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Abstract 

Investigations of the Electrochemical Reduction of Carbon Dioxide 

By 

Ezra L. Clark 

Doctor of Philosophy in Chemical Engineering  

University of California, Berkeley 

Professor Alexis T. Bell, Chair  

The electrochemical reduction of CO2 offers a potential means for producing 
carbon-neutral fuels and chemicals. Cu is the most effective contemporary electrocatalyst 
for reducing CO2 to products such as methane, ethene, and ethanol. Unfortunately, the 
current efficiency of the process is limited by competition with the relatively facile H2 
evolution reaction. Thus, there is considerable interest in identifying ways to modify Cu 
that will suppress the evolution of H2 and enhance the selectivity to desired products. 
Accomplishing this goal has proven difficult, partially because objective evaluation of CO2 
reduction electrocatalysts has been convoluted by a lack of standardized methods for 
measuring and reporting activity data. Furthermore, the electrochemical reduction of CO2 
is sensitive to electrolyte polarization, which is characterized by the formation of gradients 
in both pH and the concentration of CO2 near the cathode surface. Since the intrinsic 
kinetics of CO2 reduction depend on the composition of the local reaction environment it 
is desirable to measure the concentration of reaction-relevant species in the immediate 
vicinity of the cathode. However, meeting this objective has proven difficult since 
conventional analytical methods only sample species from the bulk electrolyte. 

 
In the first study, we identify extraneous variables that influence the measured 

activity of CO2 reduction electrocatalysts and propose procedures to improve the 
accuracy and precision of reported data. We demonstrate that when these proposed 
procedures are followed that the activity of Ag and Cu electrocatalysts prepared and 
tested in different laboratories exhibit little variation. We advocate that standardizing the 
experimental methods for measuring the activity of CO2 reduction electrocatalysts will 
greatly facilitate the search for electrocatalysts with superior activity and selectivity. 

 
In the second study, we investigate the impact of surface atomic structure on the 

CO evolution activity of Ag by conducting CO2 reduction over Ag(111), Ag(100), and 
Ag(110) thin films. We directly observe the surface atomic structure of these Ag thin films 
under electrochemical conditions by conducting in-situ electrochemical scanning 
tunneling microscopy, which enables atom resolved images to be acquired under an 
applied potential. We find that the CO2 reduction activity of the corrugated Ag(110) 
surface is roughly an order of magnitude higher than either Ag(111) or Ag(100). We have 
determined that these activity trends are caused by variations in the local electric field 
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strength, which stabilizes the polarizable intermediates of CO2 reduction. The strength of 
these local electric fields is enhanced over undercoordinated surface atoms due to their 
elevated surface charge density when polarized to a given potential.  
 

In the third study, we report a novel differential electrochemical mass spectrometer 
(DEMS) cell design that enables the partial current densities of volatile CO2 reduction 
products to be quantified in real time.  The capabilities of the novel DEMS cell are 
demonstrated by conducting CO2 reduction over polycrystalline Cu.  The reaction 
products are quantified in real time as a function of the applied potential during linear 
sweep voltammetry, demonstrating that the technique can determine the product 
distribution produced over a given electrocatalyst as a function of the applied potential on 
the timescale of roughly one hour.   
 

In the fourth study, we utilize DEMS to measure the concentration of CO2 and 
reaction products in the immediate vicinity of the cathode surface. This capability is 
achieved by coating the electrocatalyst directly onto the pervaporation membrane used 
to transfer volatile species into the mass spectrometer, thereby enabling these species to 
be sampled directly from the electrode-electrolyte interface. Using this approach, we 
observe the depletion of CO2 within the local reaction environment due to reaction with 
hydroxide anions evolved from the cathode, providing insights into the detrimental effects 
of concentration polarization on the performance of CO2 reduction electrocatalysts. 
Furthermore, we observe an abundance of aldehydes relative to alcohols within the local 
reaction environment over Cu, supporting their hypothesized role as intermediate reaction 
products in the mechanism of alcohol formation. 

 
In the fifth study, we investigate CO2 reduction over CuAg bimetallic electrodes 

and surface alloys, which we have found to be more selective for the formation of multi-
carbon products than pure Cu. This selectivity enhancement is a result of the selective 
suppression of H2 evolution, which occurs due to compressive strain induced by the 
incorporation of relatively large Ag atoms into the Cu surface. Furthermore, we report that 
these bimetallic electrocatalysts exhibit an unusually high selectivity for the formation of 
multi-carbon carbonyl-containing products, which we hypothesize to be the consequence 
of a reduced coverage of adsorbed H and the reduced oxophilicity of the compressively 
strained Cu.  

 
Overall, these studies demonstrate that the activity and selectivity of CO2 reduction 

electrocatalysts can be tuned by modifying both the surface atomic structure and 
elemental composition of the electrocatalyst. Furthermore, they demonstrate that the 
composition of the electrolyte near the cathode surface varies substantially from the bulk 
and contains a substantial concentration of transient reaction products that are typically 
reduced further.  
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Chapter 1 
 
 
 

Introduction to the Electrochemical 
Reduction of Carbon Dioxide 
 
 
 

1.1 Motivation 
 
The extensive use of fossil fuels over the past century has led to the progressive 

accumulation of carbon dioxide (CO2) in the atmosphere.1,2 Since CO2 is a greenhouse 
gas, the increase in the concentration of atmospheric CO2 has contributed to the gradual 
warming of the global climate.2 Concern over global climate change has motivated 
significant interest in increasing the utilization of carbon-neutral forms of energy, such as 
wind and solar.3,4 Unfortunately, energy production from these renewable sources is 
intermittent and offset from the energy demand of modern society.5,6 In fact, the 
intermittency of these renewable energy sources limits the extent to which they can 
currently be incorporated into the existing energy infrastructure without compromising grid 
stability.6 Thus, energy storage strategies need to be developed before the utilization of 
renewable energy can be significantly increased.   

 
Grid-scale electrochemical energy storage has received significant interest in 

recent decades.6–8 However, electrochemical batteries currently account for a negligible 
quantity of the global grid-scale energy storage capacity due to their relatively low 
volumetric energy density, high capital costs, and low device lifetimes. Alternatively, 
renewable electricity can be utilized to directly synthesize potential fuels using an 
electrolyzer, effectively converting the electrical energy into chemical fuels. While 
hydrogen (H2) is the most widely investigated target fuel of this energy storage 
approach,5,9 it is not an ideal fuel due to its low volumetric energy density. Furthermore, 
the electrolytic synthesis of H2 does not address the need to establish a carbon-neutral 
chemical industry nor the need to recycle a portion of the CO2 already in the atmosphere, 
which could be accomplished via electrochemical reduction after capture and 
concentration. Conversely, electrochemical CO2 reduction offers a potential means of 
synthesizing carbon-neutral fuels and chemicals using renewable electricity, as shown in 
Figure 1.1. It is advantageous to other forms of energy storage because it produces fuels 
that are directly compatible with our existing energy infrastructure. Furthermore, it is a 
potential approach to recycling the CO2 already in the atmosphere for useful means.  
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1.2 Process Overview 
  

Electrolyzers for CO2 reduction consist of an anode, a cathode, and an electrolyte, 
as shown on Figure 1.2. Oxygen evolution (E0 = +1.23 V vs SHE) is typically performed 
at the anode:10,11 

 
Acid:  2𝐻2𝑂 →  𝑂2 + 4𝐻+ + 4𝑒− 
 
Base:  4𝑂𝐻− →  𝑂2 + 2𝐻2𝑂 + 4𝑒− 

 
However, other electrochemical oxidations can also be conducted, such as chloride 
oxidation (E0 = +1.36 V vs SHE) or wastewater (glucose) oxidation (E0 = -0.01 V vs SHE):  
 

2𝐶𝑙− → 𝐶𝑙2 + 2𝑒− 
 

𝐶6𝐻12𝑂6 + 6𝐻2𝑂 → 6𝐶𝑂2 + 24𝐻+ + 24𝑒− 
 
The advantage of these alternative oxidation reactions is that they either produce more 
economically valuable products or require less oxidizing potentials than O2 evolution. The 
electrons liberated from the oxidation reaction are increased in potential using an external 
power supply, such as a photovoltaic device, and are utilized to reduce CO2 at the 
cathode. Many different products can be produced by the reduction of CO2:10,11 
 

Acid:  𝐶𝑂2 + 𝐻+ + 2𝑒− → 𝐻𝐶𝑂𝑂− 

𝐶𝑂2 + 2𝐻+ + 2𝑒− → 𝐶𝑂 + 𝐻2𝑂 
𝐶𝑂2 + 8𝐻+ + 8𝑒− → 𝐶𝐻4 + 2𝐻2𝑂 
2𝐶𝑂2 + 12𝐻+ + 12𝑒− → 𝐶2𝐻5𝑂𝐻 + 3𝐻2𝑂 
2𝐶𝑂2 + 12𝐻+ + 12𝑒− → 𝐶2𝐻4 + 4𝐻2𝑂 

 

Carbon 
Dioxide

Methane

Ethene

Ethanol

Figure 1.1 – Useful products generated by the electrochemical reduction of carbon dioxide. 
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Base:  𝐶𝑂2 + 𝐻2𝑂 + 2𝑒− → 𝐻𝐶𝑂𝑂− + 𝑂𝐻− 
𝐶𝑂2 + 𝐻2𝑂 + 2𝑒− → 𝐶𝑂 + 2𝑂𝐻− 
𝐶𝑂2 + 6𝐻2𝑂 + 8𝑒− → 𝐶𝐻4 + 8𝑂𝐻− 

2𝐶𝑂2 + 9𝐻2𝑂 + 12𝑒− → 𝐶2𝐻5𝑂𝐻 + 12𝑂𝐻− 
2𝐶𝑂2 + 8𝐻2𝑂 + 12𝑒− → 𝐶2𝐻4 + 12𝑂𝐻− 

 
It should  be noted that the reactants at the anode and cathode depend on the 
composition of the electrolyte, with protons and water serving as the direct H source for 
CO2 reduction in acid and base, respectively. If O2 and CH4 are evolved at the anode and 
cathode, respectively, the overall reaction can be written as: 
 

𝐶𝑂2 + 2𝐻2𝑂 → 𝐶𝐻4 + 2𝑂2 
 
The free energy of this reaction is +800.6 kJ/mol, which corresponds to a thermodynamic 
voltage requirement of 1.037 V.  

The electrolyte provides a pathway for ion conduction between the electrodes. The 
electrolyte can be a liquid, a solid, or a combination of both. It is common practice to 
incorporate an ion-exchange membrane into the electrochemical cell when utilizing liquid 
electrolytes so that the anolyte and catholyte are physically separated into distinct zones. 
This prevents electrical shorting of the electrochemical cell as well as the crossover of 
electrochemical reaction products produced over one electrode to the oppositely charged 
electrode. Preventing such crossover eliminates the possibility of several parasitic side 
reactions, such as the oxidation of CO2-derived products at the anode  and the reduction 
of O2 at the cathode.  
 
 The H required for the reduction of CO2 must be derived from water for the process 
to be sustainable. As a result, conducting CO2 reduction in aqueous electrolytes has 
received greater contemporary interest than conducting CO2 reduction in nonaqueous 
electrolytes.12,13 However, acidic aqueous electrolytes must be avoided to prevent the 

0.1 M KHCO3
0.1 M KHCO3

2H2O

4H+ + O2 CO2 + H2O

HC + OH-

HCO3
-

CO3
2-

Anode CathodeMembrane

4e-

0.1 M KHCO3
0.1 M KHCO3

2H2O

4H+ + O2 CO2 + H2O

HC + OH-

HCO3
-

CO3
2-

Anode CathodeMembrane

4e-

0.1 M KHCO3
0.1 M KHCO3

2H2O

4H+ + O2 CO2 + H2O

HC + OH-

HCO3
-

CO3
2-

Anode CathodeMembrane

4e-

0.1 M KHCO3
0.1 M KHCO3

2H2O

4H+ + O2 CO2 + H2O

HC + OH-

HCO3
-

CO3
2-

Anode CathodeMembrane

4e-

Figure 1.2 – Schematic of a generic CO2 reduction electrolyzer.  
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excessive H2 evolution that occurs when conducting CO2 reduction in electrolytes with 
high proton activity.14,15 Furthermore, alkaline electrolytes must also be avoided because 
dissolved CO2 reacts with hydroxide anions to form electrochemically inert bicarbonate 
and carbonate anions.16,17 Thus, aqueous CO2 reduction must be conducted in a near-
neutral electrolyte. Unfortunately, this makes these electrolyzers susceptible to 
concentration polarization, wherein the electrolyte composition near the electrodes 
deviates substantially from that found in the bulk electrolyte.17 As a result, buffered 
electrolytes are utilized to suppress the magnitude of these concentration gradients, 
which would otherwise result in excessive Nernstian voltage loss and uncertainty in 
electrocatalytic activity measurements.17–19 However, because buffers with high proton 
availability (low pKa) result in excessive H2 evolution,20 bicarbonate anions (pKa = 10.3) 
are typically utilized as the buffering media. Finally, the electrolyte concentration is 
generally kept low to prevent the “salting out” of dissolved CO2.17 Under these conditions, 
bicarbonate anions have been identified as the primary charge carrier in the electrolyte.17  
 

1.3 Challenges 
 

1.3.1 Reaction Selectivity 
  

The electrochemical reduction of CO2 must compete with the relatively facile H2 
evolution reaction:10,11 

 
Acid:  2𝐻+ + 2𝑒− → 𝐻2 
 
Base:  2𝐻2𝑂 + 2𝑒− → 𝐻2 + 2𝑂𝐻− 

 
As a result, electrocatalysts that are selective for CO2 reduction must be inactive for H2 
evolution to minimize the fraction of current lost to this parasitic side reaction. 
Unfortunately, most transition metals are too active for H2 evolution to be highly selective 
electrocatalysts for CO2 reduction.21,22 However, late transition and p-block metals have 
exceptionally low H binding energies, which makes them among the worst 
electrocatalysts for H2 evolution.23 As a result, most contemporary studies of CO2 
reduction have investigated electrocatalysts consisting of these elements.  

 
The coinage metals exhibit  exceptional selectivity for the evolution of CO while 

the p-block metals are selective for the evolution of HCOO-, as shown in Figure 1.3.21,22 
Cu is the only monometallic electrocatalyst that exhibits high selectivity for the production 
of hydrocarbons and alcohols,21,22 which are derived from a CO intermediate.10,24–28 
Unfortunately, Cu does not evolve a single reaction product during CO2 reduction 
selectively. Instead, Cu produces a mixture of up to 16 different reaction products at any 
given potential.10,11 Furthermore, Cu evolves excessive quantities of H2 during CO2 
reduction, with a typical H2 Faradaic efficiency of 30%.10,11 Thus, there is contemporary 
interest in discovering methods of suppressing H2 evolution and enhancing the selectivity 
to the desired products obtained over Cu. Current strategies for modifying the selectivity 
observed over Cu include modulating the applied potential,10,11,29 surface morphology,30–

34 cation identity,35–38 and buffer concentration.20,39–41 Unfortunately, these strategies 
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have only yielded marginal improvements in reaction selectivity. While alloying is another 
means for tuning the product distribution,42 no multi-metallic electrocatalyst has been 
discovered with a multi-carbon product selectivity superior to pure Cu.43–46 The lack of a 
validated mechanism by which CO2 is reduced to hydrocarbons and alcohols over Cu has 
hindered the search for superior electrocatalysts. Thus, elucidating these mechanisms is 
a contemporary goal of researchers seeking to conduct rational electrocatalyst 
development for CO2 reduction.   

 

1.3.2 Electrocatalyst Activity   
 
 CO2 reduction requires roughly the same applied potential as H2 evolution 
thermodynamically. However, in practice overpotentials of roughly 1 V are required to 
produce hydrocarbons and alcohols over Cu. This excessive overpotential requirement 
results in low cathodic energy conversion efficiency and is one of the primary factors 
preventing commercial implementation of the technology. Thus, a primary goal of 
contemporary CO2 reduction studies is improving electrocatalytic activity. Unfortunately, 
it is currently difficult to establish electrocatalyst design principles based on data in the 
published literature because each research group has its own method of analyzing and 
reporting activity data. Without the ability to accurately compare the activity of 
electrocatalysts reported in the literature it is difficult to establish electrocatalyst design 
principles that result in improved activity for CO2 reduction. There is a need to standardize 
these research practices so that accurate activity comparisons can be made between 
research groups. Only then can fair comparisons between electrocatalysts reported in the 
literature be made and electrocatalyst design principles established.   
 

1.4 Outline    
 
 In Chapter 2 we present a series of suggestions for standardizing electrocatalytic 
activity measurements and data reporting for studies of CO2 reduction. Furthermore, we 
identify several previously unrecognized extraneous variables that significantly influence 
the measured activity of CO2 reduction electrocatalysts. In Chapter 3 we report our 
investigation of CO2 reduction over Ag(111), Ag(100), and Ag(110) thin films, which we 

Figure 1.3 – Reaction selectivity observed over the late transition and p-block metals during CO2 
reduction. 
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have utilized to study the impact of surface atomic structure on the CO evolution activity 
of Ag electrocatalysts. We observe that step sites exhibit nearly an order of magnitude 
higher CO evolution activity than the basal planes. This superior activity is attributed to 
stronger local electric fields near undercoordinated surface atoms, which stabilize the 
activation of CO2. In Chapter 4 we present a novel cell design for differential 
electrochemical mass spectrometry (DEMS) that enables the product distribution 
produced by an electrocatalysts during CO2 reduction to be probed in real time. In Chapter 
5 we present another DEMS cell design that enables the composition of the local reaction 
environment to be probed in real time. Using this approach, we have observed the 
reaction of CO2 with hydroxide anions evolved over Ag and an abundance of aldehydes 
within the local reaction environment over Cu. These observations provide insights into 
both the detrimental effects of concentration polarization as well as the role of aldehydes 
as transient reaction products in the mechanism of alcohol formation over Cu. Finally, in 
Chapter 6 we report our investigation of CO2 reduction over Cu+Ag surface alloys, which 
we have found to be less active for H2 evolution and more selective for the formation of 
multi-carbon oxygenated products than pure Cu. The reduced activity for H2 evolution is 
a result of compressive strain introduced by the incorporation of relatively large Ag atoms 
into the Cu surface, which selectively weakens the H adsorption energy. The enhanced 
oxygenate selectivity is a result of the reduced H2 evolution activity and the reduced 
oxophilicity of the compressively strained Cu.  
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Data Acquisition Protocols and Reporting 
Standards for Studies of the 
Electrochemical Reduction of Carbon 
Dioxide 
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Clark, E. L.; Resasco, J.; Landers, A.; Lin, J.; Chung, L.-T.; Walton, A.; Hahn, C.; Jaramillo, T. F.; 
Bell, A. T. ACS Catal. 2018, 8, 6560-6570.  

 

Abstract 
 

Objective evaluation of the performance of electrocatalysts for CO2 reduction has 
been complicated by a lack of standardized methods for measuring and reporting activity 
data. In this perspective, we advocate that standardizing these practices can aid in 
advancing research efforts toward the development of efficient and selective CO2 
reduction electrocatalysts. Using information taken from experimental studies, we identify 
variables that influence the measured performance of CO2 reduction electrocatalysts and 
propose procedures to improve the accuracy and reproducibility of reported data. We 
recommend that catalysts be measured under conditions which do not introduce artifacts 
from impurities, either from the electrolyte or counter electrode, and advocate the 
acquisition of data measured in the absence of mass transport effects. Furthermore, 
measured rates of electrochemical reactions should be normalized to both the geometric 
electrode area as well as the electrochemically active surface area to facilitate the 
comparison of reported catalysts with those previously known. We demonstrate that when 
these factors are accounted for, the CO2 reduction activity of Ag and Cu measured in 
different laboratories exhibit little difference.  Adoption of the recommendations presented 
in this perspective would greatly facilitate the identification of superior catalysts for CO2 
reduction arising solely from changes in their composition and pretreatment. 
 

2.1 Introduction 
 

The electrochemical reduction of CO2 offers a means of producing transportation 
fuels and commodity chemicals using intermittent renewable electricity.1-3 Motivated by 
this objective, numerous publications have appeared in recent years aimed at identifying 
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electrocatalysts that can efficiently and selectively reduce CO2 to desired products.4-10 
However, objective evaluation of the activity and selectivity of different catalysts and 
operating conditions has proven difficult due to a lack of standardized protocols for 
preparing catalysts and evaluating their electrocatalytic activity. These issues are 
significant because the performance of electrocatalyts is influenced not only by the 
composition and morphology of the electrocatalyst itself, but also by the composition of 
the electrolyte, the hydrodynamics of the electrochemical cell, and the purity of both the 
electrocatalyst and the electrolyte.  

 
This perspective identifies some of the key variables that influence the measured 

activity and selectivity of CO2 reduction electrocatalysts with the aim of proposing 
procedures to obtain reproducible data that can be attributed solely to properties of the 
catalyst. We show how each factor affects the measured electrocatalytic activity and 
selectivity and provide recommendations for the preparation of electrocatalysts and the 
design of electrochemical cells. We demonstrate that interinstitutional reproducibility is 
observed over independently prepared and tested catalyst materials when these 
recommendations are considered. Finally, we stress the importance of reporting 
electrocatalyst activity normalized by the electrochemically active surface area and 
caution against claims of superior catalyst performance based solely on Faradaic 
efficiency. 
 

2.2 Benchmarking Electrocatalytic Performance 
 

Comparing catalytic data from different laboratories can be convoluted because 
each tends to use its own sources of catalyst and electrolyte, method of catalyst 
preparation and pretreatment, and design of the electrochemical cell used for catalyst 
evaluation. As we show below, these differences can introduce unintended 
consequences that impact the observed activity of CO2 reduction electrocatalysts. To 
minimize the effects of factors other than catalyst composition and morphology, we 
recommend that research groups benchmark their ability to accurately and consistently 
reproduce the published activity for a well-studied planar monometallic catalyst prior to 
reporting data for new catalysts.  

  
The choice of electrocatalyst to be used for benchmarking purposes requires 

careful consideration. Cu is the most well studied catalyst for CO2 reduction because it is 
the only monometallic catalyst that can reduce CO2 to hydrocarbons and alcohols with 
reasonably high Faradaic efficiencies.11-14 However, it should be noted that Cu produces 
a wide variety of products, the distribution of which is sensitive to the manner of catalyst 
preparation. To illustrate this point, the CO2 reduction activity observed over Cu(111) and 
Cu(100) are compared in Figure 2.1A.13,15,16 Experimental details of the preparation and 
testing of these epitaxial thin films can be found in the Supporting Information (see 2.9.1 
and 2.9.2). The Cu(100) surface exhibits an activity for generating C2+ products roughly 
an order of magnitude higher than that for Cu(111), as reported elsewhere.13,16 This 
atomic structure dependence can cause polycrystalline Cu foils obtained from different 
vendors or even different batches from the same vendor to exhibit large differences in 
electrocatalytic activity and selectivity that arise due to variations in surface atomic 
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structure. In contrast to Cu, Ag predominately produces H2 and CO, with CO Faradaic 
efficiencies exceeding 90% at an applied potential of -1 V vs RHE.17,18 Furthermore, the 
product distribution obtained over Ag is less dependent on the surface atomic structure 
than Cu.17 To illustrate this point the CO2 reduction activity of Ag(111) and Ag(100) are 
compared in Figure 2.1B. While the CO evolution activity exhibits a slight surface atomic 
structure dependence, the variation observed is only a factor of ~2. The relatively similar 
activity observed over Ag(111) and Ag(100) means that the activity observed over 
polycrystalline Ag foils will exhibit less variation from sample to sample.  Thus, we 
recommend that Ag be used as a benchmarking electrocatalyst to assess the ability of a 
research group to carry out accurate and reproducible activity  measurements.  

Surface preparation methods can also introduce additional variations in activity 
and selectivity between samples of the same metal due to the impact that these 
pretreatments have on the purity and distribution of undercoordinated sites at the 
electrode surface.19,20 Mechanical polishing can introduce contaminants onto the catalyst 
surface from the polish residue (see 2.9.3). These polish residues can be susceptible to 
electrochemical reduction under the conditions of CO2 reduction and may exhibit 
background activity in the metallic state, as is the case for alumina-based polishing 
compounds.21 As a result, SiC and diamond-based polishing compounds should be 
favored over alumina-based polishing compounds since residues from these compounds 
will be largely electrochemically inert. Electropolishing can also be utilized but thorough 
rinsing of the electrocatalyst should be practiced to prevent carryover of specifically 
adsorbing anions into the reaction vessel.  

