sn spectra is of particular interest, as the I–V curves (Figure S3.36) show that oxidized Sn draws 

a higher current (as well as higher current density) than metallic Sn, which implies that the 

consumption of protons at the interface should be higher on oxidized Sn than metallic Sn. This 

may be explained by the presence of the cus-water and br-hydroxyl groups on the oxidized Sn 

surface playing a buffering role, that is, when solution-phase protons are consumed in cathodic 

reactions, protons on the surface may be released to neutralize the change at the interface. To 

evaluate the feasibility of this hypothesis, we determined the favorability of transferring a proton 
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from the SnO2(110) surface to a carbonate ion (Figure S3.37), which was favorable at all potentials. 

Therefore, a complex equilibrium exists at the interface of the oxidized Sn surface that may be 

able to neutralize the expected pH increase upon cathodic polarization. Metallic Sn is unable to 

perform this interfacial buffering because its surface hydroxyls have been reduced off the surface 

at these potentials. Assigning the relative importance of the intrinsic electrode reactivity and the 

local pH on the activity and selectivity of Sn-based CO2R catalysis would require a sophisticated 

coupled transport-kinetic model like Singh et al. developed for CO2R on Ag catalysts.99 Cao et al. 

assigned this feature to monodentate formate in their investigation of CO2R to formate over two-

dimensional Bi catalysts.163 They measured this peak in the absence of CO2 without quantifying 

or detecting any formate production, so it is more likely that this peak is also due to the formation 

of carbonate once the pH increases from the cathodic consumption of protons. 

The remaining bands, at 1363/1282 and 1349/1267 cm–1 for metallic and oxidized Sn, 

respectively, likely belong to monodentate formate. This is consistent with the calculated 

vibrational frequencies from GC-DFT for both surfaces. The peaks at 1363 and 1349 cm–1 are 

assigned to the combination mode of C–H wagging and OCO bending, and the peaks at 1282 and 

1267 cm–1 are assigned to the OCO symmetric stretch. As with the formate peak at 1524 cm–1, this 

assignment is strengthened by the reversible appearance of these features at potentials more 

negative than −0.6 VRHE. One difference between the metallic and oxidized Sn spectra is that the 

peak at 1363 cm–1 is not fully reversible on metallic Sn, and a small peak is still present at −0.5 

VRHE on the backsweep. We assign this as readsorbed formate, but the GC-DFT calculations 

predict that formate is bound more strongly to oxidized Sn than metallic, so we expected that this 

feature would be present in the oxidized case too. However, there is also a larger driving force to 

readsorb hydroxyls at more positive potentials on oxidized Sn. Therefore, because a much weaker 
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driving force exists for hydroxyl adsorption on metallic Sn, formate may only be displaced from 

metallic Sn at more positive potentials. 

Finally, to assist with the assignments of the features in Figure 3.6, we repeated the 

SEIRAS experiment without CO2 present in the electrochemical cell. Figure S3.38 (nonannotated 

versions in Figures S3.39 and S3.40) shows the SEIRAS spectra for both the metallic and oxidized 

Sn materials. For the metallic Sn electrode, only the signals corresponding to the changes in 

interfacial water and the solution-phase carbonate persist in the absence of CO2. The solution-

phase carbonate arises due to the pH increase from HER. This supports the assignment of the other 

peaks at 1363 and 1282 cm–1 as formate (or at least intermediates from CO2R) and not molecular 

adsorption of bicarbonate/carbonate present in the electrolyte. Similarly, most of the SEIRAS 

features disappear for the oxidized Sn electrode when CO2 is removed from the electrolyte. The 

features that arise from changes in the interfacial water remain, and a new negative feature appears 

at 1450 cm–1. This peak is most consistent with bidentate carbonate. This shows that there may be 

carbonate adsorption from the electrolyte on the oxidized Sn surface that can be reduced off of the 

surface, which is supported by the results of calculations reported in Figure 3.5. The disappearance 

of the peaks at 1524, 1349, and 1267 cm–1 when CO2 is absent confirms that these peaks originate 

from CO2R intermediates that are most likely monodentate formate. 

3.4.6 Proposed Mechanism and Strategies for Improved CO2R 

Through both the GC-DFT and ATR-SEIRAS analyses described above, we have identified 

CO2R pathways that are feasible on both metallic and oxidized Sn surfaces. For metallic Sn, 

surface hydroxyls are reductively desorbed by −0.6 VRHE (M.1). Direct reductive adsorption of 

CO2 to form OCO–* does not become favorable until potentials more negative than −1 VRHE, which 

is more negative than the observed onset of peaks assigned to formate in the ATR-SEIRAS spectra. 
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Therefore, we believe that CO2 is activated either by insertion into the Sn–H bond via an Eley–

Rideal-like step (M.3a), preceded by Volmer proton adsorption (M.2), or PCET adsorption to 

OCHO* (M.3b). Only monodentate formate was detected using ATR-SEIRAS, which supports the 

Eley–Rideal activation of CO2 on metallic Sn because there is a larger driving force for formate 

desorption than to rearrange into the bidentate configuration. Jiang et al. made a similar conclusion 

regarding the formation of monodentate formate when investigating CO2R on Pd-based 

catalysts.162 The potential limiting step for this mechanism is the reductive molecular desorption 

of formate (M.4), which becomes favorable at −0.39 VRHE. The lack of IR bands associated with 

formate at this potential on metallic Sn is explained by the presence of hydroxyls, which are not 

predicted to completely vacate the surface until −0.6 VRHE. This mechanism is summarized 

in Mechanism 1 and Figure 3.7, which also shows the free energy landscape for the pathways on 

metallic and oxidized Sn. 

Mechanism 1. Proposed mechanism for CO2R to formate on Sn-based catalysts 

𝑂𝐻∗ + 𝑒− → 𝑂𝐻− +∗  𝑜𝑟  𝐻2𝑂∗ → 𝐻2𝑂 +∗ ; (M.1) 

𝐻+ + 𝑒− +∗→ 𝐻∗ ; (M.2) 

𝐶𝑂2 + 𝐻∗ → 𝑂𝐶𝐻𝑂∗ ; (M.3a) 

𝐶𝑂2 + 𝐻+ + 𝑒− +∗→ 𝑂𝐶𝐻𝑂∗; (M.3b) 

𝑂𝐶𝐻𝑂∗ + 𝑒− → 𝐻𝐶𝑂𝑂− +∗ ; (M.4) 
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Figure 3.7: (Top) Schematic visualizing the proposed mechanism in Mechanism 1 and 

reaction coordinate diagram for metallic Sn (bottom left) and the average between oxidized Sn 

with one and no cus-waters (bottom right) for the proposed mechanism in Mechanism 1. The solid 

lines are for the Eley–Rideal pathway, and the dashed lines are for the PCET pathway. 

 

For oxidized Sn, the mechanism is more similar to metallic Sn than expected based on the 

differences in the energetics predicted from GC-DFT. The surface is initially blocked by cus-water 

groups that begin to desorb at −0.6 VRHE (M.1). Next, because the oxidized Sn surface has higher 

affinity for all intermediates than metallic Sn, it is possible that all of the proposed CO2 activation 

pathways are accessible. However, unless there are substantial kinetic barriers for all of the steps 

except direct reductive adsorption of CO2, there is a larger driving force to form H*, COOH*, and 

OCHO* at potentials more negative than −0.5 VRHE due to the greater extent of charge transfer. 

We expect that any COOH* formed will go on to produce CO, so the same two CO2 activation 

steps (Eley–Rideal reaction between CO2 and H* and PCET adsorption to form OCHO*) are most 



81 
 

likely. Desorption of formate is again the potential-determining step, although for oxidized Sn it is 

predicted to be −1.22 VRHE. This implies that the active phase of Sn during CO2R is likely a 

partially reduced Sn oxide (or partially oxidized metallic Sn) such that the energetics of both 

activation and desorption steps are in between the two limiting cases examined in this study. We 

also considered the hydroxyl-mediated pathway proposed by Baruch et al.,42 and cannot 

conclusively eliminate it as a possibility but believe that is likely only a minor contribution to the 

overall CO2R rate (see the Supporting Information and Figures S3.41–S3.43). Metallic and 

oxidized Sn surfaces having different rate-limiting steps should manifest as different Tafel slopes. 

The electrochemical cell used for the SEIRAS experiments is not equipped to accurately determine 

the Tafel slope for CO2R toward formate due to influences from mass transport and very low 

product concentrations, so more thorough kinetic measurements to determine the reaction orders, 

apparent activation barriers and the Tafel slope under a broader range of conditions will be 

necessary to fully resolve the mechanistic differences between metallic and oxidized Sn 

electrocatalysts. 

The proposed mechanism, and data that lead to it, highlight the factors that limit CO2R on 

Sn. On either metallic or oxidized Sn, GC-DFT predicts that the electrochemical activation of 

CO2 becomes favorable at a less negative potential than the observed onset potential of −0.6 VRHE, 

which coincides with the potential at which hydroxyls or molecular water groups are predicted to 

desorb from the surfaces. Therefore, lowering the overpotential of CO2R on Sn will require 

decreasing the affinity of Sn surfaces toward hydroxyls/water. Doing so will be challenging to 

achieve because, due to adsorbate scaling relationships, surfaces that bind one class of adsorbates 

more weakly typically bind all classes of adsorbates more weakly, and as such lowering the 

potential for hydroxyl/water removal will also increase the potential for CO2 activation. Some 
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strategies for decorrelating carbon-bound and oxygen-bound adsorbates have been proposed, such 

as alloying with distinct elements such as sulfur and taking advantage of interfaces between 

different materials like RuO2 and CeO2.109,164–167 Controlling the near-electrode environment could 

also be a beneficial strategy. It has been demonstrated that the presence of electrolyte additives, 

such as self-assembled monolayers160,161 and ionomer coatings168 can modify the hydrophilicity of 

the electrode interface. Selectively destabilizing surface hydroxyls/water in this manner could 

lower the overpotential required to open active sites for CO2R on Sn surfaces. 

 3.5 Conclusions 

In this study, we used GC-DFT and ATR-SEIRAS to interrogate the differences in CO2R 

mechanism toward formate on both metallic and oxidized Sn surfaces. While the computed 

energetics and observed IR features are distinct for both materials, we have proposed probable 

mechanistic steps that are common to both materials, with different limiting characteristics. The 

steps most consistent with our study are 1. Potential-driven desorption of 

hydroxyls/water/bicarbonate, 2. Volmer proton adsorption, 3a. Eley–Rideal insertion of CO2 into 

a Sn–H bond, 3b. PCET adsorption of CO2, and 4. Reductive desorption of formate. Metallic Sn 

is less likely to be limited by the desorption of formate or other spectator species such as 

bicarbonate, carbonate, and hydroxyls, but oxidized Sn is more able to facilely activate CO2. In 

both cases, hydroxyls and molecular water must be driven off the surface to open active sites for 

CO2R. This analysis ultimately supports the conclusion that Sn surfaces are in situ oxidized or 

reduced to achieve an intermediate oxidation state such as Sn2O3 or SnO, that is more optimally 

active for the CO2R to formate than fully metallic or oxidized Sn. Future investigations of Sn-

based electrocatalysts should focus on (1) Identifying the exact speciation of the operando Sn 

catalyst, (2) Calculating the explicit activation energies of the elementary steps identified here as 
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most relevant and (3) Experimentally determining the kinetic signatures like reaction orders, 

apparent activation barriers, and apparent transfer coefficients across a diverse set of experimental 

conditions to diagnose the mechanism with more confidence. 

3.6 Supporting Information 

CO2R Adsorption Intermediate Geometries 

 

Figure S3.1: Converged geometries of the CO2R intermediates considered at -0.5 VRHE 

across the three Sn surface. 
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Energy landscape of SnO2(110) in aqueous environment 

 

Figure S3.2: (top) Reaction coordinate diagram showing the energetics of different 

degrees of SnO2(110) hydroxylation. (bottom) SnO2(110) structures corresponding to the 

different states in the above reaction coordinate diagram. 

 

Figure S3.2 shows the free energy landscape of SnO2(110), specifically for the interaction 

with water. SnO2(110) spontaneously dissociates water into cus-hydroxyls and br-hydroxyls at all 

potentials. Furthermore, the hydroxylated SnO2(110) is spontaneously protonated at the cus-

hydroxyl sites to form cus-water at all potentials. The cus-waters can be reductively desorbed at 

potentials more negative than -0.8 VRHE to re-form the naked cus-Sn sites. For CO2R, we 
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considered the SnO2(110) with all br- sites as br-hydroxyls and either one cus-water and one cus-

Sn or two cus-Sn sites (shown as the far right structure in Figure S3.2).  

Importance of GC-DFT for adsorption energies 

As we described in the introduction of the main text, GC-DFT is necessary to capture the 

energetics of partial charge transfer steps or decoupled electron/proton transfers. For CO2R, the 

main step that this is relevant for is the reductive adsorption of CO2 (CO2 + * + e- → CO2
-*). Figure 

S3.3 and Figure S3.4 show the initial structure for the adsorption of CO2
-* and OCO-* as well as 

the converged structures at 0, -0.5 and -1 VRHE for all three Sn surfaces considered. The canonical, 

zero charge structure is also shown. First, It is apparent that, at low potential, the CO2
-* 

spontaneously desorbs and there is no electron transfer. It is not until the potential is increased that 

the GC-DFT calculator adds an additional electron and the adsorption of CO2
-* is an accessible 

state (even if it is still calculated to be uphill thermodynamically). This shows the importance of 

using GC-DFT for computational electrochemistry; without it the nuance of adsorption energetics 

as a function of potential may be lost. For the adsorption energetics shown in Figure 3.3, we 

constrained the Sn-C or Sn-O bonds to force the calculator to determine the energy of adsorption 

to accurately represent the potential dependence.  
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Figure S3.3: GC-DFT adsorption geometries for CO2
-*. Top row is the initial guess for 

each calculation, second row is the converged canonical, zero-charge structure and the remaining 

rows are the converged grand-canonical structures at 0 (third row),  

-0.5 (fourth row) and -1 (fifth row) VRHE. The change in the number of electrons is also shown. 

 

Figure S3.4: GC-DFT adsorption geometries for OCO-*. Top row is the initial guess for 

each calculation, second row is the converged canonical, zero-charge structure and the remaining 
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rows are the converged grand-canonical structures at 0 (third row), -0.5 (fourth row) and -1 (fifth 

row) VRHE. The change in the number of electrons is also shown. 

Additional CO2R intermediate considerations 

We also considered the formation of surface bound CO and formic acid (HCOOH) as 

mechanistically relevant intermediates. However, as shown in Figures S3.5 and S3.6, the 

calculator spontaneously elongates the surface bond to greater than 3 Å at all potentials on all three 

Sn surfaces considered, which is longer than what would typically be considered chemisorbed. 

 

Figure S3.5: GC-DFT adsorption geometries for CO. Top row is the initial guess for each 

calculation, second row is the converged structure (all of the potentials converged to a similar 

desorbed state). 

 

Figure S3.6: GC-DFT adsorption geometries for formic acid. Top row is the initial guess 

for each calculation, second row is the converged structure (all of the potentials converged to a 

similar desorbed state). 
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We considered the formation of HCOOH via Langmuir-Hinshelwood coupling of COOH* 

and H*. The energetics are shown in Figure S3.7. By looking at Figure 3.3 in the main text, the 

number of electrons associated with the formation of COOH* and H* sums to greater than 2, which 

explains the net oxidation calculated for the step shown in Figure S3.7. Therefore, this step 

becomes less favorable as the potential is made more negative, and this step is not considered 

further as a relevant process. 

 

Figure S3.7: Change in grand free energy as a function of potential for the formation of 

formic acid via the Langmuir-Hinshelwood coupling of COOH* and H*. The potentials are 0 (light 

grey), -0.5 (dark grey) and -1 (black) VRHE. In blue, the average number of electrons transferred 

across the three potentials is also shown.  

 

As mentioned in the main text, we also considered the formation of carbonate on the surface 

via the simultaneous adsorption and discharge of proton from bicarbonate. The energetics for this 

process are shown in Figure S3.8. Comparing the energetics of this process to the energetics shown 

in the main text (Figure 3.5), this process is much less favorable than either molecular adsorption 



89 
 

of bicarbonate or carbonate, so it is more likely that surface-bound carbonate is formed via 

molecular adsorption of carbonate formed in solution from an increase in interfacial pH. 

 

Figure S3.8: Change in grand free energy as a function of potential for the formation of 

surface-bound carbonate via simultaneous adsorption and discharge of proton from bicarbonate. 

The potentials are 0 (light grey), -0.5 (dark grey) and -1 (black) VRHE. In blue, the average number 

of electrons transferred across the three potentials is also shown. 

Hydroxyl-mediated CO2R on SnO2 

We considered the formation of bicarbonate through the nucleophilic attack of CO2 by br-

hydroxyl, which has been suggested as a potential mechanism on oxidized Sn electrodes.169 We do 

not consider the hydroxyl mediated mechanism on the metallic Sn surface or at the cus site of the 

SnO2 surfaces, because the coverage of hydroxyls is expected to be very low in the potential range 

of CO2R. In addition to the two SnO2 surfaces considered for the other CO2R intermediates 

(SnO2(110) with 1 and 0 cus-water groups), we also considered the surface with 2 cus-water groups 

because the hydroxyl-mediated mechanism doesn’t require naked Sn sites. The intermediates are 

shown in Figure S3.9.  
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Figure S3.9: Converged geometries of the br-hydroxyl-mediated CO2R intermediates 

considered at -0.5 VRHE across the three SnO2 surface. 

 

Before discussing the energetics of the hydroxyl-mediated pathway, it is worth noting that 

the CO2,br intermediate spontaneously dissociates to CO and Obr during geometry optimization at 

potentials less than -1 VRHE. This is shown in Figure S3.10. In order to determine the energetics 

of this intermediate to evaluate the hydroxyl-mediated pathway, we ran single-points at the lower 

potentials.  
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Figure S3.10: GC-DFT adsorption geometries for CO2,br on SnO2(110) with 2 cus-water 

groups. Top row is the initial guess for each calculation, second row is the converged structure. 

The other SnO2 surfaces with 1 and 0 cus-water groups showed the same behavior. 

 

The energetics of the hydroxyl-mediated pathway are shown in Figure S3.11. The first step 

of the hydroxyl-mediated pathway is adsorption of CO2 to form bicarbonate at the br-hydroxyl 

site. While this step is not formally electrochemical, the GC-DFT calculation predicts a partial 

charge transfer of ~0.5 electrons. As such, this step becomes more favorable at more negative 

potentials, but is still mildly uphill even at -1 VRHE. Once bicarbonate is formed, we considered 

the reduction to CO2,br and H2Ol via PCET as the next elementary step. This step is highly 

endothermic at low potential and becomes favorable at -1 VRHE. This step has a much higher degree 

of charge transfer than would’ve been expected at ~1.5 electrons. We also considered the 

deprotonation of the bridge-bound bicarbonate to form adsorbed carbonate, which would be 

considered a parasitic reaction (that is, not yielding CO2R products). This is a formal oxidation 

(calculated charge transfer of ~0.7 electrons), and as such becomes less favorable at more negative 

potentials. The deprotonation of bicarbonate is competitive with the reduction to CO2,br at -1 VRHE 

on the SnO2 surface with 2 cus-water groups, whereas it is much less favorable when cus-water 

groups are removed. This indicates that these groups may have lateral interactions that stabilize 

the carbonate adsorbate. We expect the coverage of these groups to decrease at more negative 

potentials, so we do not expect the flux of CO2 to CO3,br to be large under CO2R operating 

potentials, and because CO2 adsorption to HCO3,br is unfavorable at low potential, the surface that 

would lead to CO3,br is unlikely to form HCO3,br in appreciable quantities. 
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Once CO2,br is formed, it can either be further reduced to form OCHObr or disproportionate 

to make CO and Obr. Formation of OCHObr is more favorable than CO and Obr, and because this 

is a ~0.5 electron reduction step and forming CO and Obr is a ~0.3 electron oxidation step, the gap 

in favorability grows at more negative potentials. However, because the formation of CO2,br isn’t 

favorable until ~ -1 VRHE, this pathway is only expected to from OCHObr (unless there is a much 

higher kinetic barrier for this step than the formation of CO). Once OCHObr is formed, the 

reductive desorption to release formate is the next step. Once again, this step is forced downhill at 

more negative potentials due to the transfer of ~1 electron upon desorption. Formate is bound 

slightly less strongly at the br-site when compared to the cus-sites in the main text, but the 

desorption only becomes favorable at reasonably negative potentials.  

Once either formate or CO has been released, to close the catalytic cycle the br-hydroxyl 

must be regenerated. In the case of the formate pathway, this must be from the oxidative adsorption 

of hydroxyl in the solution. It is easily seen that this step must be an oxidation because the sum of 

the electrons transferred to form formate prior to this step is 2.9-3.2, and only two electrons are 

required to reduce CO2 to formate. Indeed, GC-DFT predicts this step to be a ~1 electron oxidation, 

but because oxygen vacancies at the br-site are highly unstable, this step is still thermodynamically 

downhill even at -1 VRHE. In the case of the CO pathway, Obr must be reduced back to br-hydroxyl 

via PCET. Interestingly, this step is less favorable on the SnO2 surface with 2 cus-water groups 

than on the other two surfaces considered. However, as this is less likely to be the operant surface 

under the CO2R potentials, and the reduction of Obr is favorable at all potentials on the other 

surfaces, we do not expect this step to be limiting in the hydroxyl-mediated pathway. 

While this pathway is perfectly feasible and may even contribute to the overall CO2R rate 

at large negative potentials, we considered it to be a minority pathway. This conclusion is mainly 
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derived from the fact that the steps that lead to formate (or CO) only become favorable at potentials 

approaching -1 VRHE, while experimentally we, and many others, have shown that Sn based 

catalysts form CO2R products at potentials as low as ~ -0.5 VRHE. This analysis also does not 

include the presence of any potentially large kinetic barriers, which would only increase the 

overpotential required for measurable rates. Another reason why this mechanism is not expected 

to majorly contribute to the rate is because there is a narrow potential window where the CO2R 

steps and the site regeneration (oxidative re-adsorption of br-hydroxyl) are simultaneously 

favorable. That is, if the potential is pushed too negative, it is expected that the coverage of br-

hydroxyl would decrease and regeneration of this site would be rate limiting. Lastly, our SEIRAS 

experiments indicate that a stable formate adsorbate is measured in the CO2R potential window on 

the oxidized, but not the metallic, Sn surface. The GC-DFT predicted binding energy of formate 

at the br-site is not quite as weak as on the metallic Sn(200) surface, but it is much weaker than on 

the cus-site. The presence of a peak assigned to formate in the SEIRAS spectra indicates that the 

rate of desorption of formate is slow enough to measure a steady coverage. Therefore, because the 

hydroxyl-mediated pathway forms formate at the br-site, which desorbs more readily than at the 

cus-site, we believe this pathway may only have a minority contribution to the rate. To 

authoritatively rule this out, more detailed kinetic measurements are required. 
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Figure S3.11: Change in grand free energy as a function of potential for CO2R elementary 

steps on br-hydroxyl sites. The potentials are 0 (light grey), -0.5 (dark grey) and -1 (black) VRHE. 

The reactions represented are formation of adsorbed bicarbonate via nucleophilic attack of CO2 by 

br-hydroxyl (top left), reduction of bicarbonate to adsorbed CO2 via PCET (top right), formation 

of adsorbed formate by PCET (upper middle left), formation of CO and br-O (upper middle right), 
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desorption of formate (lower bottom left) re-formation of br-hydroxyl by PCET (lower bottom 

right), re-formation of br-hydroxyl by adsorption of free hydroxyl (bottom left) and deprotonation 

of adsorbed bicarbonate to form adsorbed carbonate (bottom right). In blue, the average number 

of electrons transferred across the three potentials is also shown.  

Hydrogen Evolution Reaction Energetics 

We calculated the free energy changes for the two prominent hydrogen evolution reaction 

(HER) pathways to assess its competitiveness with CO2R. In particular, we wanted to evaluate the 

driving force for CO2R intermediates through the Eley-Rideal reaction between CO2 and H* vs 

H* reacting to form H2 (via a Heyrovsky or Tafel step). Figure S3.12 shows the reaction coordinate 

diagrams for both the Volmer-Heyrovsky and Volmer-Tafel mechanism on all three Sn surfaces. 

The formation of H2 via the Heyrovsky step is downhill at all potentials on all materials, so unless 

there is a significant kinetic barrier for this step, the coverage of H* is expected to be fairly low. 
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Figure S3.12: Reaction coordinate diagram for the Volmer-Heyrovsky (top) and Volmer-

Tafel (bottom) mechanisms of HER on metallic Sn (left), SnO2 with one cus-water (middle) and 

no cus-waters (right) as a functional of potential. The potentials are 0 (light grey), -0.5 (dark 

grey) and -1 (black) VRHE.  

Additional SEIRAS information 

 

Figure S3.13: Full (4000-800 cm-1, top left) and carbonaceous region (1800-1200 cm-1, 

top right) ATR-SEIRAS spectra on the metallic Sn electrode with no CO2 present (sparged with 

Ar). Full (4000-800 cm-1, bottom left) and carbonaceous region (1800-1200 cm-1, bottom right) 

ATR-SEIRAS spectra on the oxidized Sn electrode electrode with no CO2 present (sparged with 

Ar). Colored lines are drawn to guide the eye (spectra without these lines are available in the 

supplementary information). 
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Figure S3.14: Full (4000-800 cm-1, left) and carbonaceous region (1800-1200 cm-1, right) 

ATR-SEIRAS spectra on the metallic Sn electrode during CO2R. 

 

Figure S3.15: Full (4000-800 cm-1, left) and carbonaceous region (1800-1200 cm-1, right) 

ATR-SEIRAS spectra on the oxidized Sn electrode during CO2R. 
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Figure S3.16: Full (4000-800 cm-1, left) and carbonaceous region (1800-1200 cm-1, right) 

ATR-SEIRAS spectra on the metallic Sn electrode with no CO2 present (sparged with Ar). 

 

Figure S3.17: Full (4000-800 cm-1, left) and carbonaceous region (1800-1200 cm-1, right) 

ATR-SEIRAS spectra on the oxidized Sn electrode with no CO2 present (sparged with Ar). 

Figure S3.18 shows the cyclic voltammograms collected during the ATR-SEIRAS 

experiments above. The raw current and current densities are shown to compare the relative current 

pull and activity between the two different electrodes. The current drawn from the CO2R 

experiment is greater than the Ar-sparged experiment on both materials, but the oxidized Sn has a 
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larger increase in current upon introduction of CO2 relative to the metallic Sn. This is consistent 

with oxidized Sn’s more facile activation of CO2 than metallic Sn. We refrain from further 

interpretation of the electrochemical data due to the lack of quantification of products, which was 

outside the scope of the current study. 

 

Figure S3.18: Cyclic voltammograms, showing current (top row) and current density 

(bottom row), for metallic Sn (left column) and oxidized Sn (right column) corresponding to CO2R 

(solid colored lines) and Ar-sparged (broken greyscale lines) ATR-SEIRAS experiments from 

Figure 3.6 and Figure S3.13.  

Visualization of Vibrational Frequencies 

Due to the surface selection rule, only vibrational modes that have a change in the dipole 

moment perpendicular to the surface will have a observable ATR-SEIRAS peak. Therefore, the 

vibrational modes need to be visualized to determine if they have a change in dipole in the z-

direction. We chose to only visualize vibrational modes with frequencies above 900 cm-1 because 

the so-called fingerprint region (< 1000 cm-1) is notoriously difficult to analyze with many 
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overlapping peaks. Additionally, we were most interested in explaining the difference in the 

observed peaks for metallic and oxidic Sn and consolidating that with the observed activity 

difference in the context of our computed reaction energetics. All reported vibrational frequencies 

in Figures S3.19-42 are at -0.5 VRHE (other potentials are reported below in Table S3.1). We also 

include animated gifs of the vibrations that are available for download to assist in visualization.  

 

Figure S3.19: Visualization of vibrational modes for monodentate CO3 on metallic Sn 

 

 

 

 



101 
 

Figure S3.20: Visualization of vibrational modes for bidentate CO3 on metallic Sn.  

 

Figure S3.21: Visualization of vibrational modes for monodentate HCO3 on metallic Sn 
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Figure S3.22: Visualization of vibrational modes for bidentate HCO3 on metallic Sn 
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Figure S.23. Visualization of vibrational modes for CO2 bound through carbon on metallic 

Sn 

 

Figure S3.24: Visualization of vibrational modes for CO2 bound through oxygens on 

metallic Sn. Note, these are the vibrations at -1 VRHE due to CO2 spontaneously desorbing at -0.5 

VRHE for this structure. 
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Figure S3.25: Visualization of vibrational modes for COOH on metallic Sn 

  

Figure S3.26: Visualization of vibrational modes for monodentate OCHO on metallic Sn 
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Figure S3.27: Visualization of vibrational modes for bidentate OCHO on metallic Sn 
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Figure S3.28: Visualization of vibrational modes for monodentate CO3 on SnO2 with one 

cus-water and one cus-vacancy 
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Figure S3.29: Visualization of vibrational modes for monodentate HCO3 on SnO2 with one 

cus-water and one cus-vacancy 
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Figure S3.30: Visualization of vibrational modes for CO2 bound through carbon on SnO2 

with one cus-water and one cus-vacancy 

 

Figure S3.31: Visualization of vibrational modes for CO2 bound through oxygen on SnO2 

with one cus-water and one cus-vacancy 
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Figure S3.32: Visualization of vibrational modes for COOH on SnO2 with one cus-water 

and one cus-vacancy 
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Figure S3.33: Visualization of vibrational modes for monodentate OCHO on SnO2 with 

one cus-water and one cus-vacancy 
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Figure S3.34: Visualization of vibrational modes for monodentate CO3 on SnO2 with no 

cus-water and two cus-vacancies 
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Figure S3.35: Visualization of vibrational modes for bidentate CO3 on SnO2 with no cus-

water and two cus-vacancies 
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Figure S3.36: Visualization of vibrational modes for monodentate HCO3 on SnO2 with no 

cus-water and two cus-vacancies 
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Figure S3.37: Visualization of vibrational modes for bidentate HCO3 on SnO2 with no cus-

water and two cus-vacancies 



115 
 

 

Figure S3.38: Visualization of vibrational modes for CO2 bound through carbon on SnO2 with no 

cus-water and two cus-vacancies 

 

Figure S3.39: Visualization of vibrational modes for CO2 bound through oxygens on SnO2 

with no cus-water and two cus-vacancies 



116 
 

  

Figure S3.40: Visualization of vibrational modes for COOH on SnO2 with no cus-water 

and two cus-vacancies 
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Figure S3.41: Visualization of vibrational modes for monodentate OCHO on SnO2 with 

no cus-water and two cus-vacancies 
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Figure S3.42: Visualization of vibrational modes for bidentate OCHO on SnO2 with no 

cus-water and two cus-vacancies 



119 
 

Table S3.1 Calculated vibrational frequencies for all modes above 900 cm-1 for all 

adsorbates (units are cm-1). 