 
Comparisons between different catalysts should only be done if their activity was 

measured in identical electrolyte solutions. Several studies have demonstrated that the 
identity of the cations and anions in the electrolyte affect both the activity and selectivity 

Figure 2.1 – Structure sensitivity of CO2 reduction activity of monometallic electrocatalysts in 0.1 

M KHCO3: (A) Cu(111) vs Cu(100) and (B) Ag(111) vs Ag(100). 
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of CO2 reduction catalysts. For example, the activity and selectivity of both polycrystalline 
foils and epitaxial thin films of Ag and Cu have been demonstrated to change as the size 
of the electrolyte cation is increased from Li+ to Cs+.22 Larger cations, such as Cs+, favor 
the formation of CO over Ag and C2+ products over Cu due to electrostatic field-
stabilization of species involved in the formation of CO in the case of Ag and of C-C bonds, 
such as adsorbed OCCO and OCCHO, in the case of Cu.23 Conversely, cation size has 
no effect on the partial current densities for H2 or CH4 because their mechanistic pathways 
do not involve reaction intermediates with significant dipole moments and there are 
insignificant changes in the dipole moment between the reactant and transition state.23 
The composition of the anionic component of the supporting electrolyte can also affect 
CO2 reduction selectivity. For example, in the case of CO2 reduction over Cu, phosphate-
based electrolytes result in higher partial currents for H2 and CH4 than are observed in 
bicarbonate-based electrolytes, but the choice electrolyte anion has little effect on the 
partial currents for CO, HCOO-, C2H4, or C2H5OH. Furthermore, changes in the buffer 
concentration also impact catalyst selectivity.24-27 As a result of these influences, 
researchers should only compare catalytic data obtained using identical electrolyte 
solutions. Obtaining catalytic data in either 0.1 M KHCO3 or 0.1 M CsHCO3 will enable the 
greatest comparison to published catalytic data, since the majority of CO2 reduction 
studies have been conducted using these electrolytes.   
 

2.3 Impact of Electrochemical Cell Hydrodynamics on 
Electrocatalytic Activity 
 

The electrochemical reduction of CO2 is highly susceptible to concentration 
polarization, wherein Faradaic processes induce concentration gradients near the 
electrode surface. These concentration gradients arise because bicarbonate solutions 
are weak buffers and CO2 has a low mass transfer coefficient through aqueous 
solutions.28,29 Even modest current densities cause the pH and CO2 concentration near 
the cathode surface to vary significantly from that in the bulk electrolyte.30,31 The 
magnitude of the concentration gradients depends largely on the hydrodynamics of the 
electrochemical cell. As a result, the electrolyte needs to be mixed vigorously to ensure 
sufficient mass transport to and from the cathode. Electrolyte mixing in small 
electrochemical cells is usually accomplished by agitation of the electrolyte with a column 
of CO2 bubbles, although pump-driven recirculation of CO2-saturated electrolyte has also 
been employed.32,33 Activity data acquired in a regime where significant concentration 
polarization occurs does not reflect the intrinsic activity or selectivity of the catalyst, but 
rather the convolution of the properties of the catalyst and the effects of mass transfer. 
Therefore, researchers should avoid measuring catalytic activity under conditions where 
mass transfer effects are significant because correcting for these effects is nontrivial. 
Researchers should also only consider the portion of their data that has been shown to 
be free of the effects of mass transfer when making conclusions about intrinsic reaction 
kinetics. 
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The mass transfer boundary layer thickness of an electrochemical cell can be 
quantified by measuring the diffusion-limited current density for ferricyanide reduction 
(see 2.9.4). As shown in Figure 2.2, increasing the CO2 flow rate reduces the 
hydrodynamic boundary layer thickness but has a diminishing effect as the CO2 flow rate 
is increased. Activity measurements were conducted as a function of the applied potential 
for different CO2 flow rates to demonstrate the impact that the mass transfer boundary 
layer thickness has on the measured activity of polycrystalline Ag. Figure 2.3 shows the 
partial current densities for H2 and CO as a function of the mass transfer boundary layer 
thickness, which was systematically varied by varying the CO2 flow rate through the cell. 
The variation in the partial currents for H2 and CO are direct results of the variation in the 
mass transfer boundary layer thickness at the cathode surface and is not due to changes 
in the bulk CO2 concentration. The latter statement is supported by the observation that 
electrochemical cells incorporating gas dispersion frits maintain saturation of the bulk 
electrolyte with CO2 during prolonged electrolysis.32 

 
We note that the tested Ag films were completely free of contaminants within the 

detection limits of XPS and ISS (see 2.9.5). Thus, the observed variations in 
electrocatalytic activity are a direct result of the degree to which concentration polarization 
influences the observed electrocatalytic activity. As shown in Figure 2.3, the 
hydrodynamic regime in which the activity of polycrystalline Ag is measured dictates what 
is observed at potentials more negative than -1 V vs RHE, the potential for which mass 
transfer effects become significant (see 2.9.6). As the hydrodynamic boundary layer 
thickness is reduced, less H2 and more CO is produced at a given applied potential, 
resulting in a CO Faradaic efficiency swing of ~60% at -1.4 V vs RHE. As a result, the 
maximum rate of CO2 consumption over the cathode increases inversely with the 
hydrodynamic boundary layer thickness, as expected for a diffusion-limited process (see 
2.9.6).  
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Figure 2.2 – Hydrodynamic boundary layer thicknesses at the cathode surface as a function of 

the CO2 flow rate utilized to mix the catholyte calculated by measuring the diffusion-limited current 

density of ferricyanide reduction over polycrystalline Au. 
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 This demonstration of the influence of the hydrodynamics of the electrochemical 
cell on the measured activity of polycrystalline Ag indicates the importance of designing 
electrochemical cells with adequate electrolyte mixing and conducting catalytic activity 
measurements in a regime that is minimally influenced by mass transfer to the cathode 
surface. Only under such conditions is it possible to definitively measure the intrinsic 
activity of the catalyst and obtain data that is directly comparable across research 
institutions. For the electrochemical cell and polycrystalline Ag catalyst utilized here, the 
impact of concentration polarization becomes significant for applied potentials below -1 V 
vs RHE, as indicated by the deviation of the CO partial current density from Tafel kinetics 
(see 2.9.6). As a result, the measured activity is minimally affected by the mass transfer 
boundary layer thickness at potentials more positive than -1 V vs RHE. It should be noted, 
though, the potential at which concentration polarization becomes significant is a function 
of the overall current density and not the applied potential. As a result, catalysts with high 
surface areas are more susceptible to mass transfer limitations than planar catalysts, 
which complicates obtaining an accurate measurement of their intrinsic activity. Another 
point to realize is that concentration polarization introduces error when reporting data on 
a RHE scale because the local pH deviates substantially from that in the bulk, as shown 
in Figure 2.4.34 This error can become significant when comparing catalysts that suffer 
from concentration polarization to different extents. Examples include comparing 
catalysts with vastly different surface roughness or comparing planar catalysts evaluated 
in electrochemical cells with different hydrodynamic boundary layer thicknesses.35 These 
differences can lead to divergent local reaction environments that convolute accurate 
activity comparisons.    

Figure 2.3 – Dependence of the measured activity of polycrystalline Ag on the CO2 flow rate 

utilized to mix the electrochemical cell: (A) H2 partial current density, (B) CO partial current 

density, (C) H2 Faradaic efficiency, and (D) CO Faradaic efficiency. 
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2.4 Impact of Impurities on Electrocatalytic Activity 
 

The steady-state activity and selectivity of a material should be measured in the 
absence of surface contamination to assess its intrinsic catalytic properties. If surface 
contamination occurs, it is important to distinguish whether it is a consequence of catalytic 
intermediates that poison the surface or whether it is the result of impurities inadvertently 
introduced onto the surface.36 We note that the high overpotentials typically utilized to 
evaluate the activity of CO2 reduction electrocatalysts are sufficiently negative to reduce 
nearly any transition metal cation that might be present in the catholyte. In general, 
transition metal impurities will increase the activity of the electrocatalyst for the H2 
evolution reaction (HER), since the late transition and p-block metals typically studied as 
CO2 reduction electrocatalysts have very low HER activity.37,38 Even trace quantities (<1 
µM) of transition metal cations in the electrolyte can cause CO2 reduction electrocatalysts 
to lose their activity on the timescale of a typical experiment.38,39 Metallic impurities in the 
catholyte can originate from the solvent, the electrolyte salts, and from the other 
components of the electrochemical cell.   

 
The purity of the electrode surface is often validated using X-ray photoelectron 

spectroscopy (XPS). This analytical method probes the composition of the top 0.5 to 2 
nm of the sample, depending on the collection angle and the kinetic energy of the relevant 
photoelectrons.40  The detection limit of XPS for transition metals is typically between 0.1 
and 1 atomic percent, depending on the sample morphology and the combination of 
elements.41  While this detection limit may be adequate for certain applications, it is 
inadequate for validating the purity of catalyst surfaces since even ~20% of a monolayer 
of impurities can go undetected by XPS.40, 41 Thus, the lack of observable contamination 
by XPS does not indicate that the electrode surface is free of contamination. Ion scattering 
spectroscopy (ISS) can be used to more accurately validate the purity of the catalyst 
surface since it only probes the top layer of atoms on the sample surface.42  However, 
because ISS is a line-of-sight technique it can be difficult to obtain quantitative information 
about the relative abundance of constituent elements due to their nonequivalent coverage 
by adventitious adsorbates, such as ambient oxygen. Despite this, ISS is a very useful 
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analytical technique because of its enhanced sensitivity for detecting impurities on an 
electrode surface.  

 
Researchers have recently demonstrated that Pt and other noble metals typically 

used as anode electrocatalysts can dissolve under typical operating conditions.43-48 The 
transition metal cations evolved from the anode can reach the cathode even when an 
anion exchange membrane is utilized to separate the electrode chambers.49  Whether 
this crossover occurs during operation or during the storage and cleaning of the 
electrochemical cell has yet to be resolved conclusively. The effect of inadvertent Pt 
contamination on the activity of Cu(100) is shown in Figure 2.5, which compares the 
transient activity observed over Cu(100) when Pt and glassy carbon (GC) are employed 
as anodes.  Figure 2.5A shows that the activity for producing H2 and C2H4 increase and 
decrease, respectively, over the course of 1 hr when Pt is used as the anode.  However, 
Figure 2.5A also shows that the activity for all products is remarkably stable when GC is 
used as the anode. The differences in the ethene to methane ratio observed at the 

Figure 2.5 – (A) Comparison of the transient activity observed over Cu(100) at an applied 

potential of −1.0 V vs RHE using Pt anode and glass carbon anodes. (B) Comparison of the ISS 

spectra of Cu(100) tested using Pt and glassy carbon anodes.  
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beginning of the experiments could be a result of Pt promotion of the Cu surface. In fact, 
it has been demonstrated that the reduction of a small quantity of a HER active metal 
onto the surface of Cu results in a decrease in the ethene to methane ratio during CO2 
reduction. While both surfaces appeared to be free of contamination by XPS, Pt was 
detected by ISS on the Cu(100) electrode tested using a Pt anode. Thus, researchers 
should employ a sacrificial GC anode when measuring the intrinsic activity of CO2 
reduction electrocatalysts to prevent inadvertent surface contamination. 

 
The degree to which impurities impact the observed activity depends strongly on 

the surface area of the cathode relative to the volume of the catholyte.  Since the cathodic 
potential needed to drive CO2 reduction is usually much more negative than the standard 
reduction potential of transition metal cations, it can be assumed that over a long period 
of time most of the metal impurities present in the electrolyte will be electrodeposited onto 
the cathode surface. Figure 2.6 demonstrates that even very small concentrations (<1 
µM) of electrolyte impurities can result in a significant coverage (0.1 ML) on the 
electrocatalyst surface (see 2.9.7). Furthermore, the calculation indicates that 
contamination will be especially problematic for systems where the catholyte volume is 
large compared to the electrode surface area. This means that the tolerance for impurities 
increases with the roughness of the catalyst surface. Therefore, researchers should be 
mindful of the different extents to which impurities could influence the observed activity 
when comparing two catalysts with significantly different roughness factors. For instance, 
lower rates of HER over a high surface area catalyst in comparison to a low surface area 
standard could potentially be the result of a smaller fraction of surface sites being covered 
by electrodeposited impurities.  

 

2.5 Interinstitutional Reproducibility   
 

Consistent and reproducible reports of CO2 reduction electrocatalysis are critical 
to advancing the field. By first benchmarking electrochemical systems against standard 
catalysts researchers can be assured that results obtained from testing a novel catalyst 
formulation will be repeatable at other institutions and that measured activity can be 

Figure 2.6 – Calculated electrolyte impurity concentration required to cover 10% of the 

electrocatalyst surface based on the geometric cathode surface area to electrolyte volume ratio 

and the roughness factor of the cathode surface. 
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confidently attributed to the properties of the catalyst itself. The entire electrochemical 
system, including catalyst, electrolyte, electrochemical cell, and operating conditions, 
needs to be considered before making comparisons with the literature. 

 
With careful experimentation, electrocatalyst activity can be accurately and reliably 

reproduced at different academic institutions. This point is nicely illustrated by the data 
presented in Figure 2.7, which shows the activity for selected products obtained over 
polycrystalline silver and epitaxial Cu(100) thin films, prepared and tested independently 
at Berkeley and Stanford. Similar experimental protocols were used at both institutions to 
avoid artifacts from impurities, and a potential range was chosen for comparison in which 
the effects of concentration polarization were minimized. Further details of the cell design 
and experimental protocols at each institution are included in the Supporting Information 
(see 2.9.1 and 2.9.2). The close agreement in observed activity demonstrates that 
reproducibility can be achieved with careful experimentation.  

 

2.6 Reporting Electrocatalytic Activity  
 

Several figures of merit can be utilized to report the activity and selectivity 
observed over an electrocatalyst. One commonly used metric for selectivity is Faradaic 
efficiency, which is defined as the fraction of Faradaic charge utilized to produce a given 
product. While Faradaic efficiency is useful for describing the selectivity of a catalyst, it is 
problematic when comparing catalysts with drastically different activities. For example, it 
is tempting to conclude that the catalyst that is more selective for producing a specific 
product is more active for producing that product. However, an increase in selectivity to 

Figure 2.7 – Interinstitutional reproducibility of activity data measured over electrocatalysts 

independently prepared and tested at two different academic institutions: (A) polycrystalline Ag 

and (B) Cu(100) thin films. 
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a product may or may not be accompanied by an increase in the rate at which that product 
is produced. In these cases, only comparing Faradaic efficiencies can obscure the true 
differences between two catalysts. The rate of product production, which is proportional 
to its partial current density, is a much less ambiguous descriptor of catalytic activity. 
Figure 2.8 compares the Faradaic efficiencies and partial current densities observed over 
Cu(100) as a function of the alkali cation in 0.1 M bicarbonate electrolytes.23 The trends 
in Faradaic efficiency exhibit a decrease in selectivity to HER as the size of the alkali 
metal cation increases. Based on this metric alone, one might conclude that larger cations 
suppress HER. However, Figure 2.8B shows that the rate of HER is unaffected by the 
identity of the electrolyte cation, as the decrease in selectivity is accompanied by an 
increase in the total current density. This example demonstrates that only comparing 
Faradaic efficiencies can give an incomplete picture of catalyst performance, and in some 
cases can even provide a qualitatively incorrect description of catalytic behavior as 
properties of the system change.   

Measured rates must be normalized by the number of available catalytic sites 
when making comparisons between different catalysts.50 For thermally activated 
reactions, and for other well studied electrocatalytic reactions, it is common to normalize 
observed rates by the number of active sites.51-54 This procedure has not yet been 
adopted for CO2 reduction, and catalytic activity is typically reported on the basis of the 
geometric area of the cathode. This is problematic because it makes it difficult to 
determine if reported activity improvements are the result of intrinsic activity 
improvements or simply higher catalyst surface area. While normalization to the number 
of active sites is a preferable metric it can be difficult to identify what the active site is. 
However, normalizing the measured activity by the electrochemically active surface area 

Figure 2.8 – (A) Faradaic efficiencies and (B) partial current densities for selected products 

observed over Cu(100) at an applied potential of −1.0 V vs RHE in 0.1 M bicarbonate electrolytes 

as a function of the identity of the alkali cation. 
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is a straightforward way to normalize catalytic activity that is meaningful and applicable 
to a wide variety of different electrocatalysts.55  

 
The electrochemically active surface area (ECSA) of a electrocatalytic material can 

be estimated by measuring the double-layer capacitance of the electrode-electrolyte 
interface.56 The double layer capacitance can be measured by conducting cyclic 
voltammetry (CV) in a potential range where no Faradaic processes occur, typically a 100 
mV window centered at the open-circuit potential (OCP). In this potential region, any 
measured current can be ascribed to the non-Faradaic process of charging the 
electrochemical double layer. The charging current, ic, measured during CV is related 
linearly to the scan rate 𝑣 with a slope equal to the double layer capacitance: 

 

𝐶𝐷𝐿 =
𝑖𝑐

𝑣
 

 
This measured capacitance (CDL) can be compared to that of a smooth planar surface 
(CREF) to obtain a relative roughness factor for the electrocatalyst: 
 

𝐸𝑆𝐶𝐴 =
𝐶𝐷𝐿

𝐶𝑅𝐸𝐹
 

 
Since the reference sample is unlikely to be atomically flat and/or have the same surface 
termination as the sample of interest, comparisons on this basis or using a published 
reference capacitance value may not give accurate absolute values for the total surface 
area of the catalyst. However, this is generally acceptable since differences between a 
novel catalyst and a well-known benchmark are typically of interest. However, it is 
important to realize that in some cases the entire surface area of the electrode is not 
electrocatalytically active. As a result, normalizing the measured activity by the total 
ECSA would be inappropriate. One example is when nanoparticles are supported on an 
inert support, such as GC or Toray paper. For these systems underpotential deposition 
can give a more accurate estimate of the catalytically relevant surface area. However, 
this approach is dependent on the elemental composition of the electrocatalyst and must 
be tailored to fit the application.  
 

The importance of reporting current densities normalized to the ECSA is illustrated 
in Figure 2.9, which compares the CO2 reduction activity observed over two 
polycrystalline Ag electrodes with different roughness factors. The first sample was 
polished mechanically while the second was roughened by electrochemical cycling in 1 
M KCl. Figure 2.9A shows that the geometric CO partial current densities of the electrodes 
vary by nearly an order of magnitude. However, the electrocatalysts also exhibit 
drastically different surface areas (see 2.9.8). As a result, when the CO partial current 
densities are normalized by the ECSA the catalysts are identical at low overpotentials 
(Figure 2.9B). At high overpotentials, the relatively smooth Ag catalyst performs better 
because mass transfer is limiting the supply of CO2 to the roughened electrode. The 
effects of mass transfer can be mitigated by increasing the CO2 flow rate, thereby 
increasing the potential window over which the two samples show identical activity. These 
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data suggest that differences in ECSA do not lead to differences in the intrinsic activity in 
this case. This example highlights the importance of proper data treatment and 
normalization, as comparisons solely based on Faradaic efficiency or geometric partial 
current densities can be misleading. These results also demonstrate that care should be 
taken in using onset potential as a metric of intrinsic catalytic activity, since it is entirely 
dependent on the detection limits of the experimental setup.  

The ECSA-normalized CO evolution activities of Au-based electrocatalysts have 
recently been compared, leading to the conclusion that no Au-based catalyst formulation 
reported in the literature exhibits a superior activity to polycrystalline Au foils.57 There has 
also been substantial interest in high surface area Cu-based catalysts for CO2 reduction, 
and in particular those derived from the reduction of oxidized Cu.4,7,58-64 It has been 
reported that pre-oxidized Cu catalysts exhibit an exceptionally high activity for producing 
multi-carbon products, such as C2H4 and C2H5OH. These studies have stimulated efforts 
aimed at understanding the origin of the seemingly superior catalytic activity of these 
oxide-derived catalysts compared to polycrystalline Cu foils.65-72 However it has not been 
clearly demonstrated if the enhanced activity is due to an increase in the total surface 
area of the catalyst or to an enhancement of the intrinsic activity.61-68 Using the metrics 
discussed above, we show in Figure 2.10 an example of an activity comparison between 
Cu standards (polycrystalline Cu foil and epitaxial Cu thin films) and a plasma treated Cu 
catalyst for which surface area measurements are available.7 We see that the ECSA-
normalized partial currents for C2H4, the most abundant multi-carbon product produced 
by Cu, reported for this high surface area electrocatalyst are comparable to those 
observed over polycrystalline Cu and Cu(100), indicating that the intrinsic activity of this 
electrocatalyst for producing multi-carbon products is not significantly affected by the way 
in which the catalyst is prepared. A more extensive comparison of high surface area Cu 

Figure 2.9 – Comparison of the CO evolution activity observed over mechanically polished and 
electrochemically roughened Ag catalysts normalized to (A) geometric area and (B) 
electrochemically active surface area (ECSA). 
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catalysts is shown in Figure S2.9, from which the same conclusion can be drawn (see 
2.9.8). The different methods of producing Cu catalysts may result in preferential 
exposure of different low Miller index planes, as the variation in the data is similar to the 
differences in activity of Cu(111) and Cu(100); however, there is no evidence that these 
preparations yield sites substantially more active for producing C2H4 than those present 
on these two crystallographic faces.  

Although high surface area Cu catalysts do not show higher intrinsic activity for 
multi-carbon product formation than polycrystalline Cu foils, their selectivity to these 
products is generally higher. In Figure 2.10B we show the specific partial current for 
producing H2 over the same Cu-base catalysts analyzed above. We see that the 
normalized rate of HER is lower on the high surface area electrocatalyst relative to planar 
Cu foil and Cu(100), especially at low overpotentials. A similar trend is observed in 
general in Figure S2.7B. A lower per site rate for HER with a constant rate of multi-carbon 
product formation leads to a higher selectivity to the multi-carbon products. This reduced 
rate of HER could be the result of intrinsic differences in reactivity between the catalysts. 
However, it is also possible that the lower rates of HER on high surface area catalysts 
relative to polycrystalline Cu is a consequence of other differences, e.g. mass transport 
effects, or a smaller fraction of surface sites being covered by electrolyte impurities. For 
example, it has recently been demonstrated that bicarbonate anions can act as an H 
source for the cathode, with the rates of HER scaling with the concentration of bicarbonate 
anions near the cathode.27 Since the onset of concentration polarization occurs at 
relatively positive potentials over high surface area catalysts, the reduced HER activity 
might be a consequence of a lower bicarbonate concentration near the cathode.  
 
 

Figure 2.10 – Comparison of ECSA-normalized partial currents observed over Cu-based 

catalysts: (A) C2H4 and (B) H2. Plasma-treated Cu data are taken from Mistry et al.7 
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2.7 Conclusions 
 

In this perspective, we have demonstrated that standardizing the methods used to 
measure and report electrocatalytic data can aid research efforts aimed at developing 
novel catalysts for CO2 reduction. We recommend that catalyst activity and selectivity be 
measured under conditions which do not introduce artifacts from metallic impurities 
originating from either the electrolyte or a metallic counter electrode. Furthermore, to 
understand the behavior of the catalyst itself, the measured data should be taken under 
conditions in which rates are not a convolution of intrinsic kinetics and the effects of mass 
transport. Finally, catalytic data should be reported as rates normalized to the 
electrochemically active area or some specific measure of geometric active site. Adoption 
of the recommendations presented in this perspective would greatly facilitate meaningful 
comparisons of catalysts between different research groups and would facilitate the 
advancement of the field.  
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2.9 Supplementary Information 
 

2.9.1 Experimental Methods at the University of California at Berkeley    
 
2.9.1.1 Electrode Preparation 
 
 Epitaxial Cu and Ag thin films were prepared by sputter disposition onto single-
side polished Si(111), (100), or (110) wafers (Virginia semiconductor, 1-10 Ω cm). The 
native oxide was removed from the surface of the Si substrates prior to deposition by 
submerging them in a 10 wt. % HF solution for 5 min. Immediately after HF etching the 
Si wafers were transferred into an AJA ATC Orion-5 sputtering system for deposition. The 
Cu (99.999% Kurt Lesker) and Ag (99.999% Kurt Lesker) were deposited under Ar at a 
pressure of 2 mTorr at a rate of 1 Å/s, which was calibrated using a quartz crystal monitor. 
The total film thickness deposited was 100 nm. Cu deposition was conducted at ambient 
temperature whereas Ag deposition was conducted at 300 °C by heating the sample 
stage using an IR lamp. Cu(111) and (100) oriented thin films were obtained by deposition 
onto Si(110) and (100) substrates, respectively, whereas Ag(111) and (100) oriented thin 
films were obtained by deposition onto Si(111) and (100) substrates, respectively. Ag foils 
(99.999% Alfa Aesar) were mechanically polished with a series of sandpapers (600, 1200, 
and 2500 grit 3M) and sonicated in DI water for 30 min before electrochemical testing.  
 
2.9.1.2 Electrode Characterization 

 
The structure of the Cu and Ag thin films were characterized by X-ray diffraction. 

The orientation and epitaxial quality of the films were determined using symmetric θ-2θ 
scans, in plane ϕ scans, ω scans or rocking curves, and pole figures. XRD patterns were 
taken with a PANanalytical X'Pert diffractometer using Cu Kα radiation (λ = 1.54056 Å). 
Symmetric θ-2θ scans were collected on samples fixed onto a flat glass slide in locked-
coupled mode with a goniometer resolution of 0.001°. The near-surface composition of 
electrodes was measured using a Kratos Axis Ultra DLD X-ray photoelectron 
spectrometer (XPS). All spectra were acquired using monochromatized Al Kα radiation 
(15 kV, 15 mA). Ar sputtering of the sample surface was avoided to prevent surface 
composition changes. The kinetic energy scale of the measured core level spectra was 
calibrated by setting the C 1s binding energy to 284.8 eV. Further analysis of surface 
composition was done using ion scattering spectroscopy (ISS) using the same 
instrument. All ISS spectra were acquired using a focused He ion beam (1 kV).  
 
2.9.1.3 Electrochemical Measurements  
 
 All electrochemical experiments were conducted in a gas-tight electrochemical cell 
machined from polyether ether ketone (PEEK). A schematic of the cell is shown below in 
Figure S2.1. Further details of this electrochemical cell are described in previous works.1 
The cell was sonicated in 20 wt. % nitric acid and thoroughly rinsed with DI water prior to 
all experimentation. The working and counter electrodes were parallel and separated by 
an anion-conducting membrane (Selemion AMV AGC Inc.). Gas dispersion frits were 
incorporated into both electrode chambers to provide ample electrolyte mixing. The 
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exposed geometric surface area of each 
electrode was 1 cm2 and the electrolyte 
volume of each electrode chamber was 
1.8 mL. The counter electrode was a 
glassy carbon plate (Type 2 Alfa Aesar) 
that was also sonicated in 20 wt. % nitric 
acid prior to all experimentation. 
Platinum foil was also used as the 
anode. The working electrode potential 
was referenced against a Ag/AgCl 
electrode (Innovative Instruments Inc.) 
that was calibrated against a homemade 
standard hydrogen electrode. A 0.05 M 
M2CO3 (99.995% Sigma Aldrich) 
solution prepared using 18.2 MΩ DI 
water was used as the electrolyte. 
Metallic impurities in the as-prepared 
electrolyte were removed before electrolysis by chelating them with Chelex 100 (Na form 
Sigma Aldrich). Both electrode chambers were sparged with CO2 (99.999% Praxair Inc.) 
at a rate of 2.5 to 40 sccm for 30 min prior to and throughout the duration of all 
electrochemical measurements. Upon saturation with CO2 the pH of the electrolyte was 
6.8, which was maintained throughout the duration of chronoamperometry. 
 
 Electrochemistry was performed using a Biologic VSP-300 potentiostat. All 
electrochemical measurements were recorded versus the reference electrode and 
converted to the RHE scale. Potentiostatic electrochemical impedance spectroscopy 
(PEIS) was used to determine the uncompensated resistance (Ru) of the electrochemical 
cell by applying voltage waveforms about the open circuit potential with an amplitude of 
20 mV and frequencies ranging from 50 Hz to 500 kHz. The potentiostat compensated 
for 85% of Ru in-situ and the last 15% was post-corrected to arrive at accurate potentials. 
The electrocatalytic activity of each electrode was assessed by conducting a 
chronoamperometry staircase at increasingly negative applied potentials.  
 
2.9.1.4 Product Analysis 
 
 The effluent from the electrochemical cell was introduced directly into the sampling 
loop of an Agilent 7890B gas chromatograph (GC) equipped with a pulsed-discharge 
helium ionization detector (PDHID). The effluent was sampled after the first 10 min of 
chronoamperometry and every 14 min thereafter. The constituents of the gaseous sample 
were separated in He (99.9999% Praxair Inc.) using a Hayesep-Q capillary column 
(Agilent) in series with a packed ShinCarbon ST column (Restek Co.). After sampling the 
reaction effluent the column oven was maintained at 50 °C for 1 min followed by a 
temperature ramp at 30 °C/min to 250 °C, which was maintained for the duration of the 
analysis. The signal response of the PDHID was calibrated by analyzing a series of NIST-
traceable standard gas mixtures (Airgas Inc.).  
 

Figure S2.1 – Schematic of the electrochemical cell 
used for testing at Berkeley. Reproduced from 
Lobaccaro et al1. Copyright 2016, Royal Society of 
Chemistry. 
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 The electrolyte from both electrode chambers was collected after electrolysis and 
analyzed using a Thermo Scientific UltiMate 3000 liquid chromatograph (HPLC) equipped 
with a refractive index detector (RID). The electrolyte samples were stored in a 
refrigerated autosampler until analyzed in order to minimize the evaporation of volatile 
liquid-phase reaction products. The liquid-phase products contained in a 10 μL aliquot 
were separated using a series of two Aminex HPX 87-H columns (Bio-Rad Inc.) and a 1 
mM sulfuric acid eluent (99.999% Sigma Aldrich). The column oven was maintained at 
60 °C for the duration of the analysis. The signal response of the RID was calibrated by 
analyzing standard solutions of each product at a concentration of 1, 10, and 50 mM.  
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2.9.2 Experimental Methods at Stanford University     
 
The experimental methods 

employed at Stanford University have 
been fully described in previous 
works.2, 3 The electrode preparation 
and electrochemical testing was 
conducted using similar methodologies 
as those employed at the University of 
California at Berkeley. The 
electrochemical experiments were 
conducted in a gas-tight 
electrochemical cell machined from 
polycarbonate. A schematic of the cell 
is shown in Figure S2.2. Further details 
of this electrochemical cell are 
described in previous works.4 0.1 M 
KHCO3 (Sigma-Aldrich, 99.99% metals 
basis) was used as the electrolyte, which 
was constantly sparged with CO2 (5.0, 
Praxair) at a flow rate of 20 sccm. The pH 
of the electrolyte was maintained at 6.8 
during all experimentation. The effluent 
of the electrochemical cell was introduced directly into the sampling loop of a gas 
chromatograph (GC, SRI 8610C in the Multi-Gas #3 configuration). The compartments of the 
electrochemical cell were separated by an anion exchange membrane (Selemion AMV, AGC 
Inc.). A Ag/AgCl (Accumet) electrode was used as the reference electrode and a platinum foil 
was used as the counter electrode. Polycrystalline silver foil (Alfa Aesar, 0.1 mm thickness, 
99.998% metals basis), was mechanically polished (3M, 400 grit) and rinsed with water until 
no discoloration was observed on the surface prior to each electrochemical experiment. Thin 
films of Cu were prepared inside a Temescal BJD-1800 chamber by electron beam 
evaporation. Si(100) and (110) were used as substrates to produce epitaxial Cu(100) and 
(111) thin films, respectively. The native oxide was removed with buffered hydrofluoric 
acid (BHF) before loading the samples into the chamber. After evacuating the chamber, 
100 nm of Cu was deposited at 2 Å/s on the Si substrates. 
 
 
 
 
 
 
 
 
 
 
 

Figure S2.2 – Schematic of the electrochemical cell 
used for testing at Stanford. Reproduced from 
Hatsukade et al.2 Copyright 2014, Royal Society of 
Chemistry. 
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2.9.3 Impact of Mechanical Polishing on Surface Purity  
   

Different surface preparation methods can introduce variations in the activity and 
selectivity between samples of the same metal.5, 6 Surface preparation methods reported 
in the literature include various forms of mechanical and electrochemical polishing. 
Understanding how these treatments affect the purity of the catalyst surface is critical to 
obtaining accurate and reproducible results. Figure S2.3 shows the surface composition 
of a Cu foil after various mechanical polishing treatments. Residues of the polishing 
compound are detected in the electrode surface after rising. This is especially problematic 
for alumina polishes as Al is an active HER metal. No attempt was made to characterize 
the impact that different surface preparation methods  have on the morphology of the 
electrode surface, the distribution of undercoordinated sites, or its measured 
electrocatalytic activity.    

 
 
 
 
 
 
 
 

Figure S2.3 – Surface characterization after different mechanical polishing 
pretreatments. (A) XPS survey scan, (B) C 1s scan, and (C)/(D) ISS scans 
for Cu foils mechanically  polished with different polishing compounds.  



  

33 
 

2.9.4 Quantification of the Hydrodynamic Boundary Layer Thickness 
  

The hydrodynamic boundary layer 
thickness of an electrochemical cell can be 
quantified by measuring the diffusion-limited 
current of ferricyanide reduction: 

 

𝐹𝑒(𝐶𝑁)6
3− + 𝑒− → 𝐹𝑒(𝐶𝑁)6

4−
 

 
Ferricyanide reduction is an ideal reaction to 
probe the hydrodynamic boundary layer 
thickness due to its electrochemical 
reversibility, meaning that the reduction of 
ferricyanide is facile such that the observed 
rate is limited only by mass transfer 
regardless of the applied overpotential. When 
conducting this measurement, the total 
ferricyanide concentration should be 
minimized and the supporting electrolyte 
should be identical to that typically employed 
during CO2 reduction. This will ensure that the 
fluid properties of the solution utilized to 
quantify the hydrodynamic boundary layer 
thickness accurately reflect those of the 
electrolytes typically employed to measure 
electrocatalytic activity. Furthermore, Au 
electrodes should be utilized to conduct the 
measurement to avoid Galvanic corrosion 
processes in which ferricyanide is the 
oxidizing agent. Figure S2.4A depicts cyclic 
voltammograms measured in 0.1 M CsHCO3 
electrolytes with and without the addition of 10 
mM K3Fe(CN)6. There is a potential window of 
~600 mV where the observed Faradaic 
current can be attributed entirely to 
ferricyanide reduction. Furthermore, the 
observed rate of ferricyanide reduction is 
independent of the applied voltage, which is a 
result of its electrochemical reversibility, as 
previously mentioned. Thus, the steady state 
diffusion-limited current density associated 
with ferricyanide reduction can be measured 
and utilized to calculate the average 
hydrodynamic boundary layer thickness at the 
cathode surface using Fick’s law: 
 

Figure S2.4 – Quantification of the 
hydrodynamic boundary layer thickness of 
an electrochemical cell. (A) Cyclic 
voltammograms obtained in 0.1 M CsHCO3 
saturated with CO2 with and without the 
addition of 10 mM K3Fe(CN)6. The dotted red 
line indicates the potential used in the 
subsequent chronoamperometry 
experiments. (B) Chronoamperometry 
experiments utilized to measure the 
diffusion-limited current density of 
ferricyanide reduction under a series of 
different hydrodynamic conditions. 
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𝛿𝐵𝐿 =
𝐹 × 𝐷𝐹𝑒(𝐶𝑁)6

3− × 𝐶
𝐹𝑒(𝐶𝑁)6

3−
∗

𝐽𝑆𝑆
 

 
As shown in Figure S2.4B, the steady state current density associated with ferricyanide 
reduction increases as the flow rate of CO2 through the cell increases, which occurs due 
to the enhanced mixing of the electrolyte by the column of CO2 bubbles near the cathode.  
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2.9.5 XPS and ISS Analysis of Tested Polycrystalline Ag Films  
 
 XPS and ISS were conducted on the polycrystalline Ag thin films tested under 
different hydrodynamic conditions to confirm that the observed trends were not being 
influenced by varying impurity concentrations. As shown in Figure S2.5, all electrodes 
were observed to be completely free of contamination within the detection limits of XPS 
and ISS.  

Figure S2.5 – (A) XPS and (B) ISS characterization of the surface purity of polycrystalline Ag 
before and after chronoamperometry staircases in Chelex-pretreated 0.1 M CsHCO3 using a 
glassy carbon anode. 
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2.9.6 Dependence of the Measured Activity of Polycrystalline Ag on the 
Hydrodynamics of the Electrochemical Cell 

 
 The CO partial current density 
observed over polycrystalline Ag deviates 
from Tafel kinetics at roughly -1 V vs RHE, as 
shown in Figure S2.6. This deviation is due to 
concentration polarization of the electrode 
surface. As a result, the observed activity at 
potentials negative of -1 V vs RHE is 
dependent on the hydrodynamics of the 
electrochemical cell. To illustrate this the 
maximum rate of CO2 consumption over 
polycrystalline Ag was measured under a 
series of different hydrodynamic conditions. 
The maximum rate of CO2 consumption was 
found to scale inversely with the 
hydrodynamic boundary layer thickness, as 
shown on Figure S2.7. This is exactly what 
would be expected for a reaction that is limited 
by diffusive mass transfer of a reactant 
through a stagnant boundary layer.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Figure S2.6 – Dependence of the measured 
activity of polycrystalline Ag on the 
hydrodynamics of the electrochemical cell. 
(A) H2 partial current density. (B) CO partial 
current density. 

 

Figure S2.7 – Maximum rate of CO2 
consumption observed over polycrystalline 
Ag in 0.1 M CsHCO3 as a function of the 
hydrodynamic boundary layer thickness. 
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2.9.7 Calculation of the Significance of Electrolyte Impurities    
 
 The concentration of contaminants in the catholyte that result in a coverage of 0.1 
ML equivalents on the cathode surface was calculated assuming a surface atom density 
of 1015 atoms/cm2 and that all the impurities in the electrolyte are deposited onto the 
cathode surface over the course of electrolysis using: 
 

𝐶 =
𝐴

𝑉⁄ ∗ 𝑅𝐹

6.022
 

 
Where: 
 
  C  Concentration of impurities resulting in 0.1 ML coverage  
  A  Geometric surface area of cathode 
  V  Catholyte volume 
  RF  Roughness factor of the cathode 
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2.9.8 Quantification of Surface Roughness by Capacitive Cycling  
 
 The surface roughness of the electrochemically cycled Ag electrode was 
determined relative to a mechanically polished Ag foil by taking the ratio of their double 
layer capacitances. The double layer capacitance was determined by measuring the 
charging current in a potential range where no Faradaic processes occur at a series of 
increasingly rapid scan rates, as shown in Figure S2.8A. The double layer capacitance 
was then determined by calculating the scan rate dependence of the observed charging 
current, as shown in Figure S2.8B. Finally, the roughness factor of the electrochemically 
cycled electrode was determined by normalizing the calculated double layer capacitance 
by that measured over the mechanically polished Ag foil.   

Figure S2.8 – Determination of relative roughness of Ag catalysts (A) Capacitive cycling of a 
mechanically polished Ag foil over a 100 mV non-Faradaic region in a 0.1 M HClO4 electrolyte. 
(B) Capacitive current vs scan rate. 
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2.9.9 Comparison of ECSA Normalized Activity of Cu-Based Catalysts   

Figure S2.9 – Comparison of ECSA normalized partial current densities for (A) ethylene and (B) 
hydrogen over different Cu-based catalysts. 
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Chapter 3 
 
 
 

Influence of Surface Atomic Structure on the 
Intrinsic CO2 Reduction Activity of Ag 
Electrocatalysts 
 
 
 

Abstract  
 
 The electrochemical reduction of carbon dioxide (CO2) to carbon monoxide (CO) 
over silver (Ag) electrocatalysts has received substantial contemporary interest. This has 
resulted in the discovery of nanostructured Ag electrocatalysts with superior activity to 
polycrystalline Ag foils. Unfortunately, identifying the causes of the improved intrinsic 
activity exhibited by these electrocatalysts has been difficult, partially due to a lack of 
experimental and theoretical relationships between the surface atomic structure and 
intrinsic activity of Ag electrocatalysts for CO2 reduction. Herein, we elucidate the impact 
of the surface atomic structure on the intrinsic CO evolution activity of Ag electrocatalysts 
by investigating CO2 reduction over epitaxially grown Ag thin films with (111), (100), and 
(110) orientations. The surface atomic structures of the Ag thin films are validated under 
electrochemical conditions using operando electrochemical scanning tunneling 
microscopy. The CO2 reduction activity of the Ag thin films is then investigated both 
theoretically and experimentally, leading to the conclusion that step edge defects 
substantially contribute to the activity observed over Ag(111) and Ag(100) thin films. 
Furthermore, the intrinsically superior activity of these step edge defects and the Ag(110) 
surfaces is hypothesized to be the result of enhanced electric field stabilization of 
polarizable intermediates of CO2 reduction, which possess substantial dipole moments. 
The enhanced electric field stabilization over these undercoordinated surface sites is a 
result of an enhanced surface charge density, which leads to the formation of stronger 
local electric fields upon polarization to a given potential.  
 

3.1 Introduction 
 

Carbon dioxide (CO2) can be electrochemically reduced to fuel precursors, such 
as carbon monoxide (CO).1–3 Polycrystalline silver (Ag) has been identified as one of the 
only monometallic electrocatalysts capable of achieving Faradaic efficiencies for CO 
evolution approaching 100%, albeit over a narrow potential range.4–7 Recently, 
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nanostructured Ag electrocatalysts have been developed with superior CO2 reduction 
activity than polycrystalline Ag foils.8–12 While such electrocatalysts exhibit superior 
Faradaic efficiencies for CO evolution than polycrystalline Ag foils, it is not always clear if 
they also exhibit intrinsically superior activity due to the lack of surface area normalized 
activity data. However, the hypothesized causes for the intrinsically superior CO evolution 
activity in the cases where it has been convincingly demonstrated vary from the presence 
of surface defects,8,11 an elevated local pH,10 and residual halide promotion.9  

 
While the notion that the CO evolution activity of surface defects are superior to 

basal planes is supported by calculations of the CO evolution reaction thermodynamics 
over different Ag surfaces,13 these models lack contemporary validation. In fact, the CO2 
reduction activity of Ag single crystals has only been reported in a potential regime that 
is now known to suffer from mass transfer limitations.14,15 Thus, the present study was 
conducted to provide insights into the dependence of the CO evolution activity of Ag-
based electrocatalysts on their surface atomic structure. This was accomplished by 
developing a method of epitaxially growing Ag thin films with (111), (100), and (110) 
orientations. We conclude that the presence of step edge defects in the Ag(111) and 
Ag(100) films significantly contributes to their observed activity, making their apparent 
activities more similar to Ag(110). The intrinsically superior activity of Ag(110) compared 
to either Ag(111) or Ag(100) is hypothesized to be the result of enhanced electric field 
stabilization of polarizable intermediates of CO evolution. The enhanced electric field 
stabilization is a result of an elevated surface charge density on undercoordinated Ag 
surface atoms.  
 

3.2 Experimental  
 

3.2.1 Electrode Preparation 
 
 Ag thin films were deposited onto polished single crystal Si wafers (1-10 Ω*cm 
Virginia Semiconductor)  using an AJA ATC Orion-5 magnetron sputtering system. The 
Si wafers were etched immediately before deposition using 10 wt. % HF. An IR lamp was 
used to heat the Si wafers to 300 °C prior to deposition. Ag (99.999% Kurt J. Lesker) was 
then sputtered onto the etched Si wafers at a rate of 1 Å/s under Ar to a thickness of 100 
nm.  
 

3.2.2 Electrode Characterization 
 
 The crystal structures of the Ag thin films were analyzed with a Rigaku Smartlab 
x-ray diffractometer (XRD) using Cu Kα radiation (40 kV, 40 mA). Symmetric out-of-plane 
θ/2θ scans were conducted to identify the out-of-plane growth orientation of the Ag 
crystallites in the thin films. Symmetric in-plane φ scans at Bragg reflections 
corresponding to both Si and Ag were conducted to determine the orientation of the Ag 
crystallites with respect to the Si substrate. Symmetric out-of-plane Ω scans, or rocking 
curves, were conducted to determine the average degree of misorientation of the Ag 
crystallites with respect to the substrate normal. X-ray pole figures of the Ag thin films 
were acquired using a PANanalytical X’Pert diffractometer using Cu Kα radiation.  
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 The near-surface composition of the Ag thin films was measured before and after 
electrolysis using a Kratos Axis Ultra DLD x-ray photoelectron spectrometer (XPS). All 
spectra were acquired using monochromatized Al Kα radiation (15 kV, 15 mA). Where 
applicable, Ar sputtering of the sample surface was conducted using a focused Ar ion 
beam (5 kV). The kinetic energy scale of the measured spectra was calibrated by setting 
the C 1s binding energy to 284.8 eV. The work functions of the Ag thin films were 
measured using an accelerating voltage of 9 V. The same instrument was also used to 
measure the surface composition of the Ag thin films before and after electrolysis by ion 
scattering spectroscopy (ISS). All spectra were acquired using a focused He ion beam (1 
kV). No impurities were detected on the surface of the thin films before or after electrolysis 
by either XPS or ISS (see 3.6.1). 
 

3.2.3 Electrochemical Scanning Tunneling Microscopy 
 

Electrochemical scanning tunneling microscopy (EC-STM) was conducted using a 
Nanoscope E microscope (Digital Instruments, Veeco) equipped with a built-in three-
electrode potentiostat. The experimental procedure was described in detail elsewhere.16 
All STM measurements were conducted in a custom electrochemical cell machined from 
Kel-F (Emco Industrial Plastics Inc.). The counter electrode was a Pt wire. The working 
electrode potential was referenced against a miniature leakless Ag/AgCl reference 
electrode (Innovative Instruments Inc.). The STM tips were prepared by electrochemically 
etching a tungsten wire (0.25 mm diameter Sigma-Aldrich) in 1.0 M KOH at 15 Vac.   

 
Ag thin film samples were prepared and used without pretreatment for the EC-STM 

experiments. The samples were immersed in 0.1 M HClO4 (Sigma-Aldrich) and the 
potential scanned from OCV to -0.94 V vs RHE at 50 mV/s to reduce any invasive surface 
oxides to Ag metal. The EC-STM scans were then acquired at -0.2 V vs SHE using EB = 
300 mV and IT = 2 nA for large-area (greater than 10 nm × 10 nm) images and EB = 300 
mV and IT = 20 nA for atomic-resolution images. All solutions were prepared with 18.2 
MΩ*cm Nanopure water (ThermoFisher Scientific). 

 

3.2.4 Step Edge Density Analysis  
 
The step edge density analysis of the EC-STM images was conducted using the 

FIJI software.17 The raw images were processed with a median filter of 2px to reduce 
feedback artifacts. Step edges were identified using a pixel-valued threshold method and 
a Sobel-filtered edge detection method. First, the pixel-valued threshold method was 
employed with a threshold value above the height of a typical Ag step. The height scale 
of the EC-STM images is 30nm, with a 240 pixel-value range. As a result, the EC-STM 
depth resolution is 0.125 nm/pixel-value. The typical Ag step height was taken to be about 
0.3nm, so a threshold of 4 pixels were used to identify step edges. Furthermore, distinct 
contours were drawn on each image manually. The Sobel-filtered edge detection method 
convolutes two 3x3 kernels to approximate the gradients of the EC-STM images.18 The 
filtered images display the gradients on a green-purple color scale. To avoid noise and 
double counting, the gradients in the images were then segmented with a histogram-
based threshold such that 70-75% of the pixel values are captured. The step density is 



  

44 
 

then calculated by taking the quotient between the identified step edge pixels with the 
total number of pixels in the images. 

 

3.2.5 Electrochemical Characterization  
 
 All electrochemical measurements were conducted in a custom gas-tight 
electrochemical cell machined from PEEK.19 The cell was sonicated in 20 wt. % nitric acid 
and thoroughly rinsed with DI water prior to all experimentation. The working and counter 
electrodes were parallel and separated by an anion-conducting membrane (Selemion 
AMV AGC Inc.). Gas dispersion frits were incorporated into both electrode chambers to 
provide ample electrolyte mixing. The exposed geometric surface area of each electrode 
was 1 cm2 and the electrolyte volume of each electrode chamber was 1.8 mL. The counter 
electrode was a glassy carbon plate (Type 2 Alfa Aesar) that was also sonicated in 20 wt. 
% nitric acid prior to all experimentation. Platinum was not used as the anode due to the 
possibility of contaminating the cathode.20,21 The working electrode potential was 
referenced against a miniature leakless Ag/AgCl electrode (Innovative Instruments Inc.) 
that was calibrated against a homemade standard hydrogen electrode. A 0.05 M K2CO3 
(99.995% Sigma Aldrich) solution prepared using 18.2 MΩ*cm DI water was used as the 
electrolyte. Metallic impurities in the as-prepared electrolyte were removed before 
electrolysis by chelating them with Chelex 100 (Na form Sigma Aldrich).21,22 Both 
electrode chambers were sparged with CO2 (99.999% Praxair Inc.) at a rate of 10 sccm 
for 30 min prior to and throughout the duration of all electrochemical measurements 
unless explicitly stated otherwise. Upon saturation with CO2 the pH of the electrolyte was 
6.8, which was maintained throughout the duration of all electrocatalytic measurements. 
The hydrodynamic boundary layer thickness at the cathode surface was determined to 
be roughly 50 µm under these conditions by measuring the diffusion limited current of 
ferricyanide reduction (see 3.6.2). 
 