Surface Adsorbate 0 VRHE -0.5 VRHE -1 VRHE 

Metallic Sn 

CO3 (mono) 

1002 1047 1030 

1199 1230 1215 

1430 1421 1351 

CO3 (bi) 

999 1013 1010 

1232 1182 1233 

1464 1379 1348 

HCO3 (mono) 

975 954 877 

1164 1157 1113 

1269 1236 1257 

1531 1549 1575 

3714 3675 3773 

HCO3 (bi) 

1018 987 925 

1143 1190 1204 

1311 1260 1261 

1530 1550 1541 

3631 3655 3676 

CO2 (carbon) 
1098 1151 1172 

1489 1461 1398 

CO2 (oxygens) 
1230 1094 1028 

2192 1816 1282 

COOH 

1012 996 965 

1180 1228 1158 

1633 1585 1577 

3543 3592 3411 

OCHO (mono) 

1017 978 994 

1274 1295 1297 

1343 1341 1415 

1502 1492 1482 

2900 2859 2927 

OCHO (bi) 

988 967 1110 

1265 1293 1267 

1334 1311 1308 

1513 1478 1443 

2963 2956 2831 

SnO2 – 1 cus-water 

CO3 (mono) 

994 1002 1010 

1272 1266 1277 

1478 1437 1430 

HCO3 (mono) 

1013 1006 985 

1136 1147 1105 

1339 1326 1325 

1580 1568 1562 
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3647 3652 3665 

CO2 (carbon) 
1249 1246 1278 

1487 1461 1442 

CO2 (oxygens) 
981 987 1038 

1474 1372 1329 

COOH 

1137 1128 1118 

1283 1292 1318 

1623 1611 1593 

3192 3092 2963 

OCHO (mono) 

1032 1019 1010 

1268 1272 1278 

1385 1376 1371 

1589 1566 1541 

2967 2958 2931 

SnO2 – 0 cus-water 

CO3 (mono) 

1037 1036 1030 

1277 1274 1280 

1401 1367 1345 

CO3 (bi) 

993 1000 983 

1200 1201 1191 

1482 1484 1456 

HCO3 (mono) 

1009 994 995 

1070 1058 1053 

1282 1271 1313 

1613 1556 1606 

3060 3066 3026 

HCO3 (bi) 

1025 1008 1000 

1166 1169 1158 

1350 1308 1290 

1517 1526 1515 

3591 3611 3622 

CO2 (carbon) 
1202 1219 1228 

1547 1507 1475 

CO2 (oxygens) 
1000 1001 1040 

1422 1320 1233 

COOH 

1146 1133 1109 

1289 1287 1289 

1611 1604 1598 

3178 3110 3034 

OCHO (mono) 

1024 1016 1017 

1273 1309 1318 

1372 1374 1378 

1539 1525 1519 

2965 2956 2948 

OCHO (bi) 
1009 1011 1003 

1282 1274 1278 
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1392 1384 1387 

1480 1476 1454 

3014 3006 2959 
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Chapter 4: Cooperative Effects Associated with High Electrolyte Concentrations in 

Driving the Conversion of CO2 to C2H4 on Copper  

Reprint from: ChemRxiv. 2024, 14 June, Version 1, https://doi.org/10.26434/chemrxiv-

2024-03mmk. The full-text version of this article may be viewed at: 

https://chemrxiv.org/engage/chemrxiv/article-details/6667d49512188379d8d1365f 

In this work, I was in charge of the ATR-SEIRAS methodology, measurements acquisition, 

processing and analysis, and ATR-SEIRAS section writing and editing. 

4.1 Abstract 

Increasing the product selectivity and decreasing the cost of product separation is critical 

for large scale application of electrochemical CO2 reduction (ECO2R). We hypothesize that highly 

concentrated aqueous electrolytes can tune the microenvironment of the catalyst/electrolyte 

interface and improve product selectivity. Compared to a conventional electrolyte concentration 

of 1 M HCOOK, the use of a 7.1 M HCOOK electrolyte increases the FE ratio of C2H4/CO from 

2.2 ± 0.3 to 18.3 ± 4.8 at -1.08 V vs RHE on a Cu gas diffusion electrode. Based on electrochemical 

analysis and AIMD simulation, the identity and concentration of the cation and anion play more 

important roles in controlling the CO2R reaction pathway than the bulk CO2 solubility and the bulk 

pH of electrolytes. In-situ ATR-SEIRAS suggests that, unlike 1 M HCOOK, the *CO-bridge 

binding mode on Cu is dominant in 7.1 M HCOOK electrolyte, which potentially results in less 

CO release and higher yield of C2H4. This study demonstrates that while we can tailor the 

electrolyte composition to shift product selectivity, the factors that control the product selectivity 

are numerous and cannot be distilled down into one correlated property-reactivity relationship. 

Thus, when CO2R conditions are changed, care must be taken to understand their effects on the 

bulk electrolyte properties and the electrode-electrolyte interface. 

https://doi.org/10.26434/chemrxiv-2024-03mmk
https://doi.org/10.26434/chemrxiv-2024-03mmk
https://chemrxiv.org/engage/chemrxiv/article-details/6667d49512188379d8d1365f


123 
 

4.2 Introduction 

Electrochemical CO2 reduction (ECO2R) provides a promising pathway to produce 

chemical feedstocks and fuels using a carbon negative method, which is essential for realizing 

carbon neutrality.170–176 Despite its intriguing impact on environmental protection, ECO2R suffers 

from drawbacks that prevent large-scale deployment.177–179 Currently, there are a few startup 

companies targeting conversion of CO2 to CO, HCOOH, C2H4 and other important chemical 

feedstock materials.180–184 Among all the technical challenges, reducing the cost of product 

separation by improving the product selectivity of desired products is one of the obstacles that 

needs to be addressed.185–188  

C2H4, EtOH, acetate and other C2+ products are fundamental chemical feedstock materials 

that are widely used in chemical industries and can be products of ECO2R.175,189 Interestingly, Cu 

is one of the only heterogeneous catalysts that can form C2+ products in ECO2R.27,190–196 Studies 

have been focused on improving the turnover rate and product selectivity of C2H4 and other C2+ 

products in ECO2R. Specific effort has been made on tuning the microenvironment of the 

Cu/electrolyte interface to control product selectivity. For instance, strategies to tune the catalytic 

behavior of Cu metal have been pursued to control its affinity towards intermediates like adsorbed 

CO (*CO) to lower the C-C coupling energy barrier and inhibit competing reactions. These 

strategies include tuning the morphology of the electrode surface, modulating the oxidation state, 

controlling the exposed crystal facets, introducing Cu alloys (e.g. with Ag), or adjusting the 

interaction between deposited Cu with substrates.197–203 Additionally, strategies to tune the 

electrode-electrolyte interface have been pursued that use surface modifiers like ionomer or 

organic additive films to improve the C2+ product turnover rate.204–209 The films are thought to tune 

local pH, modify the mass transport of reactants and products, and adjust the interaction of reaction 
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intermediates. Moreover, implementing electrolyte chemistry and tuning the microenvironment of 

relevant species in solution is also critical to control the product distribution. The choice of solvent 

and supporting electrolyte can tune the electrolyte properties like pH, buffer capacity, CO2 

solubility, and the mass transport of CO2, which all play important roles in determining the 

preference of multiple competing reaction pathway on Cu surface.210–218  

By tuning the salt concentration, the properties of the electrolyte can be systematically 

varied. Water-in Salt Electrolyte (WiSE) is a type of highly concentrated aqueous electrolyte.219,220 

It was first introduced for achieving the goal of an aqueous battery owing to its wide 

electrochemical stability window and suitable conductivity.221,222 The significantly increased salt 

solubility and decreased concentration of free water of WiSE compared to conventional low 

concentration electrolyte provides a pathway to tune the electrolyte for CO2R. As a few studies 

have shown, applying WiSE for CO2R can mitigate the unwanted HER reaction and control the 

product selectivity. The study by Zhang et al. demonstrated that applying LiTFSI WiSE on Au can 

inhibit HER while promoting CO formation.223 Meanwhile, Ren et al. proposed that by controlling 

the surface electric field on electrocatalyst using WiSE, the CO2R product selectivity can be 

controlled.224 In another study, Zhang et al. suggested that the reason for NaClO4 WiSE to promote 

C2+ product on Cu is due to the tuning of water activity as a result of the change of the salt 

concentration.225 Employing WiSE on Cu for CO2R alters the Cu/electrolyte interface in multiple 

ways as per the concentration of cation/anion, the pH, CO2 mass transport and proton deliver 

processes all changed simultaneously. Therefore, understanding the effect of changes both in the 

bulk properties of the electrolyte and the interfacial properties is necessary for fully understanding 

the impact of WiSE on tuning CO2R reaction pathway on Cu. Insight will enable the design of 

optimized WiSE/Cu system to further improve the yield of C2H4 and other valuable products. 
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In this study, we study the effect of electrolyte concentration on CO2R of a HCOOK 

supporting electrolyte ranging from 1 M to 7.1 M with a Cu GDE. We find that the high salt 

concentrations increase the FE ratio of C2H4/CO from 2.2 ± 0.3 in the 1 M HCOOK control to 18.3 

± 4.8 in the 7.1 M HCOOK at -1.08 V vs RHE. The origin of the improved product selectivity 

towards C2H4 over CO is investigated from both the perspective of bulk electrolyte properties and 

interfacial effects at the electrode. As the concentration is increased from 1 M to 7.1 M, both the 

pH and the solubility of CO2 are affected. We show, however, that the shift in these two bulk 

properties cannot fully account for the change in product selectivity. Experimental data supported 

by ab initio molecular dynamics (AIMD) calculations show that K+ is an important cation in the 

7.1 M electrolyte that is found to stabilize *CO on Cu and facilitate CO-CO coupling. The energy 

barrier of forming the *OCCO intermediate is lower in 7.1 M HCOOK than 1 M HCOOK, in line 

with the higher C2H4 yield in 7.1 M HCOOK. We also find that the anion can affect the selectivity 

of C2H4 with respect to CO at high electrolyte concentration. To gain more insight into the 

processes at the interface, the Cu-electrolyte interface is studied using in situ surface-sensitive 

attenuated reflectance surface enhanced infrared absorption spectroscopy (ATR-SEIRAS). ATR-

SEIRAS shows a higher population of the bridge binding *CO (*COB) in electrolytes with higher 

salt concentration, highlighting the potential role of *COB on Cu in 7.1 M HCOOK on C2H4/CO 

FE ratio. Through the analysis presented here, it becomes clear that the electrolyte concentration 

changes several factors that range not only from the changes to the bulk electrolyte properties, but 

also changes to the electrode-electrolyte interface that can affect the C2H4/CO ratio. These factors 

are intertwined, highlighting the complexity of the electrolyte formulation and also the CO2 

reduction reaction, and all come together to change the product distribution. 
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4.3 Methods 

4.3.1 Materials 

Potassium formate (HCOOK, ReagentPlus®, 99 %) and Potassium 

trifluoromethanesulfonate, (KOTf, 98 %) were purchased from Sigma Aldrich. Sodium formate 

(≥99.0% ACS) is obtained from VWR. Potassium hydroxide (99.98%, trace metal basis) is 

purchased from Acros Organics. Water was purified by a Nanopure Analytical Ultrapure Water 

System (Thermo Scientific) or a Milli-Q Advantage A10 Water Purification System (Millipore) 

with specific resistance of 18.2 MΩ·cm at 25 °C. 

4.3.2 Preparation of Cu GDE and Cu plate electrode 

A 300 nm thick Cu catalyst layer was deposited on a PTFE gas diffusion layer (Sterlitech, 

0.45 micron) using Cu target obtained from Kurt J. Lesker (99.95 %, 2-inch diameter) in ATC 

Orion 8: Dielectric Sputter System. Cu foil electrode (99.999% trace metals basis, 1 mm thick, 

purchased from Sigma-Aldrich) was first mechanically polished then electrochemically polished 

in 1 M H3PO4 (85 wt. % in H2O, 99.99% trace metals basis, purchased from Sigma-Aldrich) under 

anodic potential for 5 min before electrolysis experiments. 

4.3.3 Electrochemical measurements 

The electrolysis cell is adapted from the stack flow cell developed by Kuhl et al. (REF, 

Energy Environ. Sci., 2012, 5, 7050) mentioned previously in literature. Electrochemical 

measurements were performed on a Biologic SP200 potentiostat under a N2 atmosphere, using a 

slice of Cu GDE or Cu plate as the working electrode, leakless Ag/AgCl electrode (EDAQ) as the 

reference electrode, and Pt foil as the counter electrode with AEM Fumasep FAA-3-50 separating 

anode cell and cathode cell. The CO2 or CO2/Ar mix reactant gas is flowed to the back side of Cu 
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GDE or in electrolyte with Cu plate at a flow rate of 10 sccm. Catholyte and anolyte are circulated 

at 2.5 ml/min. Electrochemical impedance spectroscopy (EIS) was taken before every 

measurement to quantify the solution resistance (Rs) for IR correction. The applied potential with 

the Ag/AgCl scale (EAg/AgCl) RHE was converted to the reversible hydrogen electrode (RHE) scale 

(ERHE) with the following equation: 

 𝐸𝑅𝐻𝐸  =  𝐸𝐴𝑔/𝐴𝑔𝐶𝑙  +  0.059 ×  𝑝𝐻 +  0.197 +  𝐼 ∗  𝑅𝑠 ; (eq 4.1) 

where i is the current during CO2R electrolysis. For CO2 concentration dependent experiment, the 

partial pressure of CO2 was controlled by mixing CO2 and Ar with specific flow rate. Gas mixture 

with different ratio of CO2 was flow through the GDE in electrolysis as mentioned previously. 

 4.3.4 Product quantification 

 Reactant gas was flowed through the GDE flow cell or H-cell with the flow rate set as 10 

sccm by an Alicat flow controller. The gasses passed the electrolysis cell is injected to GC/MS 

(Agilent 7880A Gas Chromatograph) with Ar as the carrier gas. H2, CO, CH4, C2H4 and C2H6 were 

detected by a thermal conductivity detector (TCD) and Flame Ionization detector (FID) and 

quantified based on calibration curve collected from standard gas samples. The liquid products 

were quantified by both HPLC (Thermo Scientific Ultimate 3000) and 1H NMR with water 

suppression technique and Dimethylsulfoxide as internal standard on a Bruker 400 MHz NMR. 

 4.3.5 Measurement of CO2 solubility 

 Measurements of bulk electrolyte were taken using a Nicolet IS30 spectrometer with a 

VeeMAXTM III (PIKE Technologies) ATR configuration chamber. A custom flow cell was used to 

allow constant replenishment of CO2 saturated analyte over a Si ATR Crystal (PIKE 

Technologies).226  Reservoirs of DI water, 1M HCOOK, and 7.1 M HCOOK were sparged with 
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CO2 for 30 minutes prior to measurements and continually sparged with CO2 while being pumped 

into the flow cell at 10 mL/min. 32 interferograms were measured for each analyte and the 

solubility of CO2 was probed via the area of the asymmetric stretch vibration of CO2 at 2343 cm-

1.227 Measured CO2 peak areas in 1 M and 7.1 M HCOOK were obtained by integrating the 

absorbance between 2333 and 2355 cm-1 and then normalized by the CO2 peak area measured in 

DI water, which was set to 34 mM. 

 4.3.6 pH determination 

 The pH of low concentration electrolytes (≥1 M) is measured by Oakton pH 6+ Handheld 

Meter. To avoid misreading of the pH of high concentration electrolyte due to uncounted liquid 

junction potential, pH Test Strips from VWR Chemicals BDH® (pH range: 7.0 to 14.0, pH 

graduation: 0.5) and EEEE (pH range: 5.0 to 9.0, pH graduation: 0.5) were used to determine to 

pH value of 4.2 M, 7.1 M and 9.1 M HCOOK. 

 4.3.7 pH imaging with laser-scanning confocal microscopy 

 pH imaging experiments were performed with laser-scanning confocal microscopy 

(CLSM) in combination with the ratiometric fluorescent probe 8-Aminopyrene-1,3,6-trisulfonic 

acid trisodium salt (APTS) purchased from Millipore Sigma that acts as an excited-state 

fluorescence sensor of the local pH. APTS can directly sense local hydroxide activity and is 

sensitive to a pH range between 11.7 and 14. 200 µM APTS were dissolved in 1 M and 10 M CO2-

saturated HCOOK electrolyte, respectively. A custom-made electrochemical cell compatible with 

CLSM was used to map the local pH value at an applied potential of -1.7 V vs. Ag/AgCl as a 

function of time. The pH was mapped in an area of 443 µm x 443 µm with a resolution of 64 x 64 

pixels parallel to the electrode surface. In the direction perpendicular to the electrode surface, the 



129 
 

pH was imaged over a range of 61 µm with a step size of 1 µm, starting a few microns below the 

surface. The pH value was averaged for each z-position and the plane with the highest average pH 

value was assumed to represent the pH at the position closest to the electrode surface since the pH 

increases as a function of proximity to the cathode surface. 

 4.3.8 Ex situ characterization of Cu GDE 

 X-ray photo-electron spectroscopy (XPS) data were collected using a Kratos AXIS Ultra 

spectrometer (Kratos Analytical, Manchester, UK) equipped with a monochromatic Al Kα1 X-ray 

source (1486.7 eV). Data were collected at pressures of ~5x10-9 Torr. The electron-collection lens 

aperture was set to sample a 700x300 μm spot. The survey scan was collected with an analyzer 

pass energy of 40, with a step size of 1 eV and a dwell time of 100 ms. The element-specific scans 

were collected with an analyzer pass energy of 20, a step size of 0.05 eV, and a dwell time of 100 

ms. The instrument energy scale and work function were calibrated using clean Au, Ag, and Cu 

standards. All spectra were collected with no external charge neutralization with the exception of 

the blank Cu GDE sample, which was collected with an electron gun charge neutralizer with a 

charge balance voltage of 1.5 V. The spectra were referenced with the adventitious carbon peak 

shifting to 284 eV. The instrument was operated by Vision Manager software version 2.2.10 

revision 5. The XPS data were analyzed using CasaXPS software (CASA Software Ltd). 

(Acknowledgement: The XPS data were collected at the Molecular Materials Research Center in 

the Beckman Institute at Caltech. The authors thank Jake M. Evans for assistance with XPS data 

collection.) Powder X-ray Diffraction (PXRD) data were collected using a Rigaku SmartLab 

diffractometer (Cu Kα). The patterns of all samples and blank were collected using Bragg-Brentano 

geometry, from 10° to 60° 2θ with a step size of 0.03° and a rate of 10° per minute. Scanning 
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Electron Microscope (SEM) images were recorded with a NOVA NanoSEM 450 using 10 kV 

accelerating voltage and spot size of 3. 

 4.3.9 In situ ATR-SEIRAS 

 For in-situ ATR-FTIR measurements, a Nicolet 6700 FTIR spectrometer (Thermo Fisher 

Scientific) with VeeMAXTM III (PIKE Technologies) ATR configuration chamber was used. The 

photoelectrochemical experiments were performed in a J1W Jackfish spectro-electrochemical cell 

(PIKE Technologies) with a PTFE/PEEK base, and IRUBIS Si(100) specialized 1 ATR element 

(single-bounce ATR crystal). Polycrystalline Au electrodes were chemically deposited (electroless 

deposition) based on previous works, which was first established and demonstrated by Osawa in 

2002.43 Each electrode was first deaired with argon for at least 2 minutes per ml of electrolyte, 

then cycled between 0.2 V – 1.75 V vs RHE using a gold mesh as a counter electrode for 10 cycles 

at 50 mV/s for surface cleaning and SEIRA activation. 

 Following Au SEIRA activation, Cu catalyst synthesis was conducted by electrodeposition 

via direct cathodic electro-reduction within a modified electrochemical ATR-FTIR cell. The cell 

assembly consists of the same base piece from the ATR-FTIR PTFE/PEEK with an in lab made 

acrylic top piece, which attaches to the PTFE/PEEK base and contains a bubbler, reference 

electrode, and counter electrode ports. The counter electrode was held in parallel to the working 

electrode directly above it. A graphite rod was used as the counter electrode and Ag/AgCl electrode 

was used as the reference electrode. As a precursor, 5.75 mM copper sulfate pentahydrate 

(CuSO4٠5H2O, 99.995% trace metals basis, Sigma-Aldrich) in 0.1 M Sulfuric acid (H2SO4 - 

Merck, Suprapur 96%), similar to Heyes et al.,228 was used deposited at a potential bias of 59 mV 

vs RHE for a total charge of 44 mC/cm2
geo. Post electrodeposition, electrocatalyst was rinsed with 

pH~9.2 KOH (Semiconductor grade pellets, 99.99% trace metals basis, Sigma-Aldrich) solution 
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3 times followed by 3 rinses with analyte (either 1 M or 7.1 M - HCOOK, ReagentPlus®, 99%, 

Sigma-Aldrich). 

 Prior to electrochemical (EC) ATR-SEIRAS experiments the analyte solution was deaired 

with argon for at least 2 minutes per ml of solution. After this, a potential bias was applied for 5 

minutes to reduce the copper oxide, at the copper oxide reduction peak potential (~0 V vs RHE). 

For pH-controlled experiments, the solution was CO spurged for at least 2 minutes per ml of 

solution with continuous bubbling throughout the experiment. Then, a background spectrum was 

taken at 0.0 V vs RHE averaging over 32 interferograms followed by a potential step series with 

increments of -0.1 V between 0.0 V and -1.2 V vs RHE while collecting 32 interferograms at each 

potential step. For time evolution EC ATR-SEIRAS experiments, a background spectrum was 

taken at 0.2V vs RHE, averaging over 32 interferograms followed by a potential step to either -0.7 

or -1.1 V vs RHE collecting 64 interferograms per time stamp. For CO2 reduction time evolution 

experiments, the solution was CO2 spurge for at least 2 minutes per ml of solution with continuous 

bubbling throughout the experiment. Lastly, for in situ CO2RR EC ATR-SEIRAS experiments, a 

background spectrum was taken at 0.2 V vs RHE, averaging over 32 interferograms followed by 

a cyclic voltammetry (CV) sweep between 0.2 and -1.2 V vs RHE. During the CV, 17 

interferograms were collected over the course of 10 seconds (10 mV intervals). Finally, data has 

been averaged out collecting 170 interferograms over 100 mV intervals. 

 4.3.10 Computational Methods 

 The initial structures were modeled using the CHARMM-GUI Nanomaterial 

Modeler.229,230 Each model comprised one CO molecule and either one pair or ten pairs of K+ and 

HCOO- ions, representing 1 M or 7.1 M concentrations, respectively, with 56 H2O on top of 4 

layers of 3√2×3√2 Cu(100). Classical molecular dynamics simulations were performed to 
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equilibrate the constructed systems using GROMACS231 with a 2 fs timestep. We employed the 

CHARMM force field,232 and the water molecules were described by the TIP3P model.233 Initially, 

the constructed models were relaxed by steepest-descent energy minimization, followed by 

equilibration in the NVT ensemble (constant particles, constant volume, and 298 K temperature) 

for 100 ps, where positional restraints were applied on the CO molecule and the Cu layers with a 

force constant of 1 eV Å-2. For each system, we additionally performed 10 ns NVT simulations at 

298 K without any restraints for further equilibration. The temperature was controlled using a 

velocity-rescale thermostat with a damping constant of 1.0 ps,234 and periodic boundary conditions 

were applied in all three directions. 

 The Vienna ab initio simulation package (VASP ver. 5.4.5)235 was used for DFT 

calculations. Electron exchange and correlation were treated within the generalized gradient 

approximation (GGA)133 in the form of the PBE functional, including the D3 correction for London 

Dispersion (van der Waals attraction).236 The interaction between the ionic core and the valence 

electrons was described by the projector-augmented wave (PAW) method.237 The plane-wave basis 

set was truncated with an energy cutoff of 500 eV and the Brillouin zone was sampled only at 

gamma point. The electronic structure was minimized until the total energy converges to 10–5 eV. 

Our model systems employed 3√2×3√2 Cu(100) with 4 Cu layers with the top layer equilibrated 

while the atoms of the other 3 layers were fixed. The system explicitly includes 1 and 10 K+ and 

HCOO- pairs with 56 H2O to mimic 1 M and 7.1 M HCOOK electrolyte, respectively (Figure 

S4.4). Finite temperature ab-initio molecular dynamics (AIMD) was, then, performed for 20 ps to 

equilibrate the systems at room temperature. The canonical ensembles (NVT) were equilibrated at 

298 K using the Nose-Hoover thermostat238,239 with 1 fs time step and 40 fs damping parameter. 



133 
 

 The implicit electrolyte based on Poisson-Boltzmann model is included using VASPsol240 

to neutralize the system with some net charge (non-zero) for grand canonical dynamics. To prevent 

the fictitious implicit electrolyte inclusion in explicit solvent regime, we used SOLHYBRID 

(explicit-implicit solvent model)241 which employs a modified shape function with parameter of 

σSH = 1 Å and αSH = 10 %. This effectively removes the bound charge in the explicit region, as 

shown in Figure S4.5. For constant potential dynamics with a finite temperature, we used the TPOT 

routine241 which guides the electrode to a target potential by varying the number of electrons. The 

number of electrons was optimized for each ionic step when the potential deviation was larger than 

a threshold of 0.01 V with a rate limit of 0.2 V/electron. This setup allows the system reach to the 

target potential within 200 fs (Figure S4.7). 

 To obtain the kinetic barrier of the CO dimerization step, a metadynamics simulation242 

was performed using the last atomic configuration and velocities from the > 15 ps equilibration at 

each electrochemical condition. The collective variable (CV) was defined as the atomic C distance 

of two surface-bound CO (CO*). The initial structures including the atomic configurations and 

velocities and predictor-corrector coordinates for the four systems, 1 M HCOOK (at 0 V vs RHE), 

1 M HCOOK (at -1 V vs RHE), 7.1 M HCOOK (at 0 V vs RHE), 7.1 M HCOOK (at -1 V vs RHE) 

are provided (Figure S4.8). A time-dependent bias potential was applied with 20 fs time intervals 

using a Gaussian height (h) of 0.05 eV and width (w) of 0.10 eV. To prevent the two CO* from 

diffusing away from each other, a single Gaussian hill with h = 4.5 eV and w = 0.2 eV was applied 

to guide the metadynamics not to exceed the CV = 5 Å as a limit. The dynamics was stopped when 

the CV exceed the limit, which occurred after 25 ps. The potential energy surface (PES) was 

calculated by adding the Gaussian potential in a one-dimensional grid ranging from 1 Å to 7 Å 

with 1000 intervals. 
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 The vibrational density of states (vDoS) was calculated using the 2PT method with the last 

10 ps of trajectory from the room-temperature equilibration.243  

 The equilibration procedures in the presence of a single *CO using PBE-D3 leads to the 

vDoS of CO* stretching mode ranging from 1400~1550 cm-1, which is much lower than 

experimental values.244–246 This observation is attributed to the hollow CO preference of the PBE-

D3 level of theory247 due to a substantial π backdonation from Cu d-band to the 2π* orbital of CO, 

originating from the underestimated LUMO (2π*) level of CO molecule.248 To address this issue, 

the rotationally variant DFT+U method has been proposed.249 But, this method may encounter 

challenges in accurately describing the frustrated rotational motion of CO* during room 

temperature equilibration or the energy configuration along CO dimerization, as discussed later in 

this study. Alternatively, the hybrid functional incorporating a fraction of exact exchange can 

correctly predict the site preferences by mitigating the self-interaction.250–252 However, the 

dynamics with this high level of theory is practically prohibitive even with the hybrid method with 

a periodic LCAO DFT code. Even so, the current level of theory furnishes valuable insights into 

surface adsorbate-electrolyte interactions at a computational cost suitable for full explicit 

dynamics. 

4.4 Results and discussion 

4.4.1 ECO2R on Cu GDE with HCOOK electrolytes 

Aqueous HCOOK is selected as the electrolyte to understand the role of increasing salt 

concentration on tuning the product selectivity of CO2R on Cu electrocatalyst. The electrolyte salt 

is chosen due to the established role of K+ in affecting CO2R and varying the concentration allows 

for a study on the effect of [K+] on CO2R.27,210,253 Later, we find that the HCOO is additionally an 



135 
 

important component. As the concentration of HCOOK is increased from 1 M to 7.1 M, the 

concentration of the anions and cations not only increases, but the concentration of water also 

decreases.254 The nature of water in the solution changes as high concentrations force coordination 

of the water to the cations and anions, leaving less “free” water.  