 Electrochemistry was performed using a Biologic VSP-300 potentiostat. All 
electrochemical measurements were recorded versus the reference electrode and 
converted to the RHE scale. Potentiostatic electrochemical impedance spectroscopy 
(PEIS) was used to determine the uncompensated resistance (Ru) of the electrochemical 
cell by applying voltage waveforms about the open circuit potential with an amplitude of 
20 mV and frequencies ranging from 50 Hz to 500 kHz (see 3.6.3). The potentiostat 
compensated for 85% of Ru in-situ and the last 15% was post-corrected to arrive at 
accurate potentials. The redox properties of the Ag thin films were assessed by 
performing reversible chloride adsorption during cyclic voltammetry from -0.5 to +0.4 V 
vs SHE at a scan rate of 500 mV/s in 0.01 M KCl saturated with N2 until a stable 
voltammogram was obtained, which occurred in approximately 10 cycles.14 The 
electrocatalytic activity of each Ag thin film was assessed by conducting 
chronoamperometry staircases from -0.5 to -1.5 V vs RHE with a step size of 100 mV and 
a step length of 15 min. Each thin film orientation was tested at least three separate times 
to ensure the statistical relevance of the observed trends. The roughness factor of the 
tested Ag thin films was determined by dividing the double layer capacitance of the Ag 
thin films by the minimum double layer capacitance measured over the Ag thin films. The 
double layer capacitance of each tested Ag thin film was measured by conducting cyclic 
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voltammetry in a potential range where no Faradaic processes occur at a series of 
increasingly rapid scan rates immediately after chronoamperometry (see 3.6.4). 
 

3.2.6 Product Analysis  
 
 The effluent from the electrochemical cell was introduced directly into the sampling 
loop of an Agilent 7890B gas chromatograph (GC) equipped with a pulsed-discharge 
helium ionization detector (PDHID). The effluent was sampled at least 10 min after each 
chronoamperometry potential step. The constituents of the gaseous sample were 
separated in He (99.9999% Praxair Inc.) using a Hayesep-Q capillary column (Agilent) in 
series with a packed ShinCarbon ST column (Restek Co.). After sampling the reaction 
effluent the column oven was maintained at 50 °C for 1 min followed by a temperature 
ramp at 30 °C/min to 250 °C, which was maintained for the duration of the analysis. The 
signal response of the PDHID was calibrated by analyzing a series of NIST-traceable 
standard gas mixtures (Airgas Inc.) (see 3.6.5).  
 
 The electrolyte from both electrode chambers was collected after electrolysis and 
analyzed using a Thermo Scientific UltiMate 3000 liquid chromatograph (HPLC) equipped 
with a refractive index detector (RID). The electrolyte samples were stored in a 
refrigerated autosampler until analyzed to minimize the evaporation of volatile liquid-
phase reaction products. The liquid-phase products contained in a 10 μL aliquot were 
separated using a series of two Aminex HPX 87-H columns (Bio-Rad Inc.) and a 1 mM 
sulfuric acid eluent (99.999% Sigma Aldrich). The column oven was maintained at 60 °C 
for the duration of the analysis. The signal response of the RID was calibrated by 
analyzing standard solutions of each product at a concentration of 1, 10, and 50 mM (see 
3.6.6).  
 

3.2.7 Theory  
 

Reaction energetics were calculated with density functional theory with a periodic 
plane-wave implementation and ultrasoft pseudopotentials using QUANTUM 
ESPRESSO version 5.123 interfaced with the Atomistic Simulation Environment (ASE).24 
We applied the BEEF-vdW functional, which provides a reasonable description of van der 
Waals forces while maintaining an accurate prediction of chemisorption energies.25 Spin-
polarized calculations were performed using plane-wave and density cutoffs of 500 and 
5000 eV, respectively, as well as a Fermi-level smearing width of 0.1 eV.  

 
Adsorption energies were evaluated using four-layer 4×4 (111 and 100) and three-

layer 6×6 (110) supercells with all but the top two layers constrained, 20 Å separation of 
the surface slabs and [4×4×1] Monkhorst-Pack k-point grids26. All structures were relaxed 
using a BFGS line search algorithm until force components were less than 0.03 eV/Å. A 
dipole correction was applied to decouple the electrostatic interaction between the 
periodically repeated slabs. Zero-point energy and finite temperature corrections were 
evaluated from the harmonic adsorbate vibrations using ASE. We applied a correction of 
0.33 eV to the energy of CO2(g), which was determined from fits to experimental gas 
phase reaction energetics.25  
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A sawtooth-like external potential (homogeneous electric field) was applied to the 

relaxed structures along the z-direction (vertical to the slabs) with varying field strengths 
between –0.3 and 0.4 V/Å. The resulting field dependent adsorption energies were 
interpolated with a quadratic polynomial in order to calculate the dipole moments and 
polarizabilities. By this procedure, we obtained the field dependency of the adsorption 
energies which was added on top of the dipole-corrected field-free calculations performed 
before. 

 
Calculations of the field distributions around the slabs were performed using VASP 

version 5.4.427–30 and applying Projector-Augmented-Wave based pseudo-potentials.31,32 
Solvation and charging effects were accounted for by the VASPsol module.33 The  revised  
Perdew-Burke-Ernzerhof  (RPBE) exchange-correlation functional34  was used, since this 
was shown to yield highly accurate predictions of Potential of Zero Charges using the 
default VASPsol parameters for water.35 All calculations were performed using “accurate” 
numerical default settings, an energy cutoff of 800 eV, a [6×6×1] k-point grid and a Fermi 
level smearing with of 0.1 eV on unrelaxed surface slabs obtained from cutting the relaxed 
Ag fcc bulk structure. The surface slabs consisted of 7-layer 1×1 (111 and 100), 2×1 (110) 
and 3×1 (211) supercells separated by 160 Å.  A large separation of the slabs is 
necessary to converge the electrostatic potential of the charged slabs.36 The default 
VASPsol parameters were used to represent the water environment,33 but the non-
electrostatic parameter 𝜏  was set to zero due to known numerical instabilities in the 
electrostatic potential.36 Ion distributions were included in all calculations in the solvent 
by means of the linearized Poisson-Boltzmann theory37 using a Debye length of 3 Å.  A 
constant electrode potential (Fermi level) was reached by applying a Newton scheme 
which optimized the number of electrons to reach a predefined electrode potential. A 
reference potential of 4.44 eV was subtracted from the Fermi level in order to reference 
the electrode potential to the Standard Hydrogen Electrode.38  
 

3.3 Results and Discussion  
 

3.3.1 Thin Film Deposition  
 
 Cu thin films can be grown epitaxially on Si single crystal substrates at room 
temperature.39–42 This is possible because Cu diffuses rapidly through Si at room 
temperature, enabling a copper silicide interlayer to form during the deposition that 
relaxes the lattice mismatch between Cu and Si.39 The epitaxial growth of Ag thin films 
on copper silicide interlayers has also been reported.43,44 However, epitaxial Ag thin films 
prepared using copper silicide interlayers exhibited excessive hydrocarbon selectivities 
uncharacteristic of Ag at potentials cathodic of -1 V vs RHE (see 3.6.7). Furthermore, Cu 
was observed on the surface of these electrodes after CO2 reduction using ion scattering 
spectroscopy (ISS). Thus, adsorbate induced segregation likely draws the Cu in the 
interlayer to the electrode surface.45 As a result, a Cu-free method of epitaxially depositing 
Ag thin films on Si was developed. Specifically, Ag thin films were deposited onto Si single 
crystal substrates at an elevated temperature so that the Ag would diffuse rapidly enough 
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through Si to form a silver silicide interlayer. This interlayer relaxes the lattice mismatch 
between Ag and Si, which have lattice parameters of 4.08 and 5.43 Å, respectively.     

 

3.3.2 Bulk Crystal Orientation  
 

Symmetrical x-ray diffraction (XRD) scans were conducted over Ag thin films 
deposited onto Si(111), Si(100), and Si(110) to determine if the orientation of the Si 
substrate impacts the out-of-plane growth orientation of the Ag thin films. The only Ag 
diffraction peaks observed were those corresponding to the orientation as the substrate, 
indicating that the Ag thin films are textured out-of-plane with orientations matching the 
substrate (see 3.6.8). X-ray pole figures were conducted to determine both the out-of-
plane and in-plane orientation of the Ag thin films and validate that they grow epitaxially 
on the Si substrates. The results are shown in Figure 3.1. The Ag(200) x-ray pole figure 
of the Ag thin film deposited onto Si(111) exhibits the threefold symmetry characteristic 
of Ag(111), confirming the epitaxial nature of the thin film with the relationship 
Si(111)‖Ag(111). Furthermore, the lack of sixfold symmetry indicates that the Ag(111) thin 
film does not exhibit twinning.41 The Ag(111) x-ray pole figure of the Ag thin film deposited 
onto Si(100) exhibits the fourfold symmetry characteristic of Ag(100), confirming the 
epitaxial nature of the thin film with the relationship Si(100)‖Ag(100). Finally, the Ag(110) 
x-ray pole figure of the Ag thin film deposited onto Si(110) exhibits strong intensity parallel 
to the surface normal, confirming the epitaxial nature of the thin film with the relationship 
Si(110)‖Ag(110). Ag(111) and Ag(200) x-ray pole figures of the Ag(110) thin film were 
also conducted (see 3.6.9). 
 

 

3.3.3 Surface Atomic Structure 
 
  Operando electrochemical scanning tunneling microscopy (EC-STM) was 
conducted to determine if the bulk crystal orientation of the Ag thin films impacts their 
surface atomic structure under an applied bias in an aqueous electrolyte.16,46,47 To this 
end, atomically resolved EC-STM images were acquired at an applied potential of -0.2 V 
vs SHE in 0.1 M HClO4 over the Ag(111), Ag(100), and Ag(110) thin films. The observed 
surface atomic structures were consistent with the bulk orientation of the Ag crystallites 

Figure 3.1 – X-ray pole figures of (A) Si(111)‖Ag(111); Ag(200) intensities shown, (B) 
Si(100)‖Ag(100); Ag(111) intensities shown, and (C) Si(110)‖Ag(110); Ag(022) intensities shown. 
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in the thin films, as shown in Figure 3.2. Furthermore, the surfaces did not exhibit any 
signs of reconstruction and remained stable. Finally, reversible chloride adsorption was 
conducted over the Ag thin films to confirm their surface atomic structures under near-
neutral electrochemical conditions.14 The consistency of the reversible potentials for 
chloride adsorption measured over the Ag thin films with those reported over Ag single 
crystals supports the conclusion that the majority of Ag surface sites are consistent with 
the bulk orientation of the Ag thin films (see 3.6.10).  

 

3.3.4 Surface Defect Density  
 
 Low resolution operando EC-STM was conducted to determine the abundance of 
films defects, such as step edges. Step edges were identified using a pixel-valued 
threshold method and a Sobel-filtered edge detection method, as shown in Figure 3.3. 
The former identifies step edges using the pixel value as an atomic height indicator while 
the latter identifies step edges using the pixel value gradients across the images. The two 
approaches yield step edge density estimations within 2% of one another, which gives 
credence to the accuracy of the analysis. The step edge density was found to be ~8% 
over the Ag(111) and Ag(100) thin films and ~12% over the Ag(110) thin films, which is 
consistent with the higher electrochemical surface area observed over the Ag(110) thin 
films relative to either the Ag(111) or Ag(100) thin films.  
 

The extent to which step edge defects contribute to the overall electrocatalytic 
activity observed over the Ag thin films is a function of their abundance and activity relative 
to terrace sites. As shown in Figure 3.4, defects with even slightly lower activation barriers 
than terrace sites will contribute disproportionately to the observed activity (see 3.6.11). 
This fact is often not acknowledged in studies that attempt to relate the surface faceting 
of electrocatalysts with their observed activity for CO2 reduction.14,47–49  

Figure 3.2 – Atomically resolved in-situ electrochemical scanning tunneling micrographs of (A) 
Ag(111), (B) Ag(100), and (C) Ag(110) thin films obtained at -0.2 V vs SHE in 0.1 M HClO4. Image 
size is 5 nm x 5 nm.  

A B C
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3.3.5 CO2 Reduction Activity 
 
 The electrocatalytic activity of the Ag thin films was measured by conducting 
chronoamperometry staircases from -0.5 to -1.5 V vs RHE in 0.1 M KHCO3, as shown in 
Figure 3.5. The observed activities were normalized by the roughness factors of the Ag 
thin films, which were calculated by taking the ratio of their double layer capacitances as 
measured during cyclic voltammetry immediately after the terminal potential of the 

Figure 3.3 – Step density analysis on in-situ EC-STM images of (A) Ag(111), (B) Ag(100), and 
(C) Ag(110) thin films. Analysis was performed using two methods: (1) a pixel-valued threshold 
method where step boundaries are delineated based on pixel values as an atomic height 
indicator; (2) a Sobel-filtered edge detection method which determines step boundaries based on 
pixel value gradients across the images. Image size is 500 nm x 500 nm.  

Figure 3.4 – Calculated contribution of defects to the observed activity based on their abundance 
and activity relative to terrace sites. 
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chronoamperometry staircase was reached. The CO evolution activity observed over the 
Ag thin films exhibited Tafel kinetics until approximately -1 V vs RHE, at which point mass 
transfer limitations inhibit the observed rate of CO evolution.15,21,50 At this potential, the 
CO evolution activity of Ag(111) and Ag(100) are roughly equivalent. However, the 
Ag(110) surface exhibits a superior activity by a factor of ~5. The relative activities 
observed over the Ag thin films agree well with the relative activities of Ag(111), Ag(100), 
and Ag(110) single crystals.14  

 The reaction thermodynamics for CO evolution were calculated over Ag(111), 
Ag(100), Ag(110), and Ag(211). The Ag(211) surface was calculated as a representative 
step edge defect. As shown in Figure 3.6, the CO evolution activity of Ag(110) is expected 
to be superior to both Ag(111) and Ag(100) based on the calculated reaction 
thermodynamics. However, the differences in their activities are expected to be much 
larger than observed experimentally. This apparent inconsistency can be understood by 
considering the activity of Ag(111), Ag(100), and Ag(110) terraces relative to Ag(211), a 
typical step edge defect. While the activity of Ag(110) is expected to be approximately 
equal to that of a typical step edge defect, Ag(111) and Ag(100) are expected to be 
significantly less active. Thus, a significant portion of the activity observed over the 
Ag(111) and Ag(100) thin films likely occurs over the step edge defects present at the 
electrode surface. Conversely, step edge defects are expected to contribute a smaller 
fraction of the activity observed over the Ag(110) thin films. Thus, the presence of step 
edge defects reduces the differences in the CO evolution activity observed over the Ag 
thin films by contributing more significantly to the activity observed over Ag(111) and 
Ag(100) than Ag(110). 

Figure 3.5 – CO2 reduction activity observed over Ag(111), Ag(100), and Ag(110) thin films vs 
applied potential. Partial current densities for H2 and CO on (A) linear scale and (B) log scale. (C) 
H2 and CO Faradaic efficiencies.  
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  The hydrogen evolution reaction (HER) activity observed over the Ag thin films 
exhibits 3 distinct regions. At potentials anodic of -0.7 V vs RHE the relative HER activities 
observed over the Ag thin films are consistent with what is observed in the absence of 
CO2 (see 3.6.12). However, the HER activity observed in the absence of CO2 does not 
agree with what would be expected based on the calculated reaction thermodynamics. 
This is again a result of step edge defects contributing more significantly to the activity 
observed over Ag(111) and Ag(100) than Ag(110). At potentials cathodic of -0.7 V vs RHE 
the HER activity is significantly inhibited over all surfaces compared to what would be 
expected based on an extrapolation of the initial Tafel kinetics. This suppression is likely 
due to the presence of adsorbates associated with CO evolution poisoning step edge 
defects, which is where the majority of the HER activity is likely to occur. Since CO 
accumulation on the Ag surface will weaken the H adsorption energy of neighboring Ag 
sites,51 a high CO coverage may not be necessary to significantly suppress HER over 
Ag.52 This hypothesis is supported by the fact that the HER activity observed over 
polycrystalline Ag in the presence of CO2 during linear sweep voltammetry deviates from 
the activity observed in the absence of CO2 at the potential where the evolution of CO is 
first detected (see 3.6.13).50 Furthermore, microkinetic modeling has concluded that 
intermediates of CO evolution are present on the surface of polycrystalline Ag 
electrocatalysts during CO2 reduction.53 Finally, in-situ spectroscopy has been utilized to 
observe adsorbed CO on Ag electrocatalysts during CO2 reduction.54,55 The observed 
HER activity resumes Tafel behavior at potentials cathodic of -1 V vs RHE due to the 
liberation of adsorbates associated with the evolution of CO from the electrode surface. 
However, this phenomenon is not intrinsic and occurs due to mass transfer limitations 
inhibiting the rate of CO evolution, as previously discussed. This can be demonstrated by 
observing the dependence of the measured activity of polycrystalline Ag at potentials 
cathodic of -1 V vs RHE on the hydrodynamics of the electrochemical cell, which 

Figure 3.6 – Homogeneous electric field corrected free energy diagram for CO evolution. A Stern 
capacitance of 25 𝜇F/cm2, a bulk dielectric permittivity of 2 and experimental (100, 111, 110) or 
theoretical (211) values for the PZCs were used to estimate the electric fields at specific applied 
potentials. 
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demonstrates that the HER activity in this potential regime is dependent on the rate of 
mass transfer of CO2 to the cathode surface.21,50   
  

3.3.6 Local Electric Field Strength    
 

The adsorption energies of polarizable reaction intermediates with significant 
dipole moments are influenced by the electric field strength, as shown in Figure 3.7.56,57 
The electric field strength will not significantly impact the adsorption energy of H since it 
is not polarizable and does not possess a dipole moment. Conversely, the electric field 
strength will significantly stabilize intermediates of CO evolution, such as COOH and CO. 
Furthermore, the relative magnitude of the stabilization is roughly independent of the 
surface atomic structure of the electrocatalyst for a given electric field strength. Thus, the 
differences in the intrinsic activity of Ag(110) and Ag(111)/Ag(100) may be due to 
differences in the strength of the local electric fields at a given potential.   

The work functions of the Ag thin films decrease systematically with surface atom 
density, in agreement with what has been observed over the corresponding Ag single 
crystals (see 3.6.14).58 As the work functions of the Ag thin films decrease, their potential 
of zero charge shifts to more cathodic potentials.59,60 As a result, the total surface charge 
on the Ag thin films decreases with surface atom density when polarized to a given 
potential vs RHE. However, since the surface atom density also decreases the net effect 
is that the charge per surface atom increases (see 3.6.15). The higher surface charge 

Figure 3.7 – Homogeneous electric field dependent binding free energies of reaction 
intermediates over Ag(111), Ag(100), and Ag(110) given relative to H2(g) and CO2(g)  In all cases 
the most stable adsorption sites were determined at each applied field value. 
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density results in a higher local electric field strength, as shown in Figure 3.8. A substantial 
portion of the local electric field distribution is oriented perpendicular to the electrode 
surface (see 3.6.16). As a result, Ag facets with lower surface atom densities exhibit 
superior intrinsic kinetics for CO evolution due to the elevated local electric field strength, 
which stabilizes the polarizable intermediates of CO evolution.   

 

3.4 Conclusions  
 
 In conclusion, a method for growing Ag thin films epitaxially on Si single crystal 
substrates has been developed. The surface atomic structure of the epitaxial Ag thin films 
was found to be consistent with their bulk crystal orientation under electrochemical 
conditions using EC-STM. A combined theoretical and experimental study of the 
dependence of the CO evolution activity of Ag on the surface atomic structure led to the 
conclusion that step edge defects substantially contribute to the CO evolution activity 
observed over the Ag(111) and Ag(100) thin films but not Ag(110) thin films. Furthermore, 
Ag(110) exhibits superior intrinsic activity compared to either Ag(111) or Ag(100) due to 
an elevated surface charge density at a given potential. The elevated surface charge 
density results in stronger local electric fields, which significantly improve the reaction 
thermodynamics of CO evolution by stabilizing polarizable reaction intermediates.   
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3.6 Supplementary Information 
 
3.6.1 Validating Surface Purity by Ion-Scattering Spectroscopy    
 
 The purity of the Ag thin films was 
measured before and after experimentation 
using ion scattering spectroscopy (ISS). As 
shown in Figure S3.1, no impurities were 
detected on the surfaces of the thin films after 
experimentation.  
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Figure S3.1 – ISS analysis of the Ag thin 
films after experimentation.   
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3.6.2 Quantification of the Hydrodynamic Boundary Layer Thickness  
 
The hydrodynamic boundary layer 

thickness of an electrochemical cell can 
be quantified by measuring the diffusion-
limited current density of ferricyanide 
reduction: 

 

𝐹𝑒(𝐶𝑁)6
3− + 𝑒− → 𝐹𝑒(𝐶𝑁)6

4−
 

 
Ferricyanide reduction is an ideal 
reaction to probe the hydrodynamic 
boundary layer thickness because it is 
electrochemically reversible, meaning 
that the reduction of ferricyanide is facile 
such that the observed rate is limited only 
by mass transfer regardless of the 
applied overpotential. When conducting 
this measurement, the total ferricyanide 
concentration should be minimized and 
the supporting electrolyte should be 
identical to that typically employed during 
CO2 reduction. This will ensure that the 
fluid properties of the solution utilized to 
quantify the hydrodynamic boundary 
layer thickness accurately reflect those of 
the electrolytes employed to measure 
electrocatalytic activity. Furthermore, Au 
electrodes should be utilized to conduct 
the measurement to avoid Galvanic 
corrosion processes in which ferricyanide 
is the oxidizing agent. Figure S3.2A 
depicts cyclic voltammograms observed 
in 0.1 M CsHCO3 with and without the 
addition of 10 mM K3Fe(CN)6. There is a 
potential window of ~600 mV where the 
observed Faradaic current can be 
attributed entirely to ferricyanide 
reduction. Furthermore, the observed 
rate of ferricyanide reduction is 
independent of the applied voltage, which 
is due to the electrochemical reversibility 
of the reaction, as previously mentioned. 
Thus, the steady state diffusion-limited 
current density associated with 
ferricyanide reduction can be measured 
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Figure S3.2 – (A) Cyclic voltammograms obtained 
in 0.1 M CsHCO3 saturated with CO2 with and 
without the addition of 10 mM K3Fe(CN)6. The 
dotted red line indicates the potential used during 
chronoamperometry to measure the diffusion 
limited rate of ferricyanide reduction. (B) Diffusion 
limited current of ferricyanide reduction measured 
during chronoamperometry at a series of 
increasingly rapid CO2 flow rates. (C) Calculated 
average hydrodynamic boundary layer thickness at 
the cathode surface as a function of the CO2 flow 
rate utilized to mix the electrochemical cell.   
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during chronoamperometry and utilized to calculate the average hydrodynamic boundary 
layer thickness at the cathode surface using Fick’s law: 
 

𝛿𝐵𝐿 =
𝐹 × 𝐷𝐹𝑒(𝐶𝑁)6

3− × 𝐶
𝐹𝑒(𝐶𝑁)6

3−
∗

𝐽𝑆𝑆
 

 
Where: 
 
  𝛿𝐵𝐿   Average hydrodynamic boundary layer thickness 
  𝐹   Faraday’s constant 

𝐷𝐹𝑒(𝐶𝑁)6
3−   Mass diffusivity of ferricyanide 

𝐶
𝐹𝑒(𝐶𝑁)6

3−
∗   Bulk concentration of ferricyanide 

𝐽𝑆𝑆   Steady state current density  
 

As shown in Figure S3.2B, the steady state current density associated with ferricyanide 
reduction increases as the flow rate of CO2 through the cell increases. As a result, the 
hydrodynamic boundary layer thickness at the cathode surface decreases as the flow rate 
of CO2 increases, as shown in Figure S3.2C. The hydrodynamic boundary layer thickness 
decreases due to the enhanced mixing by the column of CO2 bubbles near the cathode 
as the CO2 flow rate increases. 
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3.6.3 Potentiostatic Electrochemical Impedance Spectroscopy   
 
Potentiostatic electrochemical 

impedance spectroscopy (PEIS) 
was conducted to determine the 
total uncompensated resistance 
(Ru) of the electrochemical cell. 
Potential waveforms, centered at 
the open circuit potential, were 
applied to the electrochemical cell 
with a sinus amplitude of 20 mV and 
frequencies ranging from 50 Hz to 
500 kHz, with 10 different 
frequencies tested per decade.  The 
average of 10 measurements at 
each frequency were used to 
construct a Bode plot, as shown in 
Figure S3.3A. Using the Bode plot, 
the characteristic frequency and 
uncompensated resistance of the 
electrochemical cell were 
determined to be ~6 kHz and ~50 Ω, 
respectively.  
 