We originally hypothesized that the shift in water microenvironment would enable us to 

change the selectivity of CO2R products just by changing the salt concentration. To test this 

hypothesis, electrochemical CO2 reduction electrolysis is conducted at various HCOOK 

concentrations in water, up to 9.1 M, and the products are quantified using GC and HPLC. The 

cathode is a Cu gas diffusion electrode (GDE) fabricated by depositing a 300 nm thick Cu layer 

on a PTFE gas diffusion layer. Across all concentrations, the products of the reduction include H2, 

CH4, CO, C2H4, acetate, 1-propanol, and ethanol, consistent with previous reports of aqueous 

CO2R on Cu GDE.255–257 The quantification of products allows for the determination of the 

Faradaic efficiency (FE) of each product. Of specific interest here is the ratio of the C2+ products, 

namely C2H4, to CO which highlights the ability to form C2 coupled products over CO. Figure 

4.1a shows the ratio of the FE for C2H4 to CO as a function of electrolyte concentration and applied 

potential. As more negative potentials are reached, the amount of C2H4 generally increases relative 

to CO. Interestingly, the ratio of the FE of C2H4/CO is also a function of the electrolyte 

concentration. At the same applied potential with respect to the RHE scale, the FE ratio of 

C2H4/CO increases as the concentration of HCOOK electrolyte increases until 7.1 M HCOOK. 

Among all screening conditions, the optimal condition that shows highest C2H4/CO FE ratio (18.3 

± 4.8) is bias at -1.08 V vs RHE with 7.1 M HCOOK electrolyte. The FE associated with each 

product and the total current density at these conditions using both a 1 M and 7.1 M electrolyte is 

shown in Figure 4.1b. In addition to a favorable C2H4/CO ratio, the higher concentration electrolyte 
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also yields higher current densities (206.7 ± 23.5 mA/cm2 ) and lower FE for parasitic H2 evolution. 

The FE for C2H4 at these conditions is 43.0 ± 1.4%. To understand the mechanism that promotes 

product selectivity towards C2H4 over CO, we hereafter compare between 1 M and 7.1 M HCOOK 

at -1.08 V vs RHE. 

Figure 4.1: (a) FE ratio of C2H4/CO for electrochemical CO2R on Cu GDE in 1 M, 4.2 M, 

7.1 M, and 9.1 M HCOOK under different applied potentials. (b) Product distribution and total 

current density of electrochemical CO2R electrolysis on Cu GDE in 1 M HCOOK and 7.1 M 

HCOOK at -1.08 V vs RHE. 

 

4.4.2 [CO2] effect 

First, we address the bulk properties that change as the electrolyte concentration increases 

from 1 M to 7.1 M HCOOK and attempt to vary these properties to determine their effect on the 

C2H4/CO ratio. As the supporting electrolyte concentration increases, both the solubility of CO2 

and the mass transport of CO2 will be affected, which could explain the C2H4/CO ratio shift.210,258  

First, the solubility of CO2 is measured in 1 M and 7.1 M HCOOK aqueous solutions by 

recording the asymmetric stretch mode of CO2 at 2343 cm-1 using attenuated total reflectance – 
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infrared spectroscopy (ATR-IR). The peak area in these electrolytes shown in Figure S4.1 is 

compared to CO2 saturated DI water to determine the amount of dissolved CO2. The CO2 solubility 

of 7.1 M HCOOK is determined to be 18 ± 1 mmol/L, while the CO2 solubility for 1 M HCOOK 

is 36 ± 2 mmol/L. Lower CO2 solubility could lead to less local [CO2] on Cu during electrolysis 

which would limit the turnover rate of CO2R and enhance HER. However, the lower CO2 solubility 

of 7.1 M HCOOK results in neither lower CO2R FE nor lower total current density. In fact, recent 

studies show that slightly lower CO2 concentrations at GDE can yield higher FE for C2+ 

products.259–262 We note, however, that it is difficult to correlate the solubility of a reactant to its 

reactivity at a GDE electrode. 

To further probe the effect of [CO2], the partial pressure of CO2 delivered to the Cu GDE 

is tuned by mixing CO2 and Ar at different ratios at -1.08 V vs RHE. The partial current density 

associated with H2, CO, C2H4 is plotted vs. the relative [CO2] in the gas stream in 1 M vs. 7.1 M 

HCOOK in Figure 4.2a and b, respectively. For both 1 M and 7.1 M HCOOK, as the ratio of CO2 

in the CO2/Ar mixture increases from 5% to 100%, the partial current density of C2H4 and CO 

increases while the H2 slightly decreases. Notably, in the 7.1 M HCOOK electrolyte, the partial 

current density of C2H4 increases much more than in the 1 M electrolyte. To gain insight into the 

selectivity of C2H4 vs. CO, the FE associated with each major product and the FE ratio is potted 

vs. [CO2] in the gas stream in the 1 M and 7.1 M HCOOK electrolyte in Figure 4.2c and d, 

respectively. Above 25% CO2, the FE of C2H4 is nearly constant while the FE of H2 decreases in 

both electrolytes. The FE for CO in the 1 M electrolyte shows a maximum FE at 75% [CO2]. The 

turning point at 75 % CO2 may be due to the coverage of intermediates, the mass transport, and 

the competition between aqueous CO2, *CO2
- and *CO.259–261 Conversely, in the FE of CO trends 

similarly in the 7.1 M electrolyte, but the magnitude of the FE compared to the FE of C2H4 remains 
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very low. These factors result in a much higher FE ratio of C2H4/CO in the 7.1 M HCOOK 

electrolyte compared to the 1 M. The FE ratio of C2H4/CO generally decreases as the [CO2] in the 

gas stream increases. 

 

Figure 4.2: Partial current density of H2, CO, and C2H4 obtained from CO2R on a Cu GDE 

as a function of the ratio of CO2 in CO2/Ar mixture in the (a) 1 M HCOOK and (b) 7.1 M HCOOK 

electrolyte at -1.08 V vs RHE. The partial current density of H2, CO, C2H4, and the FE ratio of 

C2H4/CO obtained from CO2R on Cu GDE in (c) 1 M HCOOK and (d) 7.1 M HCOOK at -1.08 V 

vs RHE as a function of the ratio of CO2 in CO2/Ar mixture. 

 

The FE ratio of C2H4/CO in 7.1 M HCOOK at all the [CO2] are at least 3 times higher than 

the highest value measured in the 1 M HCOOK electrolyte. The highest partial current for C2H4 in 

1 M HCOOK is reached at 100 % CO2, which is similar to the partial current for C2H4 in 7.1 M 

HCOOK at only 25% [CO2]. Thus, the reactivity of CO2 is not dependent only on the solubility of 

CO2 in the electrolyte at a GDE since the 7.1 M electrolyte has a 50% lower solubility for CO2. 

The difference of CO2 solubility between 1 M and 7.1 M HCOOK cannot explain the origin of the 

increased C2H4/CO FE ratio of 7.1 M HCOOK. 
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4.4.3 pH effect 

Increasing the concentration of HCOOK electrolytes from 1 M to 7.1 M also increases the 

bulk pH. Though pH is difficult to measure in these high concentration electrolytes, especially 

using a pH probe, both a pH probe and pH paper suggest that the pH of 7.1 M HCOOK is 

approximately 9, which is higher than 1 M HCOOK (pH = 8). The change in bulk pH may change 

the product selectivity, as nearly all CO2R products require proton transfers in their generation 

pathway, and the pH dependent carbonate-bicarbonate equilibrium also affects the local [CO2]. A 

higher pH at the electrode surface is known to cause higher yields of C2 products in CO2R on Cu 

electrodes.7,212,263,264 The current understanding of the CO2R mechanism suggests that the rate 

determining step (RDS) for the C2 products is C-C bond formation from *CO-*CO or *CO- 

*COH.265–270 Though the C-C coupling process is a chemical reaction step which is pH 

independent, competing reaction pathways like the formation of CH4 do involve proton transfer 

and are pH dependent. Higher pH inhibits CH4 formation, which likely affects the *CO/*COH and 

possibly other surface species to indirectly promote C-C coupling.271–273 In the system studied 

here, higher bulk pH of HCOOK could potentially be a key factor which determines the C2H4/CO 

FE ratio.  

To understand the effect of the bulk pH, concentrated KOH (1 mol/L) is titrated into 1 M 

HCOOK to increase the pH to 9. Electrolysis experiments under the same conditions are conducted 

using 1 M HCOOK + KOH (pH = 9). Compared to 1 M HCOOK, the total current density is almost 

the same: 117.0 ± 10.1 mA/cm2 for 1 M HCOOK + KOH (pH = 9) and 117 ± 7.2 mA/cm2 for 1 M 

HCOOK. By increasing the bulk pH of 1 M HCOOK, the FE of C2H4 and the FE ratio of C2H4/CO 

only slightly increase from 36.3 ± 1.0 % and 2.2 ± 0.3 to 37.1 ± 1.7 % and 2.4 ± 0.2, respectively 

(Figure S4.2). These values are lower than that measured in the 7.1 M HCOOK, demonstrating 
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that the difference of the bulk pH between 1 M and 7.1 M HCOOK is not the key factor that 

controls the product selection profile, which is consistent with previous results showing that, under 

the conditions used in this study, bulk pH is not the key factor controlling the CO2R reaction at the 

electrode/electrolyte interface.274  

Though we can control the bulk pH value, the local pH at the electrode surface is 

significantly different from the bulk pH under CO2R condition which will play a more significant 

role in the product profile. To further investigate the role of local pH, in situ confocal fluorescence 

microscopy is applied to measure the local/surface pH on a Cu GDE under electrolysis 

conditions.275–277 By scanning the Z direction within a range of 60 μm of the GDE-electrolyte 

surface, the approximate location of the electrode-electrolyte interface can be determined. Then, 

the pH is measured at this location to yield a time dependent pH profile during the first 5 minutes 

of electrolysis in 1 M HCOOK and 7.1 M HCOOK at -1.08 V vs RHE. Both the pH and the current 

density during electrolysis are shown in Figure S4.3. Both electrolytes stabilize to a high surface 

pH, though the 7.1 M HCOOK yields a slightly higher local pH, which could cause shifts in 

product profiles. However, further work is required to accurately correlate the surface pH measured 

here with the local pH in the electrochemical double layer to elucidate its impact on product 

distribution. 

4.4.4 Cation Effect 

Besides local pH, the choice of electrolyte can also affect the microenvironment of the 

reaction sites. According to previous experimental and simulation studies, the major impacts of 

alkali cation can be described as: (1) stabilizing the reaction intermediates, (2) increasing the 

electric field in electrochemical double layer and (3) acting as a pH buffer agent at the electrode 

surface.278–280 Cations that yield higher C2 products trend as Cs+ > K+ > Na+ > Li+. Thus, K+ is 
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suggested to promote C2 products.27,210,253 To determine if excess K+ can account for the product 

selectivity shift, we select 7.1 M HCOONa electrolyte as a control. Compared to 7.1 M HCOOK, 

7.1 M HCOONa decreases the total current density from 206.7 ± 23.5 mA/cm2 to 56.2 ± 7.3 

mA/cm2 (Figure 4.3). Thus, the partial current density associated with each product also decreases  

Figure 4.3: (a) FE ratio of C2H4/CO and (b) FE of H2, CO, and C2H4 with the total current 

density obtained from CO2R on Cu GDE in 1 M HCOOK, 1 M HCOONa, 7.1 M HCOOK, and 

7.1 M HCOONa at -1.08 V vs RHE. 

 

significantly. The FE of C2H4, CO, and H2, however, increase in 7.1 M HCOONa electrolyte, but 

the FE ratio of C2H4/CO decreases by nearly two times. The lower current density along with the 

lower C2H4/CO FE ratio in 7.1 M HCOONa suggests that replacing K+ with Na+ inhibits the C-C 

coupling. 

To highlight the effect of K+ vs. Na+, we compare the electrolysis results in 1 M HCOOK 

vs. 1 M HCOONa. Under the same conditions, 1 M HCOONa on Cu GDE dramatically promotes 

HER relative to the 1 M HCOOK, resulting in higher FE and partial current density for H2. The 

total partial current density of C2H4 and CO drops by ~44 mA/cm2 compared to the 1 M HCOOK. 
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Meanwhile, both the FE of C2H4 and the FE ratio of C2H4/CO decrease. These results suggest that 

K+ plays an essential role in promoting the conversion of *CO to C2H4. 

To understand whether the higher C2H4/CO selectivity in the HCOOK electrolytes can be 

attributed to the increased concentration of K+, AIMD simulations are conducted to examine the 

interaction between *CO and K+, followed by the impact of K+ on *CO dimerization. First, the 

equilibrium configuration of the electrolyte-electrode interface is established. The 

Cu(100)/electrolyte system is equilibrated for 10 ns at 298 K after minimization through 

CHARMM FF (Figure S4.4). Along the 10 ns trajectory, four snapshots for 7.1 M HCOOK 

electrolyte system are taken. Those systems are further equilibrated for at least 20 ps with AIMD 

to get equilibrated potential energies (Figure S4.4). Then, to investigate the influence of K+ on 

CO*, four different ensembles of the Cu(100)/7.1 M HCOOK electrolyte system in the presence 

of *CO are equilibrated (Figure S4.5 and S4.6) and the average energy over the last 10 ps is 

calculated. Figure 4.4b and Table S1 illustrate the relative energies with respect to the 

corresponding average distance between the oxygen of *CO and K+. As the distance between *CO 

and K+ decreases, the energy also decreases, indicating a significant stabilization of *CO in the 

presence of adjacent K+. The explicit interaction results in a system stabilization of 0.5 eV, 

suggesting that a high molarity of K+ could lead to increased coverage of *CO or may enhance the 

conversion of CO2 to CO. 
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Figure 4.4: (a) Atomic representation of model systems including 1.0 M and 7.1 M 

HCOOK with Cu electrode. (b) Relative energies with respect to the average distance between 

CO* and K+ for 7.1 M HCOOK/Cu. (c) Energy landscape for CO dimerization under different 

electrochemical conditions: 1 M / 7.1 M HCOOK at 0 V / -1 V vs RHE. 

 

Previous work suggests that the CO binding must be optimal, not too strong or too weak, 

for C2+ product formation.196 If *CO binds too weakly, the gas phase CO or formic acid (HCOOH) 

would be produced as a major product. Conversely, if it binds too strongly, the catalytic surface 

would be poisoned by *CO. To investigate whether the stabilization of *CO by K+ leads to CO 

poisoning or facilitates further *CO-*CO coupling, we conduct metadynamics at room 

temperature for the CO dimerization step using grand canonical AIMD at fixed potentials of 0 V 

and -1 V vs RHE in the two different electrolyte concentrations. We construct a potential energy 

surface (PES) along the distance between two carbon atoms as a collective variable (CV). The time 

evolution of the CV and the obtained PES are displayed in Figure S4.8 and Figure 4.4c, 

respectively, and Table S2 summarizes those results. The reaction free energy of *CO dimerization 

in 1 M HCOOK can be reduced from 0.87 eV to 0.54 eV by increasing cathodic bias from 0 V to 

-1 V vs RHE. In 7.1 M HCOOK electrolyte, *CO dimerization is more favorable, decreasing from 

0.68 eV to 0.32 eV with the same voltage drop. The corresponding kinetic barrier is also reduced 
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from 1.07 eV to 0.73 eV. Therefore, while a 1 V voltage drop increases the driving force for C-C 

coupling by 0.3 eV, the high molarity condition further facilitates it by an additional 0.2 eV. 