 The Bode plot obtained with 
the applied potential centered at the 
open circuit potential includes 
contributions from the 
uncompensated resistance as well 
as the working electrode-electrolyte 
interface. To confirm the value of 
the uncompensated resistance the 
PEIS measurements were repeated 
with the voltage waveforms 
centered at increasingly negative applied potentials.  The resulting Nyquist plot, shown in 
Figure S3.3B, corroborates the conclusion that the correct value of the uncompensated 
resistance is ~50 Ω.  
 

 

 

 

 

Figure S3.3 – (A) Bode diagram obtained by applying 
voltage waveforms with the potential centered at the 
open circuit potential. (B) Nyquist plot obtained by 
applying voltage waveforms with the applied potential 
centered at increasingly negative values. 
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3.6.4 Electrochemically Active Surface Area of the Ag(hkl) Thin Films 
 

The roughness factors of the Ag 
thin films were determined by taking the 
ratio of their double layer capacitances. 
The double layer capacitance of each 
thin film was determined by measuring 
the charging current in a potential range 
where no Faradaic processes occur at 
a series of increasingly rapid scan 
rates. As shown in Figure S3.4, the 
Ag(110) thin film exhibited slightly 
higher electrochemically active surface 
area than either the Ag(111) or Ag(100) 
thin films. The reproducibility of the 
roughness factors observed over the 
Ag thin films suggest that the surface 
step edge defect density does not vary 
substantially from sample to sample.  
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3.6.5 Gas Chromatography 
 
Gas chromatography (GC) was 

utilized to quantify the concentration of 
reaction products in the effluent of the 
electrochemical cell, which was 
sampled 10 min after each voltage step. 
A typical gas chromatogram is depicted 
in Figure S3.5A. This chromatogram 
was obtained by analyzing a standard 
gas mixture containing 1000 ppm of H2, 
CO, CH4, C2H4, and C2H6 balanced in 
He. The signal response of the pulsed 
discharge helium ionization detector 
(PDHID) was calibrated by analyzing a 
series of standard gas mixtures. The 
resulting calibration curves are depicted 
in Figure S3.5B.  
 
 
 

 

 

 

 

 

 

 

 

 

 

 

Figure S3.5 – (A) Representative gas 
chromatogram containing all the gaseous products 
expected during CO2 reduction over Cu. (B) 
Gaseous product calibration curves. 
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3.6.6 High Performance Liquid Chromatography 
 
 High performance liquid 
chromatography (HPLC) was utilized to 
quantify the reaction products dissolved in 
the electrolyte. The electrolyte samples 
collected after chronoamperometry were 
stored in a refrigerated autosampler until 
analyzed to minimize the evaporation of 
volatile liquid-phase reaction products. A 
typical liquid chromatogram is depicted in 
Figure S3.6A. This chromatogram was 
obtained by analyzing a standard solution 
containing ~10 mM of every liquid-phase 
product expected during CO2 reduction. 
The signal response of the refractive index 
detector was calibrated by analyzing 
standard solutions of each product at a 
concentration of 1, 10, and 50 mM. The 
resulting calibration curves are depicted in 
Figure S3.6B.  
 
 It is apparent from Figure S3.6A 
that most of the liquid-phase products are 
well resolved with the exception of allyl 
alcohol, ethanol, and propionaldehyde. To 
determine if peak overlap between these 
products compromises accurate 
quantification, standard solutions of these 
products were prepared at the maximum 
concentrations expected to be observed in 
the catholyte after conducting CO2 
reduction over Cu for 70 min. As shown in 
Figure S3.6C, these products can be 
resolved by dividing the signal response 
into three distinct regions.  
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Figure S3.6 – (A) Liquid chromatogram 
obtained by analyzing a standard solution 
containing ~10 mM of all liquid-phase products 
expected during CO2 reduction over Cu. (B) 
Liquid-phase product calibration curves. (C) 
Deconvolution of the RID signal corresponding 
to allyl alcohol, ethanol, and propionaldehyde. 
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3.6.7 Comparison of Epitaxial Growth Techniques  
 
 The electrocatalytic activity 
observed over Ag(100) thin films 
prepared using a Cu interlayer is shown 
in Figure S3.7A. Conversely, the 
electrocatalytic activity observed over 
Ag(100) thin films prepared using the Cu-
free approach developed herein is 
shown in Figure S3.7B. Several 
differences in the electrocatalytic activity 
observed over the Ag(100) thin films are 
apparent. The H2 partial current density 
is higher and the CO partial current 
density is lower at a given potential over 
the Ag(100) thin films prepared using a 
Cu interlayer. Furthermore, substantial 
methane formation is observed over the 
Ag(100) thin film prepared using a Cu 
interlayer, whereas the Cu-free Ag(100) 
thin film exhibits negligible activity for 
methane production. The cause for these 
observed discrepancies was determined 
to be the presence of trace amounts of 
Cu on the surface of the Ag(100) thin film 
prepared using a Cu interlayer. This was 
concluded by conducting ISS over both 
Ag(100) thin films after experimentation, 
as shown in Figure S3.7C. 
 
 
 

 

 

 

 

 

 

200 400 600 800 1000

R
e

la
ti

ve
 In

te
n

si
ty

Kinetic Energy (eV)

Blank Ag(100) w/ Cu

Tested Ag(100) w/ Cu

700 750 800 850 900 950

R
e

la
ti

ve
 In

te
n

si
ty

Kinetic Energy (eV)

0

4

8

12

16

-1.6 -1.4 -1.2 -1.0 -0.8 -0.6 -0.4

C
u

rr
e

n
t 

D
e

n
si

ty
 

(m
A

/c
m

2 )

Potential (V vs RHE)

Total

Hydrogen

Carbon Monoxide

Methane

0

4

8

12

16

-1.6 -1.4 -1.2 -1.0 -0.8 -0.6 -0.4

C
u

rr
e

n
t 

D
e

n
si

ty
 

(m
A

/c
m

2 )

Potential (V vs RHE)

Cu

Ag

A

B

C

Figure S3.7 – CO2 reduction activity observed over 
Ag(100) thin films prepared using: (A) a Cu 
interlayer and (B) no Cu interlayer. ISS spectra of 
the Ag(100) thin films after experimentation. Note 
the presence of Cu on the surface of the Ag(100) 
thin film prepared using a Cu interlayer.  
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3.6.8 Out-of-Plane and In-Plane X-Ray Diffraction of the Ag(hkl) Thin 
Films  

 
 Symmetric out-of-plane x-ray diffraction (XRD) measurements (θ/2θ) were 
conducted using Cu Kα radiation (40 kV, 40 mA) to determine the out-of-plane growth 
orientation of the Ag crystallites in the thin films. In-plane phi scans were conducted at 
Bragg conditions corresponding to both Si and Ag to determine the orientation of the Ag 
crystallites with respect to the Si substrate. Out-of-plane rocking curve scans were 
conducted at the Bragg condition corresponding to the out-of-plane growth orientation of 
thin films to determine the average degree of misorientation of the Ag crystallites. 
  
 The symmetric out-of-plane diffractogram of the Ag thin film deposited onto Si(111) 
only exhibited a Bragg reflection corresponding to Ag(111), as shown in Figure S3.8A. In-
plane phi scans were then conducted at Bragg conditions corresponding to both Si(200) 
and Ag(200). The resulting diffractograms exhibited the 3-fold symmetry characteristic of 
the (111) plane. Furthermore, the Si and Ag reflections exhibited no offset. These results 
confirm the epitaxial nature of the Ag thin film on Si(111) with the relationship 
Si(111)‖Ag(111). Finally, an out-of-plane rocking curve scan was conducted at the Bragg 
condition corresponding to Ag(111) and exhibited a fwhm of 0.35°.   
 

The symmetric out-of-plane diffractogram of the Ag thin film deposited onto Si(100) 
only exhibited a Bragg reflection corresponding to Ag(200), as shown in Figure S3.8B. In-
plane phi scans were then conducted at Bragg conditions corresponding to both Si(111) 
and Ag(111). The resulting diffractograms exhibited the 4-fold symmetry characteristic of 
the (100) plane. Furthermore, the Si and Ag reflections exhibited no offset. These results 
confirm the epitaxial nature of the Ag thin film on Si(100) with the relationship 
Si(100)‖Ag(100). Finally, an out-of-plane rocking curve scan was conducted at the Bragg 
condition corresponding to Ag(200) and exhibited a fwhm of 1.41°.   
 

The symmetric out-of-plane diffractogram of the Ag thin film deposited onto Si(110) 
only exhibited a Bragg reflection corresponding to Ag(220), as shown in Figure S3.8C. 
In-plane phi scans were then conducted at Bragg conditions corresponding to both 
Si(111) and Ag(111). The resulting diffractograms exhibited the 2-fold symmetry 
characteristic of the (110) plane. Furthermore, the Si and Ag reflections exhibited no 
offset. These results confirm the epitaxial nature of the Ag thin film on Si(110) with the 
relationship Si(110)‖Ag(110). Finally, an out-of-plane rocking curve scan was conducted 
at the Bragg condition corresponding to Ag(220) and exhibited a fwhm of 0.70°.   
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Figure S3.8 – Symmetric out-of-plane scans, in-plane phi scans at Bragg conditions 
corresponding to Si and Ag, and rocking curve scans for (A) Ag(111), (B) Ag(100), and (C) 
Ag(110) thin films. 
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3.6.9 Extended X-Ray Pole Figures of the Ag(110) Thin Film   
  
 Ag(111) and Ag(200) x-ray pole figures of the Ag thin film sputtered onto Si(110) 
are shown in Figures S3.9A and S3.9B, respectively. The 2-fold symmetry of the pole 
figures confirms the epitaxial nature of the Ag thin film sputtered onto Si(110) with the 
relationship Si(110)‖Ag(110). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3.9 – X-ray pole figures of the Ag thin film sputtered onto Si(110). 
(A) Ag(111) intensities shown. (B) Ag(200) intensities shown.  
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3.6.10 Reversible Chloride Adsorption over the Ag(hkl) Thin Films 

 Reversible chloride adsorption was 
conducted over the Ag thin films during 
cyclic voltammetry from -0.5 to +0.4 V vs 
SHE at a scan rate of 500 mV/s in 0.01 M 
KCl saturated with N2. The cyclic 
voltammetry was conducted continuously 
until a stable voltammogram was 
obtained, which occurred in 
approximately 10 cycles. The resulting 
stable cyclic voltammograms exhibited 
voltammetric waves centered at the 
reversible potentials for chloride 
adsorption reported over the 
corresponding Ag single crystals,1 as 
shown in Figure S3.10. Thus, the majority 
of Ag surface sites are consistent with the 
bulk orientation of the Ag thin films.  
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Figure S3.10 – Reversible chloride adsorption 
over the Ag thin films measured during cyclic 
voltammetry at 500 mV/s in 0.01 M KCl. The dotted 
lines correspond to the reversible potentials of 
chloride adsorption over the corresponding Ag 
single crystals.1  
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3.6.11 Calculation of the Contribution of Defects to the Observed 
Activity 

 
 The contribution of surface defects to the activity observed over an epitaxial thin 
film was calculated using: 
 

𝒋𝑫𝒆𝒇𝒆𝒄𝒕

𝒋𝑻𝒐𝒕𝒂𝒍
=

𝒙𝑫𝒆𝒇𝒆𝒄𝒕 ∗ 𝒆𝒙𝒑(−∆𝑮𝑫𝒆𝒇𝒆𝒄𝒕
‡ )

𝒙𝑫𝒆𝒇𝒆𝒄𝒕 ∗ 𝒆𝒙𝒑 (−∆𝑮𝑫𝒆𝒇𝒆𝒄𝒕
‡ ) + (𝟏 − 𝒙𝑫𝒆𝒇𝒆𝒄𝒕) ∗ 𝒆𝒙𝒑(−∆𝑮𝑻𝒆𝒓𝒓𝒂𝒄𝒆

‡ )
 

  
Where: 
 

𝑗𝐷𝑒𝑓𝑒𝑐𝑡

𝑗𝑇𝑜𝑡𝑎𝑙
   Fraction of observed activity due to surface defects 

𝑥𝐷𝑒𝑓𝑒𝑐𝑡   Surface site defect fraction  

∆𝐺𝐷𝑒𝑓𝑒𝑐𝑡
‡

  Activation barrier over surface defects 

∆𝐺𝑇𝑒𝑟𝑟𝑎𝑐𝑒
‡

  Activation barrier over terrace sites  
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3.6.12 Hydrogen Evolution over the Ag(hkl) Thin Films    
 
 The H2 evolution reaction (HER) 
activity of the Ag thin films was measured by 
conducting cyclic voltammetry at a scan rate 
of 20 mV/s in 0.1 M KHCO3 in the absence of 
CO2, as shown in Figure S3.11. While the 
HER activity of the Ag(100) and Ag(110) thin 
films were found be approximately equivalent, 
the Ag(111) thin film exhibited superior 
activity.  
 
 The reaction thermodynamics of HER 
were calculated over Ag(111), Ag(100), 
Ag(110), and Ag(211) surfaces, as shown in 
Figure S3.12. The Ag(211) surface was 
calculated as a representative step edge 
defect. Based on the calculated reaction 
thermodynamics, the Ag(110) thin film is 
expected to have a superior activity to both 
Ag(111) and Ag(100), which are predicted to 
have roughly equivalent activities. However, 
step edge defects are expected to exhibit 
similar activity as Ag(110).  
 
 The inconsistencies between the 
experimentally observed HER activities of the 
Ag thin films with what would be expected 
based on the calculated reaction 
thermodynamics can be rectified by 
considering the impact of film defects, such as 
step edges. Since step edges are expected to 
exhibit superior HER activity to either Ag(111) 
or Ag(100), their presence will significantly 
improve the HER activity observed over these 
surfaces. Conversely, since step edges are 
expected to exhibit approximately the same 
activity as Ag(110), their presence will have 
little effect on the HER activity observed over 
this surface. As a result, the presence of step 
edges more significantly improve the HER 
activity of Ag(111) and Ag(100) than Ag(110).  
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Figure S3.11 – HER activity of the Ag thin 
films measured during cyclic voltammetry 
at a scan rate of 20 mV/s in 0.1 M KHCO3 
in the absence of CO2.  

Figure S3.12 – Homogeneous electric 
field corrected free energy diagram for CO 
evolution. A Stern capacitance of 25 
𝜇F/cm2, a bulk dielectric permittivity of 2, 
and experimental (100, 111, 110) or 
theoretical (211) values for the PZCs were 
used to estimate the electric fields at 
specific applied potentials. 
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3.6.13 Impact of CO2 on Hydrogen Evolution over Polycrystalline Ag 
 
 The HER activity of 
polycrystalline Ag was measured 
during linear sweep voltammetry at a 
scan rate of 5 mV/s in 0.1 M CsHCO3 
with and without the presence of CO2 
using a differential electrochemical 
mass spectrometer reported 
elsewhere.2 While the HER activity 
of polycrystalline Ag was observed to 
be unaffected by the presence of 
CO2 at potentials anodic of -0.7 V vs 
RHE, the HER activity was 
substantially suppressed at more 
cathodic potentials, as shown in 
Figure S3.13A. Interestingly, this 
potential corresponds to the onset 
potential of CO evolution over 
polycrystalline Ag, as shown in 
Figure S3.13B. The HER activity did 
not resume Tafel kinetics until 
roughly -1 V vs RHE, which 
corresponds to the potential at which 
the CO evolution activity of 
polycrystalline Ag is inhibited by 
mass transfer limitations under the 
measurement conditions. These 
observations support the hypothesis 
that the evolution of CO inhibits the 
HER activity of polycrystalline Ag.    
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Figure S3.13 – (A) HER activity observed over 
polycrystalline Ag during linear sweep voltammetry at 
a scan rate of 5 mV/s in 0.1 M CsHCO3 with and 
without the presence of CO2. (B) CO evolution activity 
observed over polycrystalline Ag during linear sweep 
voltammetry at a scan rate of 5 mV/s in 0.1 M 
CsHCO3. 
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3.6.14 Work Function Measurements of the Ag(hkl) Thin Films  
 
 The work functions of the Ag thin 
films were measured using a Kratos 
Axis Ultra DLD x-ray photoelectron 
spectrometer (XPS) using 
monochromatized Al Kα radiation (15 
kV, 15 mA) and an accelerating voltage 
of 9 V. Prior to the measurement, Ar 
sputtering of the sample surface (5 kV) 
was briefly conducted to remove the 
native oxide layer. The work functions 
observed over the Ag thin films 
decrease with surface atom density and 
are in close agreement with what has 
been reported over Ag single crystals,3 
as shown in Figure S3.14.  
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Figure S3.14 – (A) XPS spectra of the Ag thin films 
in the low kinetic energy regime. (B) Observed 
work functions of the Ag thin films as a function of 
their surface atom density. 
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3.6.15 Calculated Surface Charge Density over Ag(hkl) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Experimental PZC 
(V vs SHE)

Calculated PZC 
(V vs SHE)

Calculated Surface Charge 
Density at -1 V vs RHE

Ag(111) -0.45 -0.47 -0.057

Ag(100) -0.62 -0.66 -0.062

Ag(110) -0.73 -0.80 -0.073

Table S3.1 – Experimentally and theoretically determined potentials of zero 
charge of Ag(111), Ag(100), and Ag(110) and their corresponding 
calculated surface charge densities at -1 V vs RHE 
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3.6.16 Z-Component of the Electric Field Distribution over Ag(hkl) 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S3.15 – Magnitude of the z-component of the electric field distribution over Ag(111), 
Ag(100), Ag(110), and Ag(211) at an applied potential of -1 V vs RHE as obtained from DFT-LPB 
calculations using VASPsol. The electric field is plotted on an x-z cut through the 3D space as 
illustrated by the top views of the surfaces. Electric field magnitudes outside the limits of the color 
bar are represented in white. 
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Chapter 4 
 
 
 

Online Quantification of the Products 
Produced during the Electrochemical 
Reduction of Carbon Dioxide via Differential 
Electrochemical Mass Spectrometry 
 
Adapted from: 
Clark, E. L.; Singh, M. R.; Kwon, Y.; Bell, A. T. Anal. Chem. 2015, 87, 8013-8020.  

 

Abstract 
 
 The discovery of electrocatalysts that can efficiently reduce CO2 to fuels with high 
selectivity is a subject of contemporary interest.  Currently, the available analytical 
methods for characterizing the products of CO2 reduction require tens of hours to obtain 
the dependence of the product distribution on the applied potential.  As a consequence, 
there is a need to develop novel analytical approaches that can reduce this analysis time 
down to about an hour.  We report here the design, construction, and operation of a novel 
differential electrochemical mass spectrometer (DEMS) cell geometry that enables the 
partial current densities of volatile electrochemical reaction products to be quantified in 
real time.  The capabilities of the novel DEMS cell design are demonstrated by carrying 
out the electrochemical reduction of CO2 over polycrystalline copper.  The reaction 
products are quantified in real time as a function of the applied potential during linear 
sweep voltammetry, enabling the product spectrum produced by a given electrocatalyst 
to be determined as a function of the applied potential on the timescale of roughly one 
hour.   
 

4.1 Introduction 
 

The prospect of utilizing solar energy to promote the electrochemical or 
photoelectrochemical reduction of CO2 to transportation fuels has motivated extensive 
research aimed at identifying highly active and selective  electrocatalysts for CO2 
reduction (CO2R).1–4  These efforts have revealed that copper is the only metallic 
electrocatalyst capable of reducing CO2 to hydrocarbons and alcohols.5–7  Unfortunately, 
the reaction requires an overpotential of approximately -1 V or more, resulting in a 
cathodic CO2R energy efficiency of less than 25% (See 4.6.1).8–11  It has also been 
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observed that metallic copper produces up to 16 different products depending on the 
surface morphology and the applied potential.10,11  As a consequence, a great deal of 
attention is being devoted to the discovery of novel electrocatalysts that can reduce CO2 
to fuels with higher efficiency and a more narrowly defined product spectrum than can be 
achieved with metallic copper. 

 
A combination of analytical techniques must be employed to fully characterize the 

products of CO2R because the reaction produces both gaseous and liquid-phase 
products.8,10  Gas chromatography has been used to quantify the gaseous products by 
periodically sampling the headspace of the electrochemical cell over the course of 
electrolysis.  The liquid-phase products are analyzed after electrolysis using either high 
performance liquid chromatography (HPLC) or nuclear magnetic resonance (NMR).8,10  
While gas chromatography is sufficiently sensitive to quantify gaseous products from the 
effluent of an electrochemical cell, constant potential electrolysis must be performed for 
roughly one hour in order to reach the detection limits of HPLC or NMR because the 
Faradaic efficiencies of most liquid-phase products are less than 1%.10  Due to the 
reliance on chromatography for product analysis, the dependence of the activity and 
selectivity of CO2R electrocatalysts has not been studied extensively as a function of time.  
This is an issue because CO2R has been reported to be highly sensitive to electrocatalyst 
deactivation.12–18  Therefore, there is considerable interest in the development of an 
analytical technique capable of continuously quantifying the generation rates of the major 
reaction products in both phases in real time.  The availability of such a technique would 
enable the potential dependence of the major reaction products to be determined rapidly 
by simply sweeping the applied potential and recording the product generation rates in 
real time.  With this objective in mind, Koper et al. have developed a micron-sized 
sampling tip that can be placed close to an electrode surface in order to periodically collect 
liquid-phase reaction for ex-situ analysis using HPLC.19  While this technique is well suited 
for detecting the presence of liquid-phase reaction products with a more rapid sampling 
rate, it cannot be used to quantify the Faradaic efficiencies of these products due to the 
low collection efficiency of the product. 

 
Differential electrochemical mass spectrometry (DEMS) is an analytical technique 

that utilizes pervaporation to continuously separate and collect electrochemical reaction 
products.20  Because the analysis time of mass spectrometry is on the order of a second, 
the generation rates of gaseous or volatile reaction products can be quantified in real time 
by recording the relevant mass ion currents and relating them to the partial current 
densities of the corresponding reaction products.20  Koper et al. developed an online 
electrochemical mass spectrometer (OLEMS) capable of detecting the hydrocarbon 
products of CO2R in real time using a sampling tip placed in close proximity with the 
electrode surface.21  In related work, Mayrhofer et al. have recently reported the design 
of a novel DEMS cell capable of detecting the hydrocarbon products of CO2R that can 
also be used to raster an electrode surface with varying composition in order to rapidly 
screen bimetallic CO2R electrocatalysts.22  While both approaches can be used to detect 
the presence of gaseous electrochemical reaction products in real time, neither approach 
is capable of quantification due to low and ill-defined product collection efficiencies.  The 
collection efficiency of OLEMS is extremely low and highly sensitive to the distance 
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between the sampling tip and the electrode surface, whereas the thin-layer flow cell 
geometry employed by Mayrhofer et al. suffers from a low product collection efficiency 
under electrolyte convection.23    

 
The capabilities of DEMS strongly depend on the design of the electrochemical 

cell, which must be capable of achieving both a rapid response time and a high product 
collection efficiency.23,24  A number of additional design criteria must also be met to enable 
product quantification.  The working and counter electrodes should be parallel to ensure 
a uniform potential distribution across the surface of the electrodes, and be separated by 
an ion-conducting membrane to prevent unwanted parasitic reactions, such as the 
oxidation of CO2R products or the reduction of O2.  Electrolyte convection must be 
employed for two reasons: 1) to assure that the electrolyte does not become depleted of 
CO2 and 2) to provide good mass transfer to and away from the cathode (see 4.6.2).  It 
is also necessary to isolate the working electrode from the pervaporation membrane 
because significant CO2 depletion will occur due to pervaporation through the collection 
membrane if it is in the vicinity of the working electrode.  As a result, the electrolyte volume 
between the working electrode and the pervaporation membrane must be minimized so 
that an acceptable delay time between product generation and detection can be achieved 
without diluting the liquid-phase reaction products beyond the limits of detection.  Finally, 
the surface area of the working electrode should be large so that the concentration of the 
liquid-phase products can be maximized.       

 

DEMS cell designs described in the literature preclude product quantification 
primarily as a consequence of either poorly defined electrochemistry or low product 
collection efficiencies.21,25  The dual thin-layer flow cell is capable of achieving liquid-
phase product collection efficiencies as high as 40% by locating the working electrode 
and pervaporation membrane in separate chambers.24  By minimizing the overall cell 
volume delay times of ~2 s were achieved.  However, the design suffers from a non-
parallel electrode configuration and a high cell resistance (~10 kΩ) due to the capillary 
tube connecting the working and counter electrode chambers.23,24  The high cell 
resistance makes it impossible to drive CO2R to hydrocarbons and alcohols using 
polycrystalline copper without first reaching the compliance voltage of modern 
potentiostats.  To the best of the authors’ knowledge, there have been no reports in the 
literature of using DEMS to detect the liquid-phase products of CO2R or to quantify any 
reaction products in real time.13,16,22,26–32  The objective of the work reported here was to 
design and construct a DEMS cell that meets all of the criteria noted above and to 
demonstrate its performance by conducting CO2R using a polycrystalline copper cathode. 