The charge density difference plot (Figure S4.9) of the CO* dimer state (OCCO*) with and 

without the adjacent K+ (dCO-K+ = 3.1 Å) shows a strong electronic effect of K+ for C-C coupling. 

It shows that the interfacial cation induces the charge (e-) accumulation on C-C σ bond while it 

depletes in C-O σ orbital. These effects should reduce the activation barrier for C-C coupling. We 

also observe charge accumulation on the O pz orbital of CO* adjacent to the K+, which might 

further facilitate its protonation to form OCCOH* the next step along the reduction pathway for 

forming the C2 products.281 Our findings suggest that the higher K+ concentration both stabilizes 

CO* and promotes CO dimerization. 

4.4.5 Anion Effects 

In addition, the anion can play a role in determining the CO2R product profile due to 

specific adsorption on the electrode surface which can induce reconstruction (e.g., halide 

ion),216,282,283 shifted buffer capacity that tunes local pH (like HCO3
-, HPO4

2-),195,258,262,274 or 

interaction with surface adsorbed reaction intermediates.215,216,284,285 To determine if the HCOO in 

particular has an effect on product selectivity in the 7.1 M electrolyte, first we characterize the 

surface of Cu GDE before and after electrolysis to evaluate the potential of anion adsorption and 

its impact on the Cu surface (Figure S4.10). The two regions of the XPS that are useful for 

characterizing HCOO are the O 1s and the C 1s regions. In the O 1s region, environments 

associated with both hydroxide and oxide are present due to the oxidized Cu(OH)2 and Cu2O/CuO 

species on the Cu electrode.286–289 The Cu 2p region suggests the oxidized Cu is mostly Cu(I) due 

to the lack of satellite peaks characteristic of Cu(II).287,289 Due to the inevitable air exposure for 

Cu GDE samples before ex situ XPS measurement, accurate quantification for the ratio of different 



145 
 

Cu species is not possible. Nonetheless, it is important to note that there is no significant difference 

in Cu oxidation state and Cu species on the GDE surface after electrolysis in 1 M HCOOK and 7.1 

M HCOOK. Therefore, the shift in product profile is likely not due to the difference in the 

composition of the Cu GDE surface. 

Although no anion adsorption is found via ex situ XPS, in situ HCOO adsorption under 

electrolysis condition is still possible. Therefore, we conduct ex situ X-ray diffraction (XRD) and 

scanning electron microscopy (SEM) to evaluate the potential Cu surface reconstruction. Ex situ 

XRD of the Cu GDE before and after electrolysis in 1 M and 7.1 M HCOOK shows no changes 

(Figure S4.11). However, though Cu reconstruction can penetrate 10-100 nm into the surface and 

the Cu layer on our GDE is only 300 nm thick, it could be that XRD is not sensitive enough to the 

surface to observe the reconstruction as it examines the entire 300 nm Cu film.290–293 In fact, ex 

situ SEM shows that the morphology of the Cu GDE changes after electrolysis in both 1 M 

HCOOK and 7.1 M HCOOK, which may affect C2+ product yield (Figure S4.12).290,292–295 The 

crystallite grains on the Cu surface become less defined after electrolysis in both electrolytes, 

however, after electrolysis in the 7.1 M HCOOK, the surface has smaller features that are likely 

small Cu crystallites that could introduce new active sites unique to the 7.1 M electrolyte. This Cu 

reconstruction could affect the product selectivity. Notably, the morphological change does not 

increase the electrochemically active surface area (ECSA) after electrolysis in both 1 M and 7.1 

M HCOOK (Table S3). ECSA has been shown to shift product selectivity.290,295 Characterization 

of Cu GDEs under operando condition could illustrate the role morphological evolution on product 

selectivity but it is out of scope of this study.  

To further explore the role of HCOO-, control CO2R electrolysis experiments are conducted 

with potassium acetate (KOAc), another type of K+ based high concentration electrolyte with 
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acetate as the anion. Although a mixture of HCOO-/HCOOH or OAc-/HOAc can be buffer 

electrolytes, both HCOOK and KOAc electrolytes should not have strong buffer capacity due to 

the limited amount of conjugated acid in both electrolytes. Therefore, KOAc is a reasonable choice 

to compare with HCOOK to analyze the role of HCOO in CO2R. The total current density and FE 

associated with H2, CO, and C2H4 as a result of CO2R is measured in 1 M KOAc and is compared 

to 1 M HCOOK in Figure 4.5. Compared to 1 M HCOOK, no significant change in total current 

density or product distribution is observed with 1 M KOAc on Cu GDE, suggesting that the CO2R  

Figure 4.5: (a) FE ratio of C2H4/CO and (b) FE as well as the partial current density of H2, 

CO and C2H4 obtained from CO2R on Cu GDE in 1 M HCOOK, 1 M KOAc, 7.1 M HCOOK, and 

7.1 M KOAc at -1.08 V vs RHE. 

 

pathway is similar in both HCOO and OAc at low electrolyte concentration. Next, we compare 7.1 

M KOAc with 7.1 M HCOOK electrolyte to determine if the difference between 7.1 M OAc vs. 

7.1 M HCOO can affect the product distribution. Again, the current density and FE associated with 

products are shown in Figure 4.5. Compared to 7.1 M HCOOK, running electrolysis with 7.1 M 

KOAc decreases the total current density from 206.7 ± 23.5 mA/cm2 to 140.3 ± 11.2 mA/cm2 and 
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increases the FE ratio of C2H4/CO from 18.3 ± 4.8 to 35.7 ± 2.1. The major difference between 7.1 

M HCOOK and 7.1 M KOAc is the choice of anion, and thus this result indicates that the role of 

anion on the product profile is not negligible. Looking back at the AIMD results, however, we do 

not observe strong electronic interactions of the anions near the surface and OCCO* (Figure 

S4.9b). Therefore, we postulate that HCOO in the outer Helmholtz plane (OHP) or diffusion layer 

might play an important role to modulate the reaction pathway which affects the C2H4/CO FE ratio. 

4.4.6 Probing reaction intermediates on Cu experimentally  

The above results suggest that both bulk electrolyte and electrode-electrolyte interface 

properties are important to control the product profile, however, all surface characterization we 

have discussed thus far has been limited to theoretical data. To further explore the Cu/HCOOK 

interface and adsorbed intermediates during ECO2R experimentally, in situ electrochemical 

attenuated total reflection – surface enhanced infrared absorption spectroscopy (ATR-SEIRAS) 

measurements are performed. This technique can help reveal trends in activity and selectivity of 

adsorbed electrolyte species in a non-invasive approach.  

4.4.6.1 Potential dependent in situ IR  

ATR-SEIRAS measurements are limited to the use of a planar (Cu) electrode deposited on 

an ATR crystal to allow maximum surface enhancement of the IR optical signal. Therefore, it is 

important to note that the Cu cathode used in the ATR-SEIRAS experiments is in a different 

architecture than the gas diffusion electrodes used in the above experiments. In particular, the mass 

transport of CO2 will be different between the two cells. In the GDE cell, the concentration of CO2 

near the electrode will be much higher as electrolysis proceeds compared to the planar Cu electrode 

in the ATR-SEIRAS cell, which will quickly consume CO2 after cathodic bias is applied. 
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Therefore, we focus on analyzing and interpreting the ATR-SEIRAS results at short time scales 

after electrolysis starts to simulate the high concentration of CO2 seen in the GDE experiments 

while the electrolyte is saturated with CO2.  

To determine the effect of CO2 consumption on the surface speciation in the ATR-SEIRAS 

cell, we first observe the spectroscopic signal response as a function of time at a fixed potential 

bias during CO2R. ATR-SEIRAS allows for IR vibrational modes associated with only those 

species at or near the surface of the Cu electrode to be detected. To highlight modes associated 

with species that arrive to the surface as a result of the applied potential, the initial IR spectrum 

measured at 0.2 V vs RHE is subtracted from those measured after polarization. The difference in 

the IR spectra are plotted as a function of time after polarization at -0.7 V vs RHE and -1.1 V vs. 

RHE in the 1 M HCOOK electrolyte in Figure 4.6a and b, respectively. We propose that comparing 

these two potentials could offer insights on a Cu GDE system since C2 products are major CO2R  



149 
 

Figure 4.6: Time evolution CO2RR ATR-SEIRAS experiment at a potential bias of (a) -

0.7 V vs RHE, and (b) - 1.1 V vs RHE in 1 M HCOOK and at a potential bias of (c) -0.7 V vs RHE 

and (d) -1.1 V vs RHE in 7.1 M HCOOK. 

 

products at -1.1 V vs RHE on Cu while C1 products are dominant at -0.7 V vs RHE. In 1 M 

HCOOK, a strong positive peak is observed around 2070 cm-1, a region associated with *CO 

binding atop to a Cu atom to yield a linear *CO, or *COL. The frequency range suggests that the 

*COL is a mixture of CO adsorbed on an edge site and/or a defect site, which is termed the high 

frequency band (HFB). The asymmetric peak shape, which results in having a shoulder at a slightly 

lower frequencies (around 2058 cm-1) suggests an additional type of *COL associated with 

different Cu sites and is thus termed the low frequency band mode (LFB).244 Because the signal is 

positive, it indicates that CO arrives at the surface of the electrode following cathodic polarization. 

No other *CO signals are observed regardless of the applied potential bias. The negative band 

around 1650 cm-1 corresponds to water bending mode.24,296 The same *COL mode appears at -1.1 

V vs. RHE, however, the peak at -0.7 V vs RHE is more pronounced than the signal at -1.1 V vs 

RHE. Further, the *COL observed at -1.1 V is comprised mainly of the lower frequency *COL, 

namely LFB. The ratio of the HFB/LFB as a function of time is discussed in more detail in the SI 

(Figure S13). In addition, negative bands are observed within 1420-1590 cm-1 at both potentials 

suggesting desorption of initially adsorbed species. The negative peak around 1380 cm-1 is 

assigned as *HCOO in a bidentate orientation since it is absent in a control IR measurement in 0.1 

M KHCO3 (Figure S4.14). In addition, a small peak appears around 1408 cm-1 only at -1.1 V vs 

RHE which we assigned to solution phase carbonate (Figure S4.15) species. This is most likely 

due to the increase in local pH under reducing conditions which results in a shift in equilibrium 

between bicarbonate and carbonate.7 Finally, unlike the monotonic decay in *COL signal response 
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at -0.7 V vs RHE, polarization at -1.1 V vs. RHE causes the *COL peak to first decay over 60 

seconds followed by a monotonic slow growth. 

Different species and trends are observed in the time evolution ATR-SEIRAS in 7.1 M 

HCOOK during CO2R (Figure 4.6c and d). First, a new mode is observed between 1790-1850 cm-

1 associated with *CO between two Cu atoms, termed the bridge bound *CO or *COB.244,297,298 

The intensity of the *COB grows regardless of potential bias with a faster *COB accumulation rate 

at -1.1 V vs RHE. Similar to 1 M HCOOK, at -0.7 V vs RHE there is a monotonic decay in *COL. 

But, in this case, three *COL peaks are apparent, with an additional peak at around 2089 cm-1 on 

top of the HFB and LFB. Due to its higher vibrational frequency, this feature most likely results 

from an adsorbed CO on an additional binding site involving *CO that is bound more weakly to a 

less coordinated surface site. This adsorbed CO species might exist in 1 M HCOOK but could be 

hindered by the HFB CO peak. We suspect that the slightly lower value for HFB CO in 7.1 relative 

to 1 M HCOOK is the result of slightly higher local pH due to higher current density at the same 

potential bias. It has been proposed by Rebstock et al. that this CO peak is related to the active site 

for CO2R to CO.299 However, their work was performed on Au in 0.1 M bicarbonate solution, and 

therefore the results might not be translatable to our system so further analysis is needed to 

compare the different effects of CO binding sites on product selectivity across different catalysts. 

Moreover, *COL is not detected at -1.1 V vs RHE. In addition, an increase in solution phase 

carbonate (1408 cm-1) and the loss of the water bending mode is recorded at -1.1 V vs RHE. Finally, 

a growth in the band around 1580 cm-1 at -0.7 V vs RHE likely originates from the adsorption of 

formate, bi/carbonate or CO2R related species. 

The ATR-SEIRAS data clearly show that *CO speciates differently in 1 M vs. 7.1 M 

HCOOK. In an attempt to directly correlate CO2R products to the *CO species, we measure the 
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product distribution on a Cu plate electrode in an H-type electrochemical cell were conducted due 

to its similarity with the in-situ IR electrochemical cell. For both electrolytes, the total FE for CO2R 

products is higher at -1.1 V vs RHE, but the major product is H2 (Table S4). H2 is the only 

significant product in both electrolytes at less negative potential (-0.7 V vs RHE), as well. 

Therefore, the formation of any *CO reduction product is significantly limited in both the 1 M and 

the 7.1 M HCOOK electrolytes, making it difficult to correlate surface speciation of *CO to 

product profiles directly. The 7.1 M HCOOK is particularly hindered by mass transport limitations, 

as it is more viscous than the 1 M electrolyte, leading to very small quantities of CH4 and CO 

product formation in the H-cell. The 1 M electrolyte shows slightly more CH4, CO, and some 

C2H4, but again the quantities are very small. According to Rebstock et al. when probing CO2R on 

Au in 0.1 MHCO3, the highest frequency *COL peak was proposed to be related to the active site 

for CO formation.299 However, due to the difference between the systems working with Cu in more 

concentrated solutions using HCOOK as a supporting electrolyte and due to the low CO2R 

products according to the H-cell electrolysis, this might not be the case in our system so further 

investigation is needed. Considering the HFB/LFB ratio, according to Si Young Lee et al. HFB is 

proposed to be the active species for CO2R to ethylene.300 However, according to their results using 

Raman spectroscopy, there is an increase in HFB signal intensity at -1.1 V vs RHE. In addition, 

their work was done in 0.1 M MHCO3 which is different than the system probed in our current 

study. 