 

4.2 Experimental 
 

4.2.1 Cell Design 
 
 A schematic of the DEMS cell is depicted in Figure 4.1.  The catholyte enters the 
working electrode chamber through the center of a washer-shaped electrode with an 
exposed surface area of 1 cm2.  The catholyte rapidly reaches the ion-conducting 
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membrane, which is separated from the working electrode surface by a thin layer of 
electrolyte approximately 130 μm thick.  The catholyte then flows radially outwards 
towards the four transfer capillaries, which connect the working electrode and collection 
chambers.  Figure 4.2 shows the details of the working electrode chamber, which has a 
total catholyte volume of roughly 25 μL.  The reference electrode intercepts the catholyte 
stream at the base of the working electrode mounting screw, which also serves as the 
electrolyte inlet to the working electrode chamber.  By locating the reference electrode 
outside of the working electrode chamber the impact of gaseous product bubble formation 
on the potential referencing of the working electrode is minimized.  A third chamber, 
located above the working electrode chamber, houses the counter electrode such that a 
parallel electrode configuration is achieved.  The counter electrode is a mesh disc with 
an exposed surface area of roughly 2 cm2.  The electrolyte is pumped from a shared 
reservoir through both electrode chambers at the same flow rate using a set of identical 
syringe pumps.  The surface area of the ion-conducting membrane separating the two 
electrode chambers is roughly 1.75 cm2.  As a result of these design decisions the DEMS 
cell has a low cell resistance (~50 Ω), robust electrode connectivity, and minimal 
overpotential at the counter electrode, which enables the potentials required to produce 
hydrocarbons and alcohols over polycrystalline copper to be experimentally accessible.  
Additional photographs of the DEMS cell and a table of specifications can be found in the 
supplementary information (see 4.6.3 and 4.6.4).   
 

To MS

Reference 
Electrode

Transfer 
Capillary
(1 of 4)

Ion-Conducting 
Membrane

Washer Working 
Electrode
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Electrode

Pervaporation
Membrane

Stainless 
Steel Frit

Mounting Screw

Figure 4.1 – Schematic of the DEMS cell. 
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The working and counter electrode chambers were fabricated of polyether ether 
ketone (Professional Plastics) and polycarbonate (McMaster-Carr), respectively, and 
were fitted with Viton O-rings (McMaster-Carr).  The cell was treated with UV-generated 
ozone to reduce the wetting angle of the electrolyte on the exposed surfaces of the cell, 
which reduces the holdup of gaseous product bubbles in the working electrode chamber 
(see 4.6.5).  The working electrode was machined from a copper sheet (99.999% Sigma 
Aldrich).  Prior to each experiment the copper surface was polished mechanically with a 
diamond polishing compound to a mirror-like finish (0.1 μm, Ted Pella Inc.).  The counter 
electrode was a platinum gauze disc (100 mesh, 99.9% Sigma Aldrich) that was flame 
annealed prior to each experiment.  A Ag/AgCl electrode was used as the reference (1 
mm OD, Innovative Instruments Inc.).  A proton-conducting membrane (Nafion 110, Ion 
Power Inc.) was used as the ion-conducting membrane.  Attempts were made to use an 
anion-conducting membrane (Selemion AMV, AGC Inc.) but they were not successful due 
to gaseous product bubble holdup on the membrane surface that severely disrupted the 
electrochemical measurements.  A PTFE sheet (20 nm pore size, Hangzhou Cobetter 
Filtration Equipment Co.) was used as the pervaporation membrane.  A 0.05 M K2CO3 
(99.995% Sigma Aldrich) solution prepared using 18.2 MΩ deionized water from a 
Millipore system was used as the electrolyte.  After saturation with CO2 (99.999% Praxair) 
at 25 °C the steady state pH of the electrolyte was 6.8, making it chemically equivalent to 
a 0.1 M KHCO3 solution saturated with CO2 at the same temperature (see 4.6.6). 

 

4.2.2 Electrochemistry  
 
 Electrochemistry was performed using a Biologic VSP-300 potentiostat.  All 
electrochemical data were recorded versus the reference electrode and converted to the 
RHE scale using the relationship ERHE = EAg/AgCl + 0.197 + 0.059 × pHBulk.  A 5 Hz filter 
was used to eliminate noise from the working electrode potential measurement caused 
by the flow of electrolyte.  Prior to each experiment the potential applied to the working 
electrode was swept from open circuit to -1 V vs RHE at 50 mV/s in order to reduce the 
native CuOx layer.  Potentiostatic electrochemical impedance spectroscopy (PEIS) was 
then used to determine the  total uncompensated resistance (Ru) by applying frequencies 
from 10 Hz to 30 kHz at the open circuit potential (see 4.6.7).  The potentiostat 
compensated for 85% of Ru in-situ and the last 15% was post-corrected to arrive at 

Figure 4.2 – Photograph of the working electrode chamber. 
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accurate potentials.  The potential applied to the working electrode was then swept from 
open circuit to -1.2 V vs RHE at 0.2 mV/s.  This scan rate was determined experimentally 
to be optimal for reducing the impact of bubble noise on the recorded mass ion current 
trends (see 4.6.8).  The linear potential sweep was repeated twice, and only the second 
scan was used for further analysis.   
 

4.2.3 Mass Spectrometry 
 

Mass spectra were acquired using a Hiden HPR40 dissolved-species mass 
spectrometer.  An electron energy of 70 eV was used for the ionization of all species with 
an emission current of 500 μA.  Hydrogen ions (m/z = 2) were accelerated using a voltage 
of 1.3 V to prevent detector saturation while methane (m/z = 15), ethene (m/z = 26), and 
ethanol/1-propanol (m/z = 31) ions were accelerated using a voltage of 3 V to maximize 
the detector response.  All mass-selected product cations were detected using a 
secondary electron multiplier with a detector voltage of 1,200 V.  These mass 
spectrometer settings were determined to be optimal for maximizing the signal to noise 
ratio of the liquid-phase products while not overloading the detector with H2 (see 4.6.9).  
Using these settings a data point was recorded every 1.4 s.  The data was averaged over 
10 mV increments during linear sweep voltammetry and over 1 min intervals during 
chronoamperometry in order to minimize the influence of bubble noise on the recorded 
trends.   
 

4.3 Results and Discussion 
 

4.3.1 Electrolyte Flow Rate and Product Detectability  
 

The flow pattern and the average residence time of the catholyte in the working 
electrode were found to influence the cell performance and the liquid-phase product 
detectability.  First, the convection of the catholyte driven by either a positive pressure 
applied at the cell inlet or a negative pressure applied at the cell outlet was examined.  In 
the first case, the formation of recirculation eddies led to an increase in the holdup of 
gaseous product bubbles in the working electrode chamber, which caused erratic current 
flow due to the partial blockage of catholyte access to the electrode surface.  These 
difficulties were eliminated when electrolyte convection was driven by negative pressure 
applied at the cell outlet.  To support these observations the electrolyte velocity field 
across the working electrode chamber was simulated for convection driven by both 
positive and negative pressure (see 4.6.10).  As shown in Figure 4.3, the simulations 
confirm the existence of recirculation eddies in the case of electrolyte convection driven 
by positive pressure.  However, these eddies do not form when electrolyte convection is 
driven by negative pressure.  For this reason, negative pressure was employed to supply 
the electrolyte.  

 
 It is important that the average residence time of the electrolyte in the working 
electrode chamber be neither too short nor too long.  Too short a residence time will lead 
to insufficient product accumulation in the electrolyte stream, thereby reducing the 
detectability of the products of interest.  Conversely, too long a residence time will cause 
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an accumulation of gaseous product bubbles in the working electrode chamber and a 
depletion of dissolved CO2, which may result in mass transfer limitations.  Ideally, the 
average residence time should be equivalent to the time interval over which mass 
spectrometry data will be acquired.  To this end, the residence time distribution of the 
catholyte passing through the working electrode chamber and the transfer capillaries was 
calculated as a function of the flow rate by solving the Navier-Stokes and mass-balance 
equations in COMSOL Multiphysics v4.3b (see 4.6.10).  As shown in Figure 4.4, the 
calculations indicate that a flow rate of at least 0.5 mL/min is required to achieve an 
average residence time on the order of the analysis time of the mass spectrometer (~1.5 
s).  However, there is a wide standard deviation in the residence time at this flow rate, as 

Figure 4.3 – Catholyte flow field in the working electrode chamber at a flow rate of 1 mL/min for 

convection driven by (A) positive pressure applied at the inlet and (B) negative pressure applied 

at the outlet.  The working electrode surface is denoted by the region between the dashed white 

lines. 

Electrolyte Velocity (m/s) Electrolyte Velocity (m/s)

A B

Figure 4.4 – Average residence time and distribution (error bars) of the catholyte in the working 

electrode chamber as a function of the electrolyte flow rate. 
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indicated by the error bars, which reduces the accuracy of the liquid-phase product 
quantification.  To reduce this uncertainty a minimum flow rate of 1 mL/min was selected.   
The maximum volumetric generation rate of gaseous products produced using 
polycrystalline copper was calculated to be less than 100 μL/min at potentials positive of 
-1.2 V vs RHE (see 4.6.11).  Thus, there should be no issues with gaseous product 
accumulation inside the cell chambers at the minimum flow rate selected.   
 
 All gaseous CO2R products are detectable using DEMS except CO.  CO is 
undetectable because its ionization produces the same mass fragments as CO2, which is 
present in the electrolyte at a concentration at least three orders of magnitude higher than 
CO at the minimum electrolyte flow rate (see 4.6.12).  To estimate the detection limit of 
the liquid-phase products, increasingly concentrated ethanol and 1-propanol solutions 
were fed into the cell at 1 mL/min.  The limit of detection was defined as the concentration 
of these species that resulted in a mass ion current signal equal to the magnitude of the 
standard deviation of the baseline signal.  By this means the liquid-phase product 
detection limit was determined to be ~5 μM (see 4.6.13).  According to the current 
literature, the only liquid-phase products with generation rates high enough to reach this 
concentration at the minimum electrolyte flow rate are formic acid, ethanol, and 1-
propanol (see 4.6.14).  However, formic acid is undetectable since this species is fully 
dissociated, and hence cannot pervaporate into the mass spectrometer at the pH of the 
electrolyte.  The inability to detect formic acid was verified experimentally using a formic 
acid solution two orders of magnitude more concentrated than expected to be observed 
during CO2R at the minimum electrolyte flow rate (see 4.6.15). 
 
 Only signal from the primary ionization fragment of ethanol and 1-propanol (m/z = 
31) was observable during CO2R over polycrystalline copper at the minimum electrolyte 
flow rate.  This is an issue because cations with this m/z ratio are also produced by 
methanol, glycolaldehyde, ethylene glycol, allyl alcohol, and propionaldehyde.  However, 
based on previous literature reports only ethanol and 1-propanol will contribute 
significantly to the m/z = 31 signal, since the Faradaic efficiencies of the other products 
do not exceed 2% (see 4.6.16).8,10  In principle, it should be possible to deconvolute the 
contributions to the m/z = 31 signal made by ethanol and 1-propanol using the mass ion 
currents associated with their secondary ionization fragments.  However, the secondary 
ionization fragment produced by ethanol (m/z = 46) overlaps with that from C12O18

2, 
resulting in an erratic baseline that prevents clear trends from being observed (see 
4.6.17).  Furthermore, the concentration of 1-propanol expected to be formed by the 
reaction is insufficient to reach the detection limit of its secondary ionization fragment (m/z 
= 59) (see 4.6.17).  In order to determine the contribution of ethanol and 1-propanol to 
the m/z = 31 signal their generation rates over polycrystalline copper were measured at 
a series of increasingly negative potentials in a conventional H-type cell.  After electrolysis 
the composition of the catholyte was measured using HPLC and the relative 
concentration of ethanol to 1-propanol was plotted as a function of the applied potential 
(see 4.6.18).  The linear relationship was then used to deconvolute the m/z = 31 signal 
as a function of potential so that the generation rates of both alcohols could be determined 
in real time, assuming that they are both uniformly distributed in the catholyte entering the 
collection chamber.   
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4.3.2 Product Quantifiability  
 

Linear sweep voltammetry was conducted in a He-sparged electrolyte (pH = 11.3) 
so that the ion current for m/z = 2 could be related directly to the hydrogen generation 
rate.  As shown in Figures 4.5A and 4.5B, the total current density and  ion current for 
m/z = 2 track each other as a function of potential under these conditions.  This clearly 
demonstrates that a recorded mass ion current can be related directly to the generation 
rate of the corresponding product.20  As shown in Figures 4.5B and 4.5C, a discontinuity 
in the m/z = 2 signal response and a sudden increase in the standard deviation are 
observed at -0.6 V vs RHE.  The current density corresponding to this potential was 
calculated to result in the saturation of the electrolyte with hydrogen (see 4.6.19).  Thus, 
positive of -0.6 V vs RHE the hydrogen is entirely dissolved and hence no change is 
observed in the standard deviation of the ion current for m/z = 2 versus the baseline 
standard deviation.  However, at potentials negative of -0.6 V vs RHE the hydrogen 
saturates the electrolyte and forms bubbles, causing the sudden increase in the standard 
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Figure 4.5 – DEMS results obtained in a He-sparged 0.05 M K2CO3 electrolyte (pH = 11.3) using 

an electrolyte flow rate of 1 mL/min and a scan rate of 1 mV/s.  (A) Current density.  (B) m/z = 2 

signal.  (C) m/z = 2 standard deviation. 
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deviation of the ion current for m/z = 2.  Chronopotentiometry was conducted for 10 min 
at increasingly negative current densities in order to establish the m/z = 2 calibration curve 
for the case of He-sparged electrolyte.  As shown in Figure 4.6, distinct calibration 
regimes were observed for dissolved and gaseous hydrogen.  The signal response is 
greater for gaseous hydrogen because the collection efficiency of a gaseous product is 
higher than that of a dissolved product.  Thus, it is imperative to use the standard deviation 
of the recorded mass ion currents to identify which phase the detected products are in so 
that accurate quantification can be performed.     

 

4.3.3 Rapid Electrocatalyst Screening via Linear Sweep Voltammetry   
 
 Linear sweep voltammetry was conducted in a CO2-sparged electrolyte to 
demonstrate the ability of the DEMS cell to quantify the generation rates of multiple 
electrochemical reaction products in real time.  The recorded voltammogram, shown in 
Figure 4.7, closely matches that reported by Jaramillo et al.10 at potentials positive of -1.2 
V vs RHE, indicating that the cell geometry does not significantly impact the 
electrochemistry up to this potential.  At potentials more negative than -1.2 V vs RHE a 
suppression in the current density is observed that is a result of inadequate gaseous 
product bubble clearing from the working electrode surface.  At the potentials of gaseous 
product detection onset the standard deviations of the corresponding ion currents 
increased versus the standard deviation of the baselines (see 4.6.20).  This pattern, which 
was absent for m/z = 31, indicates that the detected gaseous products have phase 
segregated from the aqueous electrolyte at these potentials.  Thus, the ion currents 
corresponding to the gaseous products were calibrated by introducing a standard gas 
containing hydrogen, methane, and ethene into the catholyte stream at a series of defined 
flow rates (see 4.6.21).  This calibration methodology simulates the formation of gaseous 
product bubbles at the working electrode surface because the standard gas bubbles are 
completely removed from the catholyte stream in the collection chamber, enabling the 
mass ion current signals corresponding to the gaseous products to be directly related to 
the flux of the individual chemical species entering the collection chamber.  The signal 
response for m/z = 2 obtained using this approach matched the gaseous hydrogen 
calibration curve obtained electrochemically in a He-sparged electrolyte, indicating that 
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this calibration methodology is accurate because it produces the same signal response 
that is observed electrochemically.   

The partial current potential dependence of hydrogen, methane, ethene, ethanol, 
and 1-propanol recorded during the linear potential sweep are shown in Figure 4.7.  While 
the recorded data exhibit trends similar to those previously reported8,10,33 (see 4.6.22)  
two major discrepancies exist:  (1) the total current density is higher at potentials positive 
of the onset of hydrocarbon and alcohol detection and (2) the partial current densities of 
the C2+ products do not decline at potentials negative of -1.1 V vs RHE.  Both 
discrepancies can be explained by the use of electrolyte convection, which increases the 
CO2 concentration and minimizes the CO2R product concentrations in the vicinity of the 
cathode.  The adsorption of CO onto the copper surface is known to result in potential-
dependent deactivation.8,34,35  By minimizing the concentration of CO in the vicinity of the 
cathode, a higher CO desorption rate is achieved, which reduces the extent of CO 
poisoning at potentials positive of the onset of hydrocarbons and alcohols.  Recent 
modeling efforts suggest that a significant increase in the pH and a depletion of dissolved 
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Figure 4.7 – DEMS results obtained in a CO2-sparged 0.05 M K2CO3 electrolyte (pH = 6.8) using 

an electrolyte flow rate of 1 mL/min and a scan rate of 0.2 mV/s.  
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CO2 occur within the hydrodynamic boundary layer at the surface of a polycrystalline 
copper cathode at potentials negative of -1 V vs RHE despite vigorous electrolyte 
mixing.36  These losses cause the measured electrocatalytic activity and selectivity to 
differ from those that would be observed in the absence of electrolyte polarization and 
mass-transfer limitations.  The DEMS cell employed in this study minimizes these 
polarization and mass transfer effects by virtue of the continuous flow of electrolyte, which 
reduces the hydrodynamic boundary layer thickness and continuously supplies the 
electrode surface with CO2.  This is why the partial current densities of the C2+ products 
do not decline at potentials more negative than -1.1 V vs RHE.  This hypothesis is further 
supported by the suppression of HER observed at these potentials using the DEMS cell.  
Thus, the DEMS cell described here is superior to conventional mixed electrolyte cells for 
measuring intrinsic electrocatalytic activities and selectivities at high current densities.  

 

4.3.4 Measuring Transient Selectivity via Chronoamperometry  
 
 There have been no reports in the literature demonstrating changes in the 
selectivity of CO2R to C2+ liquid-phase products as a function of time.  This is an issue 
because the selectivity to C2+ products has been reported to be extremely sensitive to the 
presence of impurities in the electrolyte, such as iron and zinc, that quickly contaminate 
the copper surface at the potentials required to drive CO2R to hydrocarbons and 
alcohols.18,37  Currently, liquid product selectivity is quantified at the end of the reaction 
and it is assumed that no deactivation occurs over the course of ~1 h electrolysis.  
However, the validity of this assumption has not been substantiated experimentally due 
to the lack of an analytical technique capable of quantifying the transient generation rates 
of the C2+ liquid-phase products in real time.  To fill this void chronoamperometry was 
conducted at -1.14 V vs RHE for 1 h.  As shown in Figure 4.8, no substantial change in 
the ethanol or 1-propanol Faradaic efficiency was observed over the course of 
electrolysis.  Furthermore, the Faradaic efficiencies of the other detectable reaction 
products were constant over the electrolysis period (see 4.6.23).  These results suggest 
that deactivation of the copper electrode is not an issue as long as high purity reagents 
are used to prepare the electrolyte.      
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Figure 4.8 – Transient ethanol and 1-propanol Faradaic efficiencies recorded during 

chronoamperometry at -1.14 V vs RHE in a CO2-sparged 0.05 M K2CO3 electrolyte (pH = 6.8) 

using an electrolyte flow rate of 1 mL/min. The data represents a single experiment.  
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4.4 Conclusions 
 
 In conclusion, a DEMS cell has been designed that satisfies all of the criteria 
required to achieve meaningful product quantification in real time.  These criteria include 
a parallel electrode configuration, high product collection efficiencies, and a rapid 
response time.  The efficacy of the cell was demonstrated by performing CO2R over 
polycrystalline copper and quantifying the generation rates of both gaseous and liquid-
phase products during a linear potential sweep and at a fixed potential as a function of 
time.  To the best of our knowledge, this effort represents the first example of DEMS being 
used to quantify all major products of CO2R, with the exception of CO and formic acid.  
The potential dependence of the partial current densities of the detectable reaction 
products matched the trends reported by other workers8,10,33 but were obtained on the 
timescale of an hour rather than the tens of hours required using the conventional 
analytical approaches.  It was also demonstrated that the copper electrocatalyst 
experiences no deactivation over the course of 1 h electrolysis at a fixed potential when 
pure reagents are used to prepare the electrolyte.  This is the first time that the transient 
selectivity of CO2R to C2+ liquid-phase products has been reported in the literature.  The 
DEMS cell developed and described in this study is currently being used to screen the 
activity and selectivity of novel electrocatalysts as a function of potential and to investigate 
changes in their activity and selectivity over time. 
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4.6 Supplementary Information 
 

4.6.1 Cathodic Energy Efficiency of CO2R Using a Polycrystalline 
Copper Foil Cathode1  

 

ƞ =  
∑ 𝐹𝐸𝑖(1.223 − 𝐸0,𝑖)

1.223 − 𝐸𝑐𝑎𝑡ℎ𝑜𝑑𝑒
 

 
Where: 
 

ƞ    Cathodic Energy Efficiency  
 Overall Cathodic Energy Efficiency includes H2 and CO2R products  
 CO2R Energy Efficiency includes CO2R products only 

  FEi   Faradaic Efficiency of Product i  
  E0,i    Standard Reduction Potential of Product i  
  Ecathode  Potential Applied to Cathode 
 
Unassigned Cathodic Current: 
 

𝑖% 𝑢𝑛𝑎𝑠𝑠𝑖𝑔𝑛𝑒𝑑 = (1 − ∑ 𝐹𝐸𝑖)                                             

 
 
 
 
 
 
 
 
 
 
 

Figure S4.3 – Cathodic energy efficiency of CO2R 
as a function of the applied potential using a 
polycrystalline copper foil cathode in 0.1 M KHCO3. 
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4.6.2 Time Before CO2 Depletion Occurs at the Surface of a 
Polycrystalline Copper Foil Cathode in a Stagnant Aqueous 
Electrolyte 

 
 Sand’s equation can be used to 
estimate the time at which reactant 
depletion will occur at an electrode 
surface during galvanostatic 
electrolysis in a stagnant electrolyte.  
Using the data reported by Kuhl et al.1 
the time at which CO2 depletion occurs 
at the cathode surface was estimated 
as a function of the applied current 
density, assuming that the reported 
reaction selectivities are constant 
despite the absence of electrolyte 
mixing.   
 
 Sand’s Equation:2 
   

 
 

  
Where: 
 
 τ   Time Until CO2 Depletion at the Electrode Surface Occurs 

𝐷𝐶𝑂2
   Diffusion Coefficient of CO2 in H2O = 1.92 x 10-5 cm2/s @ 25 °C 

F   Faraday’s Constant  
𝐶𝐶𝑂2

∗    Bulk Concentration of CO2 = 33 mM @ 25 °C 

𝑗𝑖   Partial Current Density of Product i  
𝑚𝑖   mol CO2 Consumed/mol Product i Generated 
𝑛𝑖   mol e- Transferred/mol Product i Generated 

𝜏 =
𝜋𝐷𝐶𝑂2

4
(

𝐹𝐶𝐶𝑂2

∗

∑
𝑗𝑖𝑚𝑖

𝑛𝑖

)

2

 

Figure S4.4 – Time before CO2 depletion occurs at 
the surface of a polycrystalline copper foil cathode 
as a function of the applied current density in a 
stagnant aqueous electrolyte. 
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4.6.3 Additional Photographs of the DEMS Cell  

 
 
 

Figure S4.5 – Additional photographs of the DEMS cell.  (A) Anode 
chamber.  (B) Cathode chamber with the working electrode 
removed.  (C) Collection chamber.  (D) Pervaporation membrane 
support.  (E) Assembled DEMS cell.  (F) DEMS cell mounted to the 
mass spectrometer.  
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4.6.4 Table of Dimensional Specifications of the DEMS Cell  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table S4.1 – Dimensional specifications of the DEMS cell. 
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4.6.5 UV-Generated Ozone Treatment of the DEMS Cell  
 
 The DEMS cell was exposed to UV-generated ozone until the contact angle of 
water on the surface of the cell body was measured to be less than 30°.  As shown in 
Figure S4.5, a treatment time of ~20 min was required.  Improving the wetting properties 
of the DEMS cell body was found to reduce the holdup of gaseous product bubbles inside 
the working electrode chamber.   

 
 
 

Figure S4.5 – Wetting angle measurements on the 
DEMS cell body as a function of the UV-generated 
ozone treatment time. 

Figure S4.4 – Wetting angle measurements on the surface of the DEMS 
cell after UV-generated ozone treatment for: (A) 0 min, (B) 10 min, (C) 20 
min, and (D) 30 min. 
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4.6.6 Chemical Composition of Potassium Bicarbonate and Potassium 
Carbonate Electrolytes in Equilibrium with 1 Atmosphere of CO2 
at Ambient Conditions   

  
Electroneutrality: 
 

∑ 𝑧𝑖[𝑖]

𝑖

= 0 

  
Where: 
 
  zi   Charge of Species i 
  [i]   Concentration of Species i 
 
 CO2 (aq) + H2O ↔ H+ + HCO3

-  pKa = 6.37 Note: H2O in Excess 
 HCO3

- ↔ H+ + CO3
2-   pKa = 10.25 

 2H2O ↔ OH- + H3O+   pKw = 14 
 

 
Note: The solubility of CO2 in the electrolyte was assumed to be equivalent to that of water 
at 25 °C (33 mM).  While the presence of salt in water is known to reduce the solubility of 
CO2, neglecting this will not change the conclusions of the calculation since both solutions 
have identical salinity. 
 
  
 
 
 

Table S4.2 – Chemical composition of 0.1 M KHCO3 and 0.05 M 
K2CO3 electrolytes in equilibrium with 1 atm of CO2 at ambient 
conditions. 
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4.6.7 Determination of the Total Uncompensated Resistance of the 
DEMS Cell  

 
 Potentiostatic electrochemical 
impedance spectroscopy (PEIS) was 
conducted in order to determine the 
total uncompensated resistance (Ru) of 
the DEMS cell while a 0.05 M K2CO3 
solution saturated with CO2 was 
pumped through the cell at 1 mL/min.  
Potential waveforms with a sinus 
amplitude of 20 mV and frequencies of 
10 Hz to 30 kHz were applied to the cell 
at the open circuit potential, with 10 
different frequencies tested per 
decade.  The average of 10 
measurements at each frequency were 
used to construct the representative 
Nyquist plot shown in Figure S4.6.   
 
 The Nyquist plot obtained at the 
open circuit potential includes 
contributions from Ru as well as the 
working electrode-electrolyte interface. 
To determine which features of the 
Nyquist plot result from the working 
electrode-electrolyte interface the 
procedure above was repeated at a 
series of increasingly negative applied 
potentials.  Since the charge transfer 
resistance at the working electrode-
electrolyte interface decreases 
exponentially with the applied potential, 
the features of the Nyquist plot 
corresponding to Ru become clear, as 
shown in Figure S4.7. 
 
 To accurately determine the 
value of Ru the Nyquist plot obtained at 
the open circuit potential was then 
fitted to an RRQRQ equivalent circuit 
using the EC-Lab software.  The RRQRQ equivalent circuit is depicted in Figure S4.8, 
with the portions of the circuit attributed to the total uncompensated impedance (Zu) and 
working electrode-electrolyte interface (ZWE) labeled.  Note that Ru = R1 + R2.   

Figure S4.6 – Nyquist impedance plot of the DEMS 
cell obtained at an electrolyte flow rate of 1 mL/min 
at the open circuit potential. 

Figure S4.7 – Nyquist impedance plots of the DEMS 
cell obtained at an electrolyte flow rate of 1 mL/min 
at a series of increasingly negative applied 
potentials.  
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 Q2 was determined to be an 
artifact of the measurement 
parameters, which were narrowly 
confined due to the unconventional 
geometry of the DEMS cell reported in 
this study.  At the open circuit potential 
the rising edge of the second arc of the 
Nyquist plot has a slope of ~60°, which 
does not agree with the 45° slope 
resulting from diffusional impedance 
(Warburg impedance).  Furthermore, 
Figure S4.7 clearly demonstrates that 
the second arc corresponds to the 
electrode-electrolyte interface and that 
the sum of R1 and R2 is equivalent to 
Ru.   
 
 To determine the characteristic 
frequency of the total uncompensated 
resistance a Bode impedance plot was 
constructed using the impedance data 
recorded at the open circuit potential.  
By this means, the characteristic 
frequency of Zu was determined to be 
1 kHz, as shown in Figure S4.9.  To 
determine if Ru substantially increases 
as a result of bubble formation at the 
working electrode surface Ru was 
measured at a series of increasingly 
negative current densities using the 
current interrupt technique.  To this end 
chronopotentiometry was conducted 
for 2 mins at each current density 
followed by 10 consecutive 50 ms 
current interruptions.  The current 
interruptions allowed the voltage drop 
due to Ru to be measured since it 
instantaneously drops upon the 
interruption of current flow, whereas 
the voltage drop due to the working electrode-electrolyte interface decays with a time 
constant characteristic of the capacitance of electrochemical double layer.  This 
procedure was repeated 3 times at each current density.  By this means Ru was 
determined to be independent of the applied current density, as shown in Figure S4.10.  
Furthermore, the agreement between the fitted PEIS data and the current-interrupt 
technique reinforces that the sum of R1 and R2, as shown in Figure S4.8, is the true value 
of Ru. 

Figure S4.8 – Circuit diagram of an RRQRQ 
equivalent circuit.  

Figure S4.9 – Bode impedance plot of the DEMS 
cell obtained using an electrolyte flow rate of 1 
mL/min at the open circuit potential. 

Figure S4.10 – Average uncompensated resistance 
of the DEMS cell as a function of the applied current 
density measured using the current interrupt 
technique and an electrolyte flow rate of 1 mL/min. 
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 The negligible change in Ru with increasing current density is due to the location 
of the reference electrode, which intercepts the catholyte stream prior to the working 
electrode chamber inlet.  As a result, the catholyte is constantly sweeping bubbles away 
from the portion of the working electrode where the potential referencing takes place.  
Thus, the solution resistance between the working and reference electrodes negligibly 
increases with the evolution of gaseous products.  This is depicted in Figure S4.11.   
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S4.11 – Depiction of gaseous product bubble clearing from the 
portion of the working electrode where potential referencing occurs as a 
result of electrolyte convection. 
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4.6.8 Scan Rate Optimization  
 
 Linear sweep voltammetry was conducted at scan rates of 1, 0.5, and 0.2 mV/s 
using an electrolyte flow rate of 1 mL/min while the mass ion currents for m/z = 2, 15, 26, 
and 31 were recorded.  The data was averaged over 10 mV increments and the trends of 
the mass ion currents vs potential were compared to determine the optimal scan rate.  As 
can be seen in Figures S4.12 and S4.13, slower scan rates resulted in clearer mass ion 
current trends because more time was spent within each 10 mV increment, reducing the 
influence of bubble noise on the observed trends.   

 
 

Figure S4.12 – Ion currents for m/z = 2 and 15 recorded during linear sweep voltammetry in a 
CO2 saturated 0.05 M K2CO3 electrolyte (pH = 6.8) flowing at 1 mL/min using scan rates of 1, 0.5, 
and 0.2 mV/s. 
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Figure S4.13 – Ion currents for m/z = 26 and 31 recorded during linear sweep voltammetry in a 
CO2 saturated 0.05 M K2CO3 electrolyte (pH = 6.8) flowing at 1 mL/min using scan rates of 1, 0.5, 
and 0.2 mV/s. 
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4.6.9 Mass Spectrometry Optimization    
 
 In order to maximize the 
detectability of the liquid-phase products 
the emission current and scanning 
electron multiplier (SEM) voltage were 
adjusted to maximize the signal to noise 
ratio observed for a 30 μM ethanol 
standard.  To this end, the ethanol 
standard was pumped through the DEMS 
cell at 1 mL/min for 10 mins while the m/z 
= 31 mass ion current signal was 
monitored.  18.2 MΩ deionized water from 
a Millipore system was pumped through 
the cell for 5 mins before and after the 
ethanol standard so that the background 
signal could be accurately subtracted.  
This process was repeated varying the 
emission current from 50 to 1,500 μA, as 
shown in Figure S4.14A.  An emission 
current of 500 μA was selected because it 
resulted in a high signal to noise ratio but 
did not overload the SEM detector during 
the in-situ detection of H2.  The process 
was then repeated varying the SEM 
voltage from 750 to 1,500 V at an 
emission current of 500 μA, as shown in 
Figure S4.14B.  The SEM voltage was found to negligibly affect the signal to noise ratio 
at voltages below 1,300 V.  The sudden drop in the signal to noise ratio at SEM voltages 
>1,400 V is the result of the m/z = 31 mass ion current magnitude high enough to 
necessitate the use of the high gain amplifier, which substantially increases the noise of 
the baseline signal.        
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S4.14 – m/z = 31 signal to noise ratio 
recorded for a 30 μM ethanol standard as a function 
of (A) emission current and (B) scanning electron 
multiplier (SEM) voltage. 
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4.6.10 Details of the COMSOL Model   
  
4.6.10.1 Velocity Field Across the Working Electrode Chamber 

 
The 2D flow field along the 

plane of the working electrode was 
simulated using COMSOL 
Multiphysics v4.3b.  The plane of 
working electrode has four lines of 
reflection symmetry passing through 
the centers of the four outlet ports, 
which are offset by 45 .̊  Figure S4.16 
shows a schematic of the plane of the 
working electrode chamber, which 
consists of eight symmetric segments.  

 
Incompressible flow is assumed 

to occur through the DEMS cell.  The 
velocity field is obtained by solving the 
equations of continuity and motion 
within a segment of symmetry.  
According to the equation of continuity 
the divergence of velocity is zero:  

 
 
 

𝜕𝑣𝑥

𝜕𝑥
+

𝜕𝑣𝑦

𝜕𝑦
= 0 

 
Where: 
 
  vx   Component of Velocity Vector in the x Direction 
  vy   Component of Velocity Vector in the y Direction 
 
The equation of motion is given by: 
 

𝜌 (
𝜕𝑣𝑥

𝜕𝑡
+ 𝑣𝑥

𝜕𝑣𝑥

𝜕𝑥
+ 𝑣𝑦

𝜕𝑣𝑥

𝜕𝑦
) = −

𝜕𝑝

𝜕𝑥
+ 𝜇 (

𝜕2𝑣𝑥

𝜕𝑥2
+

𝜕2𝑣𝑥

𝜕𝑦2
) 

𝜌 (
𝜕𝑣𝑦

𝜕𝑡
+ 𝑣𝑥

𝜕𝑣𝑦

𝜕𝑥
+ 𝑣𝑦

𝜕𝑣𝑦

𝜕𝑦
) = −

𝜕𝑝

𝜕𝑦
+ 𝜇 (

𝜕2𝑣𝑦

𝜕𝑥2
+

𝜕2𝑣𝑦

𝜕𝑦2
) 

  
Where: 
 
  ρ  Density of the Electrolyte = 1004.6 kg/m3 

  μ  Viscosity of the Electrolyte = 1.015 mPa*s 

Figure S4.15 – Plane of the working electrode 
chamber with eight symmetric segments.  Each 
segment has five boundaries labeled A-E. 
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  p  Pressure 
 
The boundary conditions are as follows: 

 
Boundary A: Inflow of Electrolyte 

  
  Positive Pressure Convection: 

 
𝒗 = −𝑉𝑖𝑛𝒏 

  
  Negative Pressure Convection: 

 
𝑝 = 𝑝𝑖𝑛 𝑎𝑛𝑑 𝜇(∇𝒗 + ∇𝒗𝑇)𝒏 = 0 

Where: 
  
   v  Velocity Vector   
   n  Normal Vector Pointing Outward form the Boundary 
   Vin  Inlet Velocity  

   pin  Inlet Pressure = 1 atm  

 
Boundaries B & E: Flow Symmetry 
 

𝒏𝑇𝒗 = 0 
 

Boundary C: No Slip Condition 
  

𝒗 = 0 
 

Boundary D: Outflow of Electrolyte 
 
  Positive Pressure Convection: 

 
𝑝 = 𝑝𝑜𝑢𝑡 𝑎𝑛𝑑 𝜇(∇𝒗 + ∇𝒗𝑇)𝒏 = 0 

   
Negative Pressure Convection: 

 
𝒗 = 𝑉𝑜𝑢𝑡𝒏 

  
Where: 

  

   Pout  Outlet Pressure = 1 atm  
   Vout  Outlet Velocity  
 
The initial conditions are: 

 
𝑝 = 1 𝑎𝑡𝑚 𝑎𝑛𝑑 𝒗 = 0 
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4.6.10.2 Residence Time Distribution in the Working Electrode Chamber  
 
The residence time distribution of the catholyte in the working electrode chamber 

was determined using a step-tracer experiment in COMSOL Multiphysics v4.3b.  The 
equation of continuity for the tracer is given by: 

 
𝜕𝑐

𝜕𝑡
+ 𝑣𝑥

𝜕𝑐

𝜕𝑥
+ 𝑣𝑦

𝜕𝑐

𝜕𝑦
= 𝐷 (

𝜕2𝑐

𝜕𝑥2
+

𝜕2𝑐

𝜕𝑦2
) 

  
Where: 

 

  c  Concentration of the Tracer 
  D  Diffusion Coefficient of the Tracer = 10-9 m2/s  
 
The boundary conditions are as follows: 
 

Boundary A: Inflow of Tracer 
 

𝑐 = 𝑐0 = 1 𝑚𝑜𝑙/𝐿 
 

Boundaries B, C, and E: No Flux Condition 
 

−𝒏𝑇𝑵 = 0 
 Where: 
 

  N  Flux of Tracer = -D∇c + vc 
 

Boundary D: Outflow of Tracer 
 

−𝒏𝑇𝐷∇𝑐 = 0 

 
The initial condition is: 
 

𝑐 = 0 
 
The equations above are solved to calculate the concentration of the tracer at the outlet.  
The cumulative residence time can be calculated using: 
 

𝐹(𝑡) =  
𝑐̅(𝑡)

𝑐0
 

  
Where: 
 

  𝑐̅  Average Concentration of the Tracer at Boundary D 
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The average residence time ( )t  and the standard deviation ( )  can be obtained as 

follows: 

𝑡̅ = ∫ [1 − 𝐹(𝑡)]𝑑𝑡
∞

0

 

𝜎2 = 2 ∫ 𝑡[1 − 𝐹(𝑡)]𝑑𝑡 − 𝑡̅2
∞

0
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4.6.11 Volumetric Generation Rate of Gaseous Products Using a 
Polycrystalline Copper Foil Cathode (Assuming No Dilution)1   

 

𝑉 =
𝐴

𝐹
∑

𝑗𝑖𝑀𝑊𝑖

𝑛𝑖𝜌𝑖
 

 
Where: 
 
  V  Total Volumetric Generation Rate of Gaseous Products 
  A  Electrode Surface Area 

F   Faraday’s Constant 
𝑗𝑖   Partial Current Density of Gaseous Product i  
MWi  Molecular Weight of Gaseous Product i  
𝑛𝑖   mol e-

 Transferred/mol Gaseous Product i Generated 
𝜌𝑖   Density of Gaseous Product i @ 25 °C (g/L)  
   H2  0.08235   
   CO  1.145    
   CH4  0.6569    
   C2H4  1.153    

  
 

 
 
 
 
 
 
 
 
 
 

Figure S4.16 – Volumetric generation rate of 
gaseous products produced as a function of the 
applied potential using a polycrystalline copper foil 
cathode assuming no dilution occurs. 
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4.6.12 Relative Concentration of CO2 to CO Entering the Collection 
Chamber Using a Polycrystalline Copper Foil Cathode1  

 

[𝐶𝑂2]/[𝐶𝑂] =
𝑄𝐶𝐶𝑂2

∗ −
𝐴
𝐹

∑
𝑗𝑖𝑚𝑖

𝑛𝑖

𝐴
𝐹

∑
𝑗𝐶𝑂

𝑛𝐶𝑂

 

  
Where: 
 
  [CO2]/[CO]  Relative Concentration of CO2 to CO in the Catholyte 
  Q   Electrolyte Flow Rate = 1 mL/min  

𝐶𝐶𝑂2

∗     Bulk Concentration of CO2 = 33 mM @ 25 °C 

A    Electrode Surface Area  
F   Faraday’s Constant  

ji   Partial Current Density of Product i  
𝑚𝑖    mol CO2 Consumed/mol Product i Generated 
𝑛𝑖    mol e-

 Transferred/mol Product i Generated 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure S4.17 – Relative concentration of CO2 to CO 
in the catholyte entering the collection chamber as a 
function of the applied potential using a 
polycrystalline copper foil cathode and an electrolyte 
flow rate of 1 mL/min. 
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4.6.13 Ethanol and 1-Propanol Calibration  
 
A series of increasingly 

concentrated ethanol standards 
were pumped through the DEMS cell 
at 1 mL/min for 10 mins each while 
the mass ion current signals 
corresponding to the primary 
ionization fragments of ethanol were 
monitored (m/z = 31 and 46).  18.2 
MΩ deionized water from a Millipore 
system was pumped through the cell 
for 5 mins before and after each 
ethanol standard so that the 
background signal could be 
accurately subtracted.  The average 
signals recorded for each standard 
are plotted as a function of the 
ethanol concentration in Figure 
S4.19.  The limit of detection was 
defined as the concentration of 
ethanol that produced a mass ion 
current signal equivalent to the 
standard deviation of the baseline 
signal, which was determined to be 
5.5 x 10-12 for m/z = 31 over a 10 min 
period.  Thus, the detection limit of 
ethanol was determined to be ~5 μM 
using m/z = 31, which corresponds to 
a partial current density of 0.13 
mA/cm2 at an electrolyte flow rate of 
1 mL/min.  Figure S4.20 depicts the 
results of the 1-propanol calibration 
conducted using an identical 
methodology, except that the signal 
response for m/z = 59 was monitored 
instead of m/z = 46.  The 1-propanol 
detection limit was also determined 
to be ~5 μM.  Since most liquid 
phase CO2R products are as volatile 
as these alcohols the assumption 
was made that this detection limit 
would apply to all liquid phase 
products.   

 
 

Figure S4.18 – Ethanol calibration curves for m/z = 
31 and 46 obtained at a flow rate of 1 mL/min. 

Figure S4.19 – 1-propanol calibration curves for m/z 
= 31 and 59 obtained at a flow rate of 1 mL/min. 
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4.6.14 Generation Rates of the Liquid Phase CO2R Products Using a 
Polycrystalline Copper Foil Cathode1 

 

�̇�𝑖 =
𝐴𝑗𝑖

𝐹𝑛𝑖
 

  
Where: 
  
  �̇�𝑖   Molar Generation Rate of Product i  

A    Electrode Surface Area  
ji   Partial Current Density of Product i 
F  Faraday’s Constant  

𝑛𝑖    mol e-
 Transferred/mol Product i Generated 

 
 
 
 
 
 
 

Figure S4.20 – Molar generation rates of the liquid phase 
CO2R products as a function of the applied potential using 
a polycrystalline copper foil cathode.  The shaded region 
indicates generation rates that are insufficient to reach the 
detection limit of 5 μM at an electrolyte flow rate of 1 mL/min. 
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4.6.15 Experimental Verification of the Undetectability of Formic Acid 
 

[𝐻𝐶𝑂𝑂−] =
𝑛𝐻𝐶𝑂𝑂−̇

𝑄
 

 
Where: 
 
  [𝐻𝐶𝑂𝑂−]   Concentration of Formate in the Catholyte 
  �̇�𝐻𝐶𝑂𝑂−  Molar Generation Rate of Formate  
  Q   Electrolyte Flow Rate = 1 mL/min  

 A 0.05 M K2CO3 solution saturated with CO2 (pH = 6.8) was pumped through the 
DEMS cell at 1 mL/min while the mass ion currents of the four primary ionization 
fragments produced by formic acid were monitored (m/z = 28, 29, 45, and 46).  After 5 
mins had elapsed the solution was replaced with an identical solution containing formic 
acid at a concentration of 10 mM.  The lack of a detector response is due to the low pKa 
of formic acid (3.77), which results in it being deprotonated at the conditions of the 
reaction and thus unable to pervaporate into the vacuum chamber and be detected.   

Figure S4.21 – Expected formate concentration in 
the catholyte entering the collection chamber as a 
function of the applied potential using a 
polycrystalline copper foil cathode and an electrolyte 
flow rate of 1 mL/min.  

Figure S4.22 – m/z = 28 signal response to a 0.05 
M K2CO3 electrolyte saturated with CO2 (pH = 6.8).  
After 5 min an identical solution containing 10 mM of 
formic acid was introduced.  The lack of a recorded 
signal indicates that formic acid is undetectable.  
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Figure S4.23 – m/z = 29, 45, and 46 signal response 
to a 0.05 M K2CO3 electrolyte saturated with CO2 (pH 
= 6.8).  After 5 min an identical solution containing 
10 mM of formic acid was introduced.  The lack of a 
recorded signal indicates that formic acid is 
undetectable. 
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4.6.16 Determination of the CO2R Products that Significantly Contribute 
to the m/z = 31 Signal1  

 
 The mass spectra of the CO2R products that produce the m/z = 31 fragment upon 
ionization are shown in Table S4.3. 

  

Table S4.3 – Mass spectra of the CO2R products that produce the m/z = 
31 fragment. 
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Since m/z = 31 is the primary ionization fragment of several liquid-phase CO2R 
products it will be necessary to deconvolute the contributions that these products make 
to the overall m/z = 31 signal.  The contribution percentage of these products to the overall 
m/z = 31 signal can be estimated using:1 
 

𝐶𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝑡𝑜 𝑚
𝑧⁄ = 31 𝑆𝑖𝑔𝑛𝑎𝑙 =

�̇�𝑖

𝐼𝑚
𝑧⁄ =31,𝑖

∑ 𝐼𝑚
𝑧⁄ =𝑗,𝑖𝑗

∑ �̇�𝑖

𝐼𝑚
𝑧⁄ =31,𝑖

∑ 𝐼𝑚
𝑧⁄ =𝑗,𝑖𝑗

𝑖

 

  
Where: 
 

�̇�𝑖  Generation Rate of Product i (nmol/min)  

𝐼𝑚
𝑧⁄ =𝑗,𝑖

  Relative Intensity of m/z = j for Product i  

  
As shown in Figure S4.25, only ethanol and 1-propanol are expected to 

significantly contribute to the recorded m/z = 31 signal, enabling the contributions by the 
other CO2R products to be neglected.   

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S4.24 – Estimated contributions of different CO2R 
products to the overall m/z = 31 signal as a function of the 
applied potential using a polycrystalline copper foil cathode. 
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4.6.17 Inability to Deconvolute the m/z = 31 Using Mass Spectrometry   
 
 Since ethanol and 1-propanol both contribute 
significantly to the m/z = 31 signal the fraction of the 
signal corresponding to each product must be 
determined so that accurate quantification can be 
conducted.  To this end, a secondary ionization 
fragment that is selectively produced by either ethanol 
or 1-propanol in a sufficient abundance to be detected 
needs to be identified.  The relative abundance of the 
ionization fragments produced by ethanol and 1-
propanol are shown in Table S4.4.  Fragments with a 
relative abundance >5% are promising secondary 
fragments for deconvoluting the m/z = 31 signal.  The 
mass ion currents which meet this requirement are m/z 
= 27, 29, 42, 45, 46, and 59.   
 
 A mass ion current must have a background 
signal below 10-10 torr in order to have a high enough 
signal to noise ratio to be used to detect ethanol or 1-
propanol at the concentrations expected to be formed 
using a polycrystalline copper foil cathode at an 
electrolyte flow rate of 1 mL/min.  If this requirement is 
not met then the magnitude of the liquid phase product 
signal will be less than the magnitude of the standard 
deviation of the baseline signal, which will be erratic due 
to the necessity of using the high gain amplifier when 
recording mass ion current signals exceeding 10-10 torr.  
In order to identify which m/z ratios satisfy this 
requirement a profile scan was conducted at the open 
circuit potential while a 0.05 M K2CO3 
electrolyte saturated with CO2 was 
pumped through the DEMS cell at 1 
mL/min.  The results, shown in Figure 
S4.25, indicate that m/z = 29 and 45 
have baseline signals which 
necessitate the use of the high gain 
amplifier, making them unsuitable for 
detecting the secondary ionization 
fragments of the liquid-phase reaction 
products.  
 
 Equation (26) was used to 
determine if any observed mass ion 
current signals corresponding to m/z = 
27, 42, 46, and 59 could be attributed 

Table S4.4 – Relative abundance 
of ionization fragments produced 
by ethanol and 1-propanol.  

 

Figure S4.25 – m/z baseline signals recorded using 
a CO2-sparged 0.05 M K2CO3 electrolyte (pH = 6.8) 
at a flow rate of 1 mL/min.  The shaded region 
indicates baseline signals that require the use of the 
high gain amplifier, which makes them unsuitable for 
detecting the secondary ionization fragments 
produced by the liquid-phase reaction products.    
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solely to either ethanol or 1-propanol.  The results indicate that only signals recorded for 
m/z = 46 and 59 can be can be attributed to the presence of either ethanol or 1-propanol, 
as shown in Figure S4.26. 