While the product selectivity profile is different in the GDE and H-cell electrolysis 

measurements, we attempted to simulate conditions seen in the GDE for further ATR-SEIRAS 

measurements. For example, in a GDE setup, a concentrated stream of CO2 is constantly provided 

to the electrolyte and thus the diffusion layer is much thinner during electrolysis.301 For the ATR-
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SEIRAS cell, this condition will be most represented at early time points after starting electrolysis 

while the electrolyte is saturated with CO2. Because the time resolution of the ATR-SEIRAS cell 

is on the order of seconds, we consider the earliest time point of 5 s to be most representative of 

the highest concentration CO2 conditions which are closer to the GDE conditions. At moderate 

potentials (-0.7 V vs. RHE), only *COL modes are observed at 1 M HCOOK while both *COL and 

*COB modes are observed at 7.1 M HCOOK. If we compare the potential at which C2 products 

can form, -1.1 V vs. RHE, only *COL modes are observed in the 1 M HCOOK electrolyte and only 

*COB are observed in the 7.1 M HCOOK electrolyte. Previous results showed that the 7.1 M 

HCOOK electrolyte in the GDE cell has a much higher C2H4/CO product selectivity, and we see 

under similar conditions that *COB is the only CO species observed at the Cu surface. Therefore, 

we suggest that the *COB species is an important intermediate to promote C-C coupling reactions 

to yield C2H4. The *COB grows fastest at -1.1 V vs RHE in 7.1 M HCOOK and is persistent on the 

surface (Figure S4.16) which might suggest that COB is poisoning the surface. However, the exact 

role of *COB is still under debate.297,302,303  

4.4.6.2 Mimicking the high current density local environment of a Cu GDE during 

SEIRAS 

To further investigate the effect of *CO binding modes on the CO2 to C2H4 reduction 

pathways, ATR-SEIRAS was measured under CO reduction conditions at both the as-prepared pH 

and the KOH adjusted pH (pH~12) for both electrolyte concentrations (Figure S4.17 a-d). CO is 

used in lieu of CO2 to prevent the formation of carbonate/bicarbonate, which would shift the pH 

during electrolysis. Increasing the pH of electrolyte offers opportunities to correlate the reaction 

intermediates measured on Cu at the low current densities achieved in the ATR-SEIRAS batch cell 

to the ones recorded at the high current density obtained from the electrolysis on GDE. The 

SEIRAS experiments performed at high pH are meant to mimic the high local pH that develops 
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during CO2R on a GDE when it increases current density from 10’s to 100’s of mA/cm2. We note 

that pH 12 is close to the measured surface pH value discussed earlier, which allows us to assume 

similar local pH and surface adsorbed intermediates species at Cu GDE. 

The ATR-SEIRAS spectra under these conditions are plotted as the potential is stepped 

from 0 V to -1.2 V vs. RHE using the 1 M HCOOK electrolyte at the as-prepared pH, 7.8, and at 

an adjusted pH of 11.9 in Figure S4.17a and b. As the cathodic bias is increased, a band around 

~2000-2100 cm-1 corresponding to *COL
244,304 first appears then diminishes. The peak intensity is 

maintained to lower potentials in the pH ~7.8 electrolyte compared to the pH ~11.9 electrolyte. 

The same experiment is repeated in the 7.1 M HCOOK first at its as-prepared pH of ~9 and then 

at a KOH adjusted pH of ~11.9 (Figure S4. 

17c and d). In 7.1 M HCOOK, in addition to a very weak *COL peak, the presence of an 

additional *CO band at lower wavenumbers (1700-1900 cm-1) indicates the formation of 

*COB,244,298 similar to the results from time dependent in situ IR under CO2 discussed previously. 

The peak area of *COL in 1 M HCOOK is much higher than 7.1 M HCOOK. In both electrolytes, 

the *COL peak emerges at around -0.1 V then diminishes at a more negative potential: -0.9 V for 

1 M HCOOK and -0.5 V for 7.1 M HCOOK. The *COB peak is observed only in 7.1 M HCOOK 

where it grows continuously as the applied potential is sweeping catholically with a stark shifting 

effect. By increasing the pH, the adsorbed CO intensity in both 1 M and 7.1 M HCOOK at native 

pH is higher than the related *CO peaks in the corresponding KOH adjusted electrolytes at pH 

11.9. Because *COB is not observed in the 1 M electrolyte at either pH and is observed in the 7.1 

M electrolytes at both pHs, we can conclude that the emergence of *COB in 7.1 M HCOOK is due 

to the increased HCOOK concentration and not to the higher pH caused by higher current densities. 
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It is important to note that the supporting electrolyte concentration does shift the *CO 

speciation. To test the hypothesis of the supporting electrolyte concentration being a key parameter 

for CO binding sites distribution during CO2RR, we measured the ATR-SEIRAS spectral response 

to an increase in HCOOK concentration under fixed potential bias (Figure S4.18). In doing so, we 

observe a monotonic displacement between *COL and *COB as a function of the supporting 

electrolyte concentration. These results further affirm that the electrolyte concentration plays a 

major role in the binding sites distribution of adsorbed CO intermediates. Considering the OH 

stretching region (3000-3700 cm-1) (Figure S4.16.b), we observe a transition from an increase in 

all water species (1 to 4 hydrogen bonding water species and K+-H2O)305,306 as well as non-

hydrogen bond OH,307 to a loss in all water species other than “Ice like” (4 hydrogen bonding 

water species) including non-hydrogen bond OH. 

To correlate the surface speciation found in the ATR-SEIRAS measurements to the 

associated product distribution under similar conditions, the product distribution was measured for 

a planar Cu electrode during CO reduction in an H-cell. The results are tabulated in Table S5. 

Similar to the results of CO2R on the planar Cu electrode discussed above, the major product in 

both electrolyte concentrations at both pHs is again H2. At low pH conditions, the FE of C2H4 in 1 

M HCOOK (pH 8) vs. that in 7.1 M HCOOK (pH 9) are very similar, 2.0 ± 0.2 % and 0.94 ± 0.06 

%, respectively. The much lower peak area of *COL in 7.1 M HCOOK compared to 1 M HCOOK 

is not correlated to lower yields of C2H4. Therefore, even with CO as a C source, we cannot directly 

corelate the peak area of *COL or *COB to CO2R product distribution. At the higher pH condition 

(pH 12), the FE of C2H4 for both electrolyte concentrations is negligible (< 0.2 %), which is not in 

line with the product distribution measured with the GDE. Thus, even with a high pH that might 

be correlated with the large current densities measured on a GDE, the low solubility of CO in 
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aqueous electrolyte still limits the mass transport of CO, promoting HER instead. Thus, we cannot 

directly correlate the *CO speciation on the Cu planar electrode with the product profiles of a Cu 

GDE. 

4.4.6.3 pH and cation concentration effects on adsorbed CO Stark tuning 

Observing the change in vibrational frequency for the C-O stretching mode of *CO could 

shed insights on the electric field strength in the outer Helmholtz plane (OHP) within the electric 

double layer which is often referred to as stark tuning.278,308 It has been previously shown that the 

electrolyte cation identity (i.e. valence charge and hydration shell radius) affects the COL Stark 

tuning via tuning the width of the OHP.278,309 In addition, shifts in the vibrational frequency can 

also result from changes in *CO surface concentrations via dipole-dipole interactions and chemical 

shifts.244,310,311 Attempts to deconvolute the apparent Stark tuning have been previously made,312 

but we are unable to isolate the contribution from the applied external electric field. Therefore, our 

discussion will focus only on the apparent Stark tuning. In addition, this discussion assumes no 

change in the most stable orientation of *CO species under the effect of applied potential bias, 

bulk pH value, electrolyte concentration, or changes in surface coverage. 

In this work, we sample at least three data points to allow error statistics and reported the 

apparent Stark tuning using a linear fit (Figure S4.17e-h). In doing so, we find that within each 

experiment, the Stark tuning increases with an increase in binding energy to the surface, with the 

largest shift observed for the *COB species, followed by the low frequency band (LFB) of *COL, 

and then the high frequency band (HFB) of *COL, (HFB-*COL < LFB-*COL < *COB). This is in 

line with the argument that enhanced π back donation accompanies with an increase in Cu-C 

coordination, in particular when comparing between *COL and *COB species where a higher 

overlap between the frontier orbitals of Cu and CO is suggested.313–315 Interestingly, apart from a 
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single data point in 1 M HCOOK at pH 11.9 (Figure S4.17f), HFB-COL shows a lower population 

than LFB-*COL on the surface. Unlike COL, in 7.1 M HCOOK, *COB’s apparent Stark tuning 

remains consistent regardless of the bulk pH value (Figure S4.17g,h). Finally, the non-linearity in 

Stark tuning, and the Stark tuning values for *COL between 1 M HCOOK and 7.1 M HCOOK 

suggest that concentration effects play a major role in the apparent Stark tuning. 

As mentioned earlier, due to the concentration effect on the apparent Stark tuning, and 

since *COL is undetectable at higher overpotentials, we are unable to determine the external 

electric field component effect as a function of K+ concentration. By comparing apparent Stark 

tuning of *COL within the potential range of (-0.2 V and -0.5 V vs RHE), it appears that there is 

an increase in the apparent Stark tuning as a function of bulk pH. In addition, the fact that we 

observed similar apparent Stark tuning in both 1 M HCOOK at pH 11.9 and 7.1 M HCOOK at pH 

9.0, while considering an increase in the Stark tuning due to an increase in pH,316 we suspect that 

an increase in K+ concentration from 1 M to 7.1 M also increases the Stark tuning. The lack of 

linear Stark tunning region for *COL in 7.1 M HCOOK at pH 11.9 limits the opportunity to discuss 

its effect. Nonetheless, based on our results, we propose that both an increase in bulk pH, as well 

as K+ concentration increases the apparent Stark tuning, resulting in the following order: 1 M 

HCOOK (pH 7.8) < 1 M HCOOK (pH 11.9) < 7.1 M HCOOK (pH 9.0) < 7.1M HCOOK (pH 

11.9). Previously, it was proposed that when comparing different cations with different identity, an 

increase in Stark tuning results in an increase in CO2R activity.278,309 However, as mentioned 

above, it has been proposed by Lee et al. that HFB-*COL is a more active species for CO2R to 

ethylene, while LFB-*COL is a more active site for CO formation.300 They also demonstrated that 

HFB-*COL has a lower Stark tuning rate than LFB-*COL which is in agreement with our results 

discussed above (Figure S4.17e-g). In addition, it has been shown by Rebstock et al. on Au for 
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CO2R to CO that the active site demonstrates an inverse Stark tuning.299 However, further analysis 

at the potential range of interest is required since our analysis is done at lower overpotentials than 

the electrolysis results. In addition, to our current knowledge, the effect of highly concentrated 

electrolytes has not been explored previously. 

4.4.6.4 Attempts to bridge the gap between in situ IR measurements and GDE 

electrolysis 

Although the discrepancy observed between the cells used in in-situ ATR-SEIRAS and 

GDE electrolysis cannot be fully resolved, the ATR-SEIRAS measurements still provide valuable 

information about the *CO binding preference and the properties of *COL and *COB under 

different applied potentials, HCOOK concentrations, and bulk pHs. With the results from in-situ 

IR and electrolysis, we propose potential explanations to bridge the gap between in-situ IR 

measurements and CO2R electrolysis product selectivity on Cu GDE. 

The preference of *COB on Cu in 7.1 M HCOOK, which results in strongly bound *CO on 

the surface, could be the reason for less free CO release compared to the 1 M HCOOK electrolyte 

under GDE conditions. In addition, the mass transport of CO2 could affect the CO binding site 

distribution. With higher CO2 supply rate at the Cu GDE surface, we can assume that more *CO 

forms on Cu vs. the condition in the H cell. Higher coverage of *CO (potentially both *COL and 

*COB) may promote a higher C-C coupling rate and produce more C2H4. To test this hypothesis, 

we conducted CO2R ATR-SEIRAS experiments by sparging the system with a nitrogen balanced 

5% CO2 stream for comparison to the 100% CO2 stream used in the previous experiments under 

similar electrolyte concentrations (Figure S4.19). First, we observe that when sparging the 

electrolyte with 5% CO2, the modes corresponding to *CO features are less intense. This could be 

the result of lower CO2 availability. Importantly, while no *COL is observed in 7.1 M HCOOK 

under 5 % CO2 polarized between 0.2 to -1.2 V vs. RHE, *COL is found on the Cu surface in 7.1 
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M HCOOK when switching the gas stream to 100 % CO2 at moderate potentials, around -0.5 to -

0.7 V vs. RHE. This suggests that at higher CO2 mass transport rates, *COL is present and 

measurable on Cu in 7.1 M HCOOK even with the clear preference for the *COB. Although we do 

not have direct observation of the *CO binding mode on Cu GDE in this study, the higher CO2 

mass transport in the GDE likely results in more *CO as *COL compared to the H cell condition 

in 7.1 M HCOOK. The potential coupling between *COL with *COL or *COB could facilitate the 

conversion of *CO to C2H4. The overall results can lead to a higher FE ratio of C2H4/CO in 7.1 M 

HCOOK than 1 M HCOOK on the Cu GDE. 

4.5 Conclusion 

Herein, we find improved selectivity towards C2H4 over CO by simply increasing the 

electrolyte concentration from 1 M to 7.1 M HCOOK on a Cu GDE cathode. We find that both 

bulk properties of the electrolyte and shifts in speciation at the electrode-electrolyte interface all 

contribute to the shift in product selectivity. For bulk properties, experimental and simulation 

results show CO2 solubility, bulk pH, and the choice and concentration of cation and anion can all 

change product selectivity. To probe the electrode/electrolyte microenvironment in an attempt to 

elucidate the CO2R reaction pathway at the interface, simulations with explicit solvent provide 

insight into the effect of electrolyte concentration on the *CO and the C-C coupling reaction. 

Higher HCOOK concentrations allow for more stabilized *CO on Cu likely due to interactions 

with K+ and leads to lowered reaction barriers for C-C coupling. Experimental characterization of 

surface species conducted with in situ ATR-SEIRAS reveals that *CO prefers *COB sites in the 

7.1 M HCOOK vs. the preference for *COL sites in the 1 M HCOOK. However, the differences in 

cell configurations make it difficult to directly correlate the surface adsorbed species to the product 

profiles. *COB may act to suppress the release of CO and promote C2H4 formation, but more work 
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needs to be done to prove this correlation. However, *COB is certainly the most prominent *CO 

species in the high concentration electrolyte which strongly suggests that it is not inactive during 

CO2R. Thus, this system proves that the intertwined and dynamic effects of various properties 

ranging from the bulk to the interface should be thoroughly investigated to try to understand CO2R 

mechanisms. Although one property could be correlated, it does not mean it is the only property 

changing to affect a shift in product distribution. 

4.6 Supporting Information 

 
 

Figure S4.1: The partial current density for (a) CO and (b) C2H4 electrochemical CO2R 

on Cu GDE in 1 M, 4.2 M, 7.1 M, and 9.1 M HCOOK under different applied potentials. 

 

(a) 

(b) 
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Figure S4.2 Aqueous CO2 ATR-FTIR spectra for CO2 saturated deionized water, 1 M 

HCOOK, and 7.1 M HCOOK. 

 

Figure S4.3: FE and partial current for H2, CO and C2H4 produced on Cu GDE in 1 M 

HCOOK (pH = 8), 1 M HCOOK + KOH (pH = 9) and 7.1 M HCOOK (pH = 9) at -1.08 V vs RHE. 
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Figure S4.4: (a) pH around the Cu GDE surface and (b) total current density of Cu GDE 

as a function of time in 1 M HCOOK and 7.1 M HCOOK at -1.08 V vs RHE measured by in situ 

confocal fluorescence spectroscopy. The pH probe used in the experiments is sensitive to a pH 

range between 11.7 and 14. We note that the dye used to detect pH cannot measure pH below 11.7. 

 

In both cases, once the negative potential is applied to the Cu GDE, the surface pH increases 

substantially and stabilizes after the first 30 s. We note that initially, the current density measured 

in the 7.1 M HCOOK is higher than the 1 M HCOOK, which is consistent with the electrolysis 

results, but the two electrolytes stabilize to around the same current density after 90 s. The 

discrepancy observed might be due to the different electrochemical cell setup used for electrolysis 

vs. confocal fluorescence spectroscopy measurements. In the latter setup, the catholyte is exposed 

to air and hosts the Pt counter electrode. The decay of current density can also be due to 

KHCO3/K2CO3 salt formation which can cause GDE flooding or Cu electrode deactivation. 

Although the investigation of the origin of the current drop is still undergoing at this stage, it is 

important to note that higher local [OH-] is recorded for 7.1 M HCOOK (~10 mM) than 1 M 

HCOOK (6 mM) at the first 30 s, when the current density matches with the electrolysis 

experiment. Since we couldn’t precisely determine the local pH in the double layer due to the 

resolution of our technique (~ 1 μm), we can only postulate that the slightly higher local pH on Cu 
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GDE in 7.1 M HCOOK (pH 12) compared with 1 M HCOOK (pH ~11.8) might lead to a higher 

FE ratio of C2H4/CO. Future work should be done to testify this assumption. 

 

Table S4.1 The potential (E vs. SHE) applied for each experiment 

E (V vs. RHE) E (V vs. SHE) 

1 M HCOOK 4.2 M HCOOK 7.1 M HCOOK 9.1 M HCOOK 

-0.7 -1.44 -1.47 -1.5 -1.53 

-1.1 -1.54 -1.57 -1.6 -1.63 

-0.7 -1.64 -1.67 -1.7 -1.73 

-1.1 -1.74 -1.77 -1.8 -1.83 

 

 

 

 

Figure S4.5: Equilibrated geometries at room temperature for Cu(100)/1 M HCOOK (56 

H2O + HCOO- + K+) system from (a) CHARMM FF molecular mechanics (MM) (b) Ab-initio 

molecular dynamics (AIMD), and for Cu(100) + 7.1 M (10 mol/kg) HCOOK (56 H2O + 10 HCOO- 

+ 10 K+) from (c) CHARMM FF MM and (d) AIMD. 
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Figure S4.6: Bound charge density distribution for Cu(100)/7.1 M HCOOK system using 

(a) implicit solvation model (VASPsol) and (b) implicit-explicit solvation model (SOLHYBRID). 

 

 

 

Table S4.2 Calculated relative potential energies with respect to the corresponding 

average distance (d [Å]) between the oxygen atom of *CO and K+ for 7.1 M HCOOK on Cu. 

 

d [Å] ΔE[eV] 

2.975941 0 

4.413059 0.1429 

4.920868 0.3901 

5.300381 0.4425 
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Figure S4.7: (a) Atomic geometries of four different ensembles of Cu(100)/7.1 M HCOOK 

electrolyte system after canonical AIMD equilibration. (b) Total free energy evolution of those 

four ensembles as a function of time during room temperature equilibration. The energy fluctuates 

within 4 eV window once the system reaches to the equilibrium. 

 

 

 

 

Figure S4.8: Initial few hundreds fs trajectory of grand canonical AIMD for an 

equilibration of Cu(100)/7.1 M HCOOK system using implicit-explicit solvation model 

(SOLHYBRID). The blue and orange lines denote the work function and net charge of the system. 

We equilibrated the systems for each electrochemical condition for at least 15 ps before the 

metadynamics calculation. 
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Figure S4.9: (a-d) The time evolution of the collective variables (CVs, C-C distance) at 

different electrochemical conditions during grand canonical ab-initio metadynamics at room 

temperature. (e-h) The dotted red line represents the penalty function and the solid blue line 

denotes corresponding potential energy landscape (sum of the Gaussian bias potentials and the 

penalty function) as a function of the CVs. A Gaussian potential, characterized by a height of 0.05 

eV and a width of 0.10 eV, is applied every 20 fs. 

 

Table S4.3 Reaction energy and kinetic barrier for CO dimerization under different 

electrochemical conditions from grand canonical ab-initio metadynamics. 

 

Electrolyte 1 M HCOOK 7.1 M HCOOK 

Potential 0 V vs RHE -1 V vs RHE 0 V vs RHE -1 V vs RHE 

Reaction energy 0.87 eV 0.54 eV 0.68 eV 0.32 eV 

Activation 

barrier 

1.31 eV 1.29 eV 1.07 eV 0.73 eV 
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Figure S4.10: Charge redistribution by presence of (a) K+ and (b) HCOO- at Cu(100)/7.1 

M HCOOK interface. Yellow and blue isosurfaces represents the charge accumulation and 

depletion, respectively.  

 

 

Figure S4.11: Normalized XPS spectra ((a) survey, (b) O 1s, (c) Cu 2p, (d) Cu LMM and 

(e) C 1s) of Cu GDE before electrolysis and after CO2R electrolysis at -1.08 V vs RHE in 1 M 

HCOOK and 7.1 M HCOOK. 
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Figure S4.12: XRD patterns of the PTFE GDL substrate, the Cu GDE before electrolysis 

and after CO2R electrolysis at -1.08 V vs RHE in 1 M HCOOK and 7.1 M HCOOK. 

 

Figure S4.13: SEM images of Cu GDE before electrolysis (a) and after CO2R 

electrolysis at -1.08 V vs RHE in 1 M HCOOK (b) and 7.1 M HCOOK (c). 

Table S4.4 The electrochemically active surface area (ECSA) of Cu GDE CO2R 

before and after 10 minutes electrolysis experiments at -1.08 V vs RHE in 1 M HCOOK 

and 7.1 M HCOOK. 

 1 M (pre) 1 M (post) 7.1 M (pre) 7.1 M (post) 

ECSA 

(μF/cm2) 
443 ± 45 442 ± 52 452 ± 31 374 ± 39 
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Figure S4.14: The current profile for the time evolution CO2RR ATR-SEIRAS 

experiment under -0.7 V and -1.1 V for 1 M HCOOK and 7.1 M HCOOK, respectively. 

0 50 100 150 200 250 300 350 400
1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6

2.8

3.0  HFB

 LFB

P
e

a
k
 a

re
a

 r
a

ti
o

 (
-0

.7
V

/-
1

.1
V

)

Time (s)
 

Figure S4.15: Peak area ratio of -0.7 V/-1.1 V vs RHE *COL mode during CO2R in 1 M 

HCOOK for HFB and LFB. From *COL peak area ratio analysis, it appears that the *COL -0.7 V/-

1.1 V ratio for LFB converges to a value which approaches unity under the assumption of 

comparable ECSA (Measurement at each potential bias was taken on a fresh electrocatalyst). On 

the contrary, for HFB *COL, the ratio of -0.7 V/-1.1 V vs RHE is above 2 for the cell at -0.7 V vs. 

RHE. According to Gunathunge et al., HFB and LFB signal response rises from either step and 

terrace adsorbate species, or due to reversible surface reconstruction with increase in surface 

population which results in an increase in step edges density.244,298,317 This implies that in both 

cases, the terrace adsorbed *COL population remains constant. Meanwhile, at -1.1 V vs RHE, the 

population of *COL on less coordinated Cu atoms is lower than -0.7 V vs RHE.    
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Figure S4.16: ATR-SEIRAS during CO2R in 0.1 M KHCO3 between 0.2 V and -1.0 V vs 

RHE. 

 

 
Figure S4.17: ATR-FTIR spectrum of aqueous 0.1 M CO3

2- species. 
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 Table S4.5 Product distribution of CO2R on Cu plate electrode in H-

cell in 1 M and 7.1 M HCOOK. 

[HCOOK] 
E (V vs 

RHE) 
J (mA/cm2) FE (%) H2 CH4 CO C2H4 

1 M -0.7 0.9 ± 0.1 73.2 ± 11.4 0 0 0.11 

1 M -1.1 3.7 ± 0.5 77.4 ± 4.8 0.52  ± 0.12 0.66 ± 0.18 0.35 ± 0.06 

7.1 M -0.7 1.7 ± 0.5 97.1 0 0 0 

7.1 M -1.1 15.3 ± 0.8 93.6 ± 1.4 0.02  ± 0.01 0.02  ± 0.01 0 
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Figure S4.18: ATR-SEIRAS signal response to *COB during 2nd cycle of potential 

sweeping in 7.1 M HCOOK under CO2. 

 

 

 

Figure S4.19: ATR-SEIRAS step scan during COR in 1 M HCOOK at (a) pH 7.8 and at 

(b) pH 11.9 (KOH titrated) between 0 and -1.2 V vs RHE. ATR-SEIRAS step scan during COR 

in 7.1 M HCOOK at (c) pH 9.0 and at (d) pH 11.9 between 0 and -0.8 V vs RHE. Adsorbed CO 

vibrational frequency (Step, HFB and LFB COL, and COB) as a function of potential in 1 M 

HCOOK at (e) pH 7.8 and at (f) pH 11.9 (KOH titrated), and in 7.1 M HCOOK at (g) pH 9.0, 

and at (h) pH 11.9 (KOH titrated). Adsorbed CO peak area as a function of potential in 1 M 

HCOOK at (i) pH 7.8 and at (j) pH 11.9, and in 7.1 M HCOOK at (k) pH 9.0 and at (l) pH 11.9. 
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Figure S4.20: (a) Adsorbed CO ATR-SEIRAS signal response as a function of the 

supporting electrolyte concentration. (b) Dissolved CO2 and OH stretching region signal response 

as a function of the supporting electrolyte concentration. (c) Peak area of adsorbed CO species as 

a function of the supporting electrolyte concentration. (d) Peak position of adsorbed CO species 

as a function of the supporting electrolyte concentration. 
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Table S4.6 Product analysis of ECOR on Cu plate for 1 M HCOOK and 7.1 M 

HCOOK. 

 
E (V vs. RHE) J (mA/cm2) H2 FE (%)  CH4 FE (%)  C2H4 FE (%)  

1 M (pH 8) -1.0 -1.7 ± 0.5 81.3 ± 4.4 0.222 ± 0.105 2.003 ± 0.233 

1 M (pH 12) -1.0 -63.3 ± 9.9 83.9 ± 6.8 0.085 ± 0.017 0.012 ± 0.003 

7.1 M (pH 9) -1.0 -1.6 ± 0.2 86.9 ± 9.3 0 0.939 ± 0.055 

7.1 M (pH 12) -1.0 -18.4 ± 2.3 83.4 ± 1.8 0.101 ± 0.039 0.013 ± 0.013 

 

 

 

 Figure S4.21: CO2R ATR-SEIRAS experiment sweeping between 0.2 and 

-1.2 V vs RHE using (a) 5% CO2 stream (CO2 is balanced with N2) in 1 M HCOOK, (b) 100 % 

CO2 stream in 1 M HCOOK, (c) 5% CO2 stream in 7.1 M HCOOK and (d) 100% CO2 stream in 

7.1 M HCOOK. 
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 Figure S4.22: CO2R ATR-SEIRAS experiment sweeping between 0.2 and 

-1.2 V vs RHE on (a) Cu and (b) Au/Si substrate in 1 M HCOOK, as well as on (c) Cu and (d) 

Au/Si substrate in 7.1 M HCOOK. 
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Chapter 5: Conclusion 

5.1 Summary and Conclusions 

To summarize, carbon emissions are a major concern due to their contribution to global 

warming. There is a continuous growth in the need for renewable energy solutions to address this 

issue. For example, CO2RR to viable chemical derived from solar energy could support a 

sustainable alternative to current processes while minimizing fossil fuels energy CO2 emissions. 

However, there is a need for technological improvements and method development in order to 

economically compete with current state of the art processes. One major component of interest is 

the catalyst-electrolyte interface, where electrochemical processes take place. Therefore, there is a 

need for the use and further development of spectro-electrochemical characterization methods such 

as ATR-SEIRAS which can monitor the catalyst-electrolyte microenvironment of electrochemical 

processes in-situ. Doing so, it is possible to gain insights on the different components affecting 

electrochemical CO2RR, which could contribute to an improvement in performance of current 

electrolyzers. 

In this project we have worked on the following goals. First, we have demonstrated a 

simple ans general approach for catalysts electrosynthesis methods for ATR-SEIRAS applications. 

In addition, we have devised an approach for ATR-SEIRAS signal response profile and initiated 

an investigation on the differences in spectral features using Sn thin films on CO2RR, comparing 

metallic and oxide derived electrocatalysts. Second, we further investigated the fundamental CO2 

to formate electrochemical reaction as a case study for a 2-electron transfer reaction using 

computational GC-DFT models, validated by in-situ ATR-SEIRAS. Lastly, we demonstrated the 

complexity of the various effects on CO2RR towards C2+ products on Cu based electrodes while 

further affirming experimental results using AIMD simulations. In addition, we worked towards 
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resolving the contribution of the different parameters and the sensitivity of CO2RR to changes in 

each parameter. 

5.2 Future Directions 

In case of additional time for the PhD, as a direct future work of this project I propose the 

following ideas: 

Further investigation of Sn based thin film electrocatalysts via additional characterization 

methods could support better understanding of their SEIRA performance (e.g., Infrared 

ellipsometry) and electronic structure (e.g., X-ray absorption spectroscopy). In addition, product 

distribution and degradation analysis during CO2RR could support their relevance for implication 

in industry. These studies combined could also contribute to improved understanding of layered 

thin films. When considering CO2RR in concentrated electrolytes using Cu as an electrocatalyst. 

In my opinion, the next step should involve studying spectroscopically the effect of bi/carbonate 

species and cation effect on CO binding site. This study could shed some insights on the system 

fundamentally. 

In the bigger scheme of things and beyond direct follow up works, there is a lot of space 

for innovative contribution in the CO2 capture and conversion domain. An interesting topic for 

investigation is the applicability of reactive CO2 capture and conversion relative to a decoupled 

process.  It appears that separate capture and conversion is more commercialized, as several 

companies are working on establishing this technology. However, is it viable to pursue reactive 

CO2 capture and conversion at all, or efforts should be invested in elevating the technology 

readiness level of capture technologies. Second, split capture and conversion is currently more 

versatile than reactive capture and conversion with a growing promising field of direct ocean 
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capture via electrodialysis. Therefore, in the long run, I am curious about the feasibility and 

scalability of reactive ocean CO2 capture and conversion as a platform to minimize CO2 emissions 

contribution to global warming and ocean acidification. 

This hypothetical work is interdisciplinary and requires multiple phases. First, there is a lot 

of room for research on understanding reactive capture and conversion for CO2RR. This involves 

designer solvent molecules and their characterization. Second, understanding the performance of 

CO2RR in the presence of contaminants from seawater and their interaction with different reactive 

capture sorbent molecules. Third, scaled up process performance relative to bench scale. Finally, 

technoeconomic feasibility and competitiveness relative to alternative solutions. Therefore, if I 

had more time to work in the ElectroBuffs group, I would highly consider research in this direction. 
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