 However, CO2 also produces a secondary ionization fragment with an m/z ratio of 
46, resulting in an erratic m/z = 46 baseline signal that dramatically increases the ethanol 
concentration required to meet the conditions of detection.   In fact, an ethanol 
concentration an order of magnitude higher than expected to be experimentally observed 
using polycrystalline copper and an electrolyte flow rate of 1 mL/min would be required to 
observe an m/z = 46 mass ion current signal greater than the standard deviation of the 
baseline noise due to the overlap with CO2.  Furthermore, the detection limit of m/z = 59 
was determined to be roughly equivalent to the maximum expected concentration of 1-
propanol produced using polycrystalline copper and an electrolyte flow rate of 1 mL/min.  
As a result, no signal was experimentally observed while monitoring the m/z = 59 mass 
ion current.  Thus, deconvoluting the ethanol and 1-propanol contributions to the 
observed m/z = 31 signal using a secondary ionization fragment selectively produced by 
either alcohol is not possible when conducting CO2R using C13O2. 
 
 
 
 
 
 

Figure S4.26 – Estimated contributions of different CO2R products to the overall m/z = 27, 
42, 46, and 59 signals as a function of the applied potential using a polycrystalline copper 
foil cathode. 
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4.6.18 Deconvoluting the m/z = 31 Signal Using Constant Potential 
Electrolysis and Liquid Chromatography  

 

4.6.18.1 Cell Design and Construction 

 
 A custom air-tight electrochemical cell was machined out of a polycarbonate block 
(McMaster-Carr) and fitted with Viton O-rings (McMaster-Carr).  The design of the cell 
was such that the working and counter electrodes were parallel and separated by an ion-
conducting membrane.  The geometric surface area of each electrode was 1.13 cm2.  The 
electrolyte volume of each electrode chamber was 1.3 mL.  The electrode surface area 
to electrolyte volume ratio of this cell is higher than any previously reported in the literature 
by a factor of 2, which ensures good liquid-phase product detectability.   
 
 The working electrode was a copper sheet (0.1 mm thick 99.9999% Alfa Aesar) 
that was cut in 2 cm x 2 cm coupons.  The working electrode coupons were initially 
cleaned by sonicating in acetone, followed by isopropanol, and finally deionized water for 
30 min each.  They were then electropolished at a potential of +2 V vs a Cu foil counter 
electrode for 5 min in concentrated phosphoric acid (85-87% J. T. Baker) to ensure a 
reproducible surface was obtained.  The electrodes were then immediately rinsed with DI 
water and dried using compressed nitrogen.  The counter electrode was a platinum foil 
(0.25 mm thick 99.9% Sigma Aldrich) that was flame annealed prior to each experiment.  
The working electrode potential was referenced against a Ag/AgCl electrode (1 mm OD, 
Innovative Instruments Inc.) that was calibrated against a homemade reversible hydrogen 
electrode.  An anion-conducting membrane (Selemion AMV, AGC Inc.) was used as the 
ion-conducting membrane.  A 0.05 M K2CO3 (99.995% Sigma Aldrich) solution prepared 
using 18.2 MΩ deionized (DI) water from a Millipore system was used as the electrolyte.  
The catholyte was sparged with CO2 (99.999% Praxair) at a rate of 5 sccm for the duration 
of electrolysis to ensure saturation with CO2 at all times.     
 
4.6.18.2 Electrochemistry 
 
 Electrochemistry was performed using a Biologic VSP-300 potentiostat.  All 
electrochemical data were recorded versus the reference electrode and converted to the 
RHE scale using the relationship ERHE = EAg/AgCl + 0.197 + 0.059 × pHBulk.  Potentiostatic 
electrochemical impedance spectroscopy (PEIS) was used to determine the total 
uncompensated resistance (Ru) by applying frequencies from 10 Hz to 30 kHz at the open 
circuit potential.  The potentiostat compensated for 85% of Ru in-situ and the last 15% 
was post-corrected to arrive at accurate potentials.   
 
4.6.18.3 Liquid Phase Product Analysis via High Performance Liquid 

Chromatography 
 

 The electrolyte was collected from both the cathode and anode chambers after 
electrolysis and stored in air-tight vials inside of a refrigerated autosampler until analysis 
via high performance liquid chromatography (HPLC) could commence.  The 
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concentrations of the liquid-phase CO2R products contained in each electrolyte sample 
were determined using a Thermo Scientific UltiMate 3000 liquid chromatograph equipped 
with a refractive index detector (RID).  The liquid-phase products contained in a 10 μM 
injection were separated using an Aminex HPX 87-H column (Bio-Rad) and a 1 mM 
sulfuric acid eluent.  The column oven was maintained at 60 °C for the duration of the 
analysis.  The signal response of the RID to each liquid-phase product was calibrated 
individually by analyzing solutions containing each product at a concentration of 1, 10, 
and 100 mM.   
 

4.6.18.4 Deconvoluting the m/z = 31 Signal 
 
 The average total current 
densities and alcohol Faradaic 
efficiencies recorded after each 
chronoamperometric experiment are 
reported in Table S4.5 as a function of 
the applied potential.  The data was 
used to create a plot of the relative 
concentration of ethanol to 1-propanol 
generated using polycrystalline copper 
at the potentials investigated.  At the 
potentials where alcohols were formed 
by the reaction, the relative 
concentration of ethanol to 1-propanol 
was approximated using a linear trend 
line, as shown in Figure S4.27.   
 
 The percentage of the m/z = 31 
signal attributed to ethanol can be 
approximated using this trend line and 
the following expression:  
 
 
 
 
 

𝐶𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝑜𝑓 𝐸𝑡𝑂𝐻 𝑡𝑜 𝑚
𝑧⁄ = 31 𝑆𝑖𝑔𝑛𝑎𝑙 =

[𝐸𝑡𝑂𝐻]
𝐼𝑚

𝑧⁄ =31,𝐸𝑡𝑂𝐻

∑ 𝐼𝑚
𝑧⁄ =𝑗,𝐸𝑡𝑂𝐻𝑗

[𝐸𝑡𝑂𝐻]
𝐼𝑚

𝑧⁄ =31,𝐸𝑡𝑂𝐻

∑ 𝐼𝑚
𝑧⁄ =𝑗,𝐸𝑡𝑂𝐻𝑗

+ [𝑃𝑟𝑂𝐻]
𝐼𝑚

𝑧⁄ =31,𝑃𝑟𝑂𝐻

∑ 𝐼𝑚
𝑧⁄ =𝑗,𝑃𝑟𝑂𝐻𝑗

 

 
 The result of this calculation is depicted in Figure S4.28, along with the estimation 
of the percentage of the m/z = 31 signal attributed to ethanol as calculated in 4.6.16 using 
data available in the current literature.1  The good agreement between this methodology 
and that reported in the literature suggests that the measurements taken here are 
representative of polycrystalline copper.  Thus, the trend line in Figure S4.27 and 

Table S4.5 – Total current densities and alcohol 
Faradaic efficiencies recorded after 
chronoamperometry at a series of applied potentials.    

Figure S4.27 – Relative concentration of ethanol to 
1-propanol recorded after chronoamperometry at a 
series of applied potentials.   
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Equation (27) were used to deconvolute 
the contributions made by each alcohol 
to the overall m/z = 31 signal. 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S4.28 – Percentage of the m/z = 31 signal 
attributed to ethanol as a function of the applied 
potential calculated using the trend line in Figure 
S27 and Equation (27).  The ethanol contribution to 
the m/z = 31 signal calculated using data reported in 
the current literature is shown for comparison.   
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4.6.19 Hydrogen Partial Current Density Required to Saturate the 
Electrolyte 

 

𝑗𝐻2 𝑆𝑎𝑡 =
𝐶𝐻2 𝑆𝑎𝑡𝑄𝐹𝑛

𝐴
 

  
Where: 
  
  𝑗𝐻2 𝑆𝑎𝑡  H2 Partial Current that Results in Electrolyte Saturation  

    = 2.52 mA/cm2 

𝐶𝐻2 𝑆𝑎𝑡  Solubility Limit of H2 in H2O = 0.782 mM @ 25 °C 

Q  Electrolyte Flow Rate = 1 mL/min 
F Faraday’s Constant  

n  mol e-
 Transferred/mol Product Generated  

𝐴  Electrode Surface Area  
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4.6.20 Mass Ion Currents Recorded During Linear Sweep Voltammetry 
Using a Polycrystalline Copper Cathode 

 
 
 
 
 

Figure S4.29 – Signals (left column) and standard deviations (right column) of the mass 
ion currents recorded during linear sweep voltammetry at a scan rate of 0.2 mV/s using a 
polycrystalline copper cathode and an electrolyte flow rate of 1 mL/min.  The electrolyte 
used was a CO2 saturated 0.05 M K2CO3 solution (pH = 6.8).  The data has been averaged 
over 10 mV increments.   
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4.6.21 Hydrocarbon Product Calibration  
 
 In order to calibrate the mass ion currents corresponding to the hydrocarbon 
products a standard gas containing 1000 ppm of hydrogen, methane, and ethene 
(balanced in helium) was introduced into the catholyte stream prior to entering the DEMS 
cell at a series of defined flow rates.  The standard gas was introduced at each flow rate 
for 10 mins and the average signal responses of the mass ion currents corresponding to 
m/z = 2, 15, and 26 were plotted as a function of the flux of the corresponding species 
into the DEMS cell.  Standard gas flow rates which resulted in the emergence of the 
standard gas from the collection chamber were omitted, since the gaseous product 
collection efficiency must be 100% for this calibration methodology to be valid.  By 
converting the fluxes into partial current densities the calibration curves in Figure S4.30 
were constructed.  The standard deviations of the mass ion current baselines 
corresponding to m/z = 2, 15, and 26 were then determined over a 10 min period in order 

Figure S4.30 – Signal responses of the mass ion currents corresponding to m/z = 2, 15, 
and 26 recorded by introducing a standard gas containing 1000 ppm of H2, CH4, and C2H4 
balanced in He into the electrolyte stream at a series of defined flow rates (left column).  
The fluxes of the gaseous products were converted into partial current densities to 
construct the final gaseous product calibration curves (right column).    
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to calculate the detection limits of the 
gaseous products.  The detection limits 
were calculated to be 0.03, 0.04, and 
0.05 mA/cm2 for hydrogen, methane, 
and ethene, respectively.   
 
 In order to prove the validity of 
this calibration methodology the results 
obtained for the m/z = 2 mass ion 
current were compared to the gaseous 
hydrogen calibration curve obtained 
electrochemically in a helium-sparged 
electrolyte.  The results obtained using 
the standard gas fell along the 
calibration curve for gaseous hydrogen 
obtained electrochemically, as shown 
in Figure S4.31.  This proves the validity 
of this calibration approach and also 
demonstrates that the signal response of a given product is not affected by the presence 
of other reaction products simultaneously entering the ionization chamber.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S4.31 – Comparison of the m/z = 2 
calibration curve corresponding to gaseous H2 
obtained electrochemically by applying a series of 
fixed current densities in a helium-sparged 
electrolyte to that obtained by introducing a standard 
gas containing H2 into the catholyte stream at a 
series of define flow rates.   
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4.6.22 Comparison of the Partial Current Densities Recorded During 
Linear Sweep Voltammetry Using DEMS with Those Reported by 
Jaramillo et al. Using the Conventional Analytical Approach1  

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure S4.32 – Comparison of the CO2R voltammogram and product partial current 
densities recorded during linear sweep voltammetry using DEMS (blue dots) to those 
reported by Jaramillo et al. recorded during chronoamperometry at a series of applied 
potentials using a combination of GC and NMR (orange trace).   
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4.6.23 Extended Chronoamperometry Results  
 
 The drop in the hydrogen Faradaic efficiency over time is due to issues with 
accurate background subtraction.  After chronoamperometry was conducted the base 
pressure of the system had increased, indicating the presence of residual water in the 
ionization chamber.  This water will increase the magnitude of the m/z = 2 mass ion 
current baseline, making accurate baseline subtraction difficult.   
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S4.33 – Total current density and gaseous product partial current densities 
recorded during chronoamperometry at -1.14 V vs RHE using a polycrystalline copper 
cathode and an electrolyte flow rate of 1 mL/min.  The electrolyte used was a CO2 
saturated 0.05 M K2CO3 solution (pH = 6.8).  The data has been averaged over 60 s 
increments.       
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4.6.24 Supplementary Information References 

(1)  Kuhl, K. P.; Cave, E. R.; Abram, D. N.; Jaramillo, T. F. Energy Environ. Sci. 2012, 5, 7050–
7059. 

(2)  Bard, A.; Faulkner, L. Electrochemical Methods: Fundamentals and Applications; 2nd ed.; 
John Wiley & Sons, Inc., 2002.  
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Chapter 5 
 
 
 

Direct Observation of the Local Reaction 
Environment during the Electrochemical 
Reduction of Carbon Dioxide 
 
Adapted from: 
Clark, E. L.; Bell, A. T. J. Am. Chem. Soc. 2018, 140, 7012-7020.  

 

Abstract 
 

The electrochemical reduction of carbon dioxide is sensitive to electrolyte 
polarization, which causes gradients in pH and the concentration of carbon dioxide to 
form near the cathode surface. Since the intrinsic kinetics of carbon dioxide reduction 
depend on the composition of the local reaction environment it is desirable to measure 
the concentration of reaction-relevant species in the immediate vicinity of the cathode. 
Meeting this objective has proven difficult, since conventional analytical methods only 
sample products from the bulk electrolyte. In this study, we describe the use of differential 
electrochemical mass spectrometry to measure the concentration of carbon dioxide and 
reaction products in the immediate vicinity of the cathode surface. This capability is 
achieved by coating the electrocatalyst directly onto the pervaporation membrane used 
to transfer volatile species into the mass spectrometer, thereby enabling species to be 
sampled directly from the electrode-electrolyte interface. This approach has been used 
to investigate hydrogen evolution and carbon dioxide reduction over Ag and Cu. We find 
that the measured CO2 reduction activity of Ag agrees well with what is measured by gas 
chromatography of the effluent from an H-cell operated with the same catalyst and 
electrolyte. A distinct advantage of our approach is that it enables observation of the 
depletion of carbon dioxide near the cathode surface due to reaction with hydroxide 
anions evolved at the cathode surface, something that cannot be done using conventional 
analytical techniques. We also demonstrate that the influence of this relatively slow 
chemical reaction can be minimized by evaluating electrocatalytic activity during a rapid 
potential sweep; thereby enabling measurement of the intrinsic kinetics. For CO2 
reduction over Cu, nine products can be observed simultaneously in real time. A notable 
finding is that the abundance of aldehydes relative to alcohols near the cathode surface 
is much higher than that observed in the bulk electrolyte. It is also observed that for 
increasingly cathodic potentials the relative abundance of ethanol increases at the 
expense of propionaldehyde. These finding suggest that acetaldehyde is a precursor to 
ethanol and propionaldehyde and that propionaldehyde is a precursor to n-propanol. 
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5.1 Introduction 
 

 Fuels and commodity chemicals can potentially be produced by the 
electrochemical reduction of carbon dioxide (CO2).1–3 The product distribution obtained is 
highly dependent on the composition of both the metal used as the cathode and the 
reaction environment in the immediate vicinity of its surface. For example, silver (Ag) 
produces carbon monoxide (CO) almost exclusively, while copper (Cu) is the only known 
electrocatalyst capable of reducing CO2 to  hydrocarbons and alcohols with high Faradaic 
efficiency.4,5 Recent theoretical studies have shown that as the current density increases, 
electrolyte polarization occurs due to inadequate mass transfer to and from the electrode 
surface. As a result, the pH and CO2 concentration near the cathode surface deviate 
significantly from those in the bulk of the electrolyte.6,7 Determining the extent to which 
the observed electrocatalytic activity is influenced by concentration polarization is difficult 
because conventional analytical techniques sample species from the gas-phase effluent 
and the bulk electrolyte. Additionally, there is currently little experimental evidence to 
support any of the proposed mechanisms by which CO2 is reduced to multi-carbon 
products over Cu. For example, it has been hypothesized that aldehydes are 
intermediates to the corresponding alcohols.8 While this hypothesis is supported by the 
observation that the acetaldehyde concentration quickly saturates during prolonged 
electrolysis and that the electrochemical reduction of these aldehydes yields the 
corresponding alcohols,9,10 these data are not sufficient to conclude that aldehydes are 
intermediates in the reduction of CO2 to either ethanol or n-propanol over Cu. Therefore, 
the ability to quantify the composition of the local reaction environment would enable 
activity trends to be directly related to the catalytically relevant reactant concentration 
under different operating conditions. Furthermore, it could potentially enable transient 
intermediate reaction products to be observed, providing insight into the selectivity-
determining steps of multi-carbon product formation. A promising approach for 
addressing these issues is differential electrochemical mass spectrometry (DEMS). This 
analytical technique utilizes pervaporation to continuously collect volatile electrochemical 
reaction products in real time.11,12 Unfortunately, DEMS cells for CO2 reduction are 
typically configured such that volatile species are sampled form the bulk electrolyte.9,13 
However, by coating the pervaporation membrane with the electrocatalyst, volatile 
species at the electrode-electrolyte interface can be sampled.11,12 Furthermore, by co-
locating the electrocatalyst and the point of product sampling, the delay time between 
product generation and detection is minimized and the liquid-phase product collection 
efficiency is maximized.11,12  
 
 Here, we report the merits of investigating CO2 reduction with a DEMS cell that 
enables reactant and product concentrations to be probed in the immediate vicinity of the 
cathode. This capability has enabled us to observe the acid-base reaction of CO2 with 
hydroxide anions evolved at the cathode surface and demonstrate that the influence of 
this relatively slow chemical reaction on the measured activity of Ag can be minimized by 
conducting product analysis during a rapid potential sweep. Furthermore, we have been 
able to probe the effects of electrolyte hydrodynamics on the electrocatalytic activity of 
Ag and relate the observed changes to differences in the composition of the local reaction 
environment. We demonstrate a method of signal deconvolution over Cu that enables the 
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continuous observation of nine different reaction products and observe a potential-
dependent hysteresis of the product distribution that favors multi-carbon product 
generation during the anodic sweep. Finally, we have discovered that aldehydes are 
much more abundant than the corresponding alcohols in the immediate vicinity of the Cu 
cathode, supporting the hypothesis that they are intermediates to more reduced products. 
 

5.2 Experimental 
 

5.2.1 Electrochemical Cell  
 

Figure 5.1 illustrates the DEMS setup. It consists of an electrochemical cell, a set 
of electrolyte reservoirs, and a peristaltic pump. The electrochemical cell was machined 
from PEEK and was cleaned by sonication in 20 wt. % nitric acid prior to each experiment. 
The working and counter electrodes are parallel and separated by an anion-conducting 
membrane (Selemion AMV AGC Inc.). The exposed geometric surface area of the 
cathode is ~0.5 cm2. The anode is a platinum gauze disc (100 mesh, 99.9% Sigma 
Aldrich) with an exposed surface area of roughly 2 cm2. The working electrode potential 
was referenced against an Ag/AgCl electrode (Innovative Instruments Inc.) that was 
calibrated against a homemade standard hydrogen electrode. A 0.05 M Cs2CO3 
(99.995% Sigma Aldrich) solution prepared using 18.2 MΩ DI water was used as the 
electrolyte. This electrolyte was selected because it has been shown to enhance the C2+ 
product selectivity obtained over polycrystalline Cu.14–16 Metallic impurities in the as-
prepared electrolyte were removed before electrolysis by chelating them with Chelex 100 
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Figure 5.1 – (A) Schematic of the DEMS setup with only one electrolyte reservoir shown for 
simplicity. (B) Photograph of the cathode chamber of the DEMS cell. (C) SEM image of the 
nanoporous PTFE membrane coated with Ag.  
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(Na form Sigma Aldrich).17 Each electrode chamber had an associated electrolyte vessel 
that was sparged with CO2 (99.999% Praxair Inc.) for 30 min prior to and throughout the 
duration of all electrochemical measurements. Upon saturation with CO2 the pH of the 
electrolyte was 6.8, which was maintained throughout the duration of each experiment. 
The electrolyte from these reservoirs was continuously pumped through the chambers of 
the electrochemical cell and recycled using a peristaltic pump. The catholyte was pumped 
using a parallel set of pump cartridges with opposing polarities, which resulted in constant 
pressure flow. Constant pressure flow was only employed for the catholyte since it was 
critical to obtaining stable mass-ion currents. 

  

5.2.2 Electrode Preparation 
 

 A nanoporous PTFE membrane (20 nm pore size, Hangzhou Cobetter Filtration 
Equipment Co.) was used as the pervaporation membrane and electrocatalyst support. 
The nanoporous PTFE membrane was sonicated in acetone for 30 min, sonicated in 
methanol for 30 min, rinsed with DI water, dried over N2, and exposed to UV generated 
ozone for 5 min to clean the surface prior to sputter deposition. Cu and Ag thin films were 
deposited onto the nanoporous PTFE membrane using an AJA ATC Orion-5 magnetron 
sputtering system. Cu (99.999% Kurt J. Lesker) and Ag (99.999% Kurt J. Lesker) were 
deposited at a rate of 1 Å/s to an effective thickness of 400 nm under Ar. This thickness 
was determined to maximize the CO mass-ion current signal during linear sweep 
voltammetry over Ag (see 5.6.1). A scanning electron micrograph of the nanoporous 
PTFE membrane coated with Ag is shown in Figure 5.1C. 

 

5.2.3 Electrode Characterization 
 

The bulk crystal structure of the Cu and Ag thin films deposited onto the 
nanoporous PTFE membrane were analyzed using a Rigaku Smartlab x-ray 
diffractometer (XRD). The symmetric out-of-plane diffractograms were acquired using Cu 
Kα radiation (40 kV, 40 mA). The average crystallite size of the particles comprising the 
thin films was calculated using the Scherrer equation. Scanning electron micrographs of 
the Cu and Ag thin films were acquired using an FEI Quanta FEG 250 scanning electron 
microscope (SEM). The micrographs were acquired using an electron beam energy of 15 
kV and a spot size of 3.0 nm.  

 
 The near-surface composition of the Cu and Ag thin films were measured before 
and after electrolysis using a Kratos Axis Ultra DLD x-ray photoelectron spectrometer 
(XPS). All spectra were acquired using monochromatized Al Kα radiation (15 kV, 15 mA). 
Ar sputtering of the sample surface was avoided to prevent the removal of surface 
contaminants. The kinetic energy scale of the measured spectra were calibrated by 
setting the C 1s binding energy to 284.8 eV. The same instrument was also used to 
measure the surface composition of the Cu and Ag thin films before and after electrolysis 
by ion scattering spectroscopy (ISS). All spectra were acquired using a focused He ion 
beam (1 kV). No impurities were detected on the electrode surface before or after 
electrolysis by either XPS or ISS (see 5.6.2). 
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5.2.4 Electrochemistry 
 
 Electrochemistry was performed using a Biologic VSP-300 potentiostat. All 
electrochemical measurements were recorded versus the reference electrode and 
converted to the RHE scale. The working electrode was conditioned prior to 
experimentation by conducting chronopotentiometry at -20 mA/cm2 for 30 min. 
Potentiostatic electrochemical impedance spectroscopy (PEIS) and current interrupt (CI) 
were used to determine the uncompensated resistance (Ru) of the electrochemical cell 
(see 5.6.3). While the potentiostat compensated for 85% of Ru in-situ, the last 15% was 
not corrected since this would result in a potential scale that does not vary linearly with 
time, making the accurate alignment of the electrochemistry and mass spectrometry 
erroneous.  
 

The roughness factor of the Ag films deposited onto the nanoporous PTFE 
membrane were determined relative to an identical film deposited onto a polished Si wafer 
by taking the ratio of their double layer capacitances. The double layer capacitance of 
each electrode was measured by conducting cyclic voltammetry in a potential range 
where no Faradaic processes occur at a series of increasingly rapid scan rates (see 
5.6.4).   

 

5.2.5 Mass Spectrometry 
 

Mass spectra were acquired using a Hiden HPR40 dissolved-species mass 
spectrometer. An electron energy of 70 eV was used for the ionization of all species with 
an emission current of 500 μA. All mass-selected product cations were accelerated using 
a voltage of 3 V and were detected using a secondary electron multiplier with a detector 
voltage of 1,350 V. The mass spectra of relevant species were measured so that accurate 
deconvolution of the observed mass spectrum could be conducted (see 5.6.5).  
 

5.3 Results and Discussion 
 

5.3.1 Hydrogen Evolution over Ag  
 
 Hydrogen evolution was investigated over Ag in the absence of CO2 to confirm that 
the measured mass-ion currents are directly proportional to the rates of products 
generation by electrochemical reaction. To this end, a chronopotentiometry staircase was 
conducted imposed while monitoring the m/z = 2 mass-ion current (see 5.6.6). The linear 
correlation between the m/z = 2 mass-ion current signal and the total current density 
confirms the quantitative nature of the observed mass-ion currents and demonstrates that 
the product collection efficiency is independent of the absolute current density. 
Furthermore, the reproducibility of the H2 calibration curve indicates that the product 
collection efficiency does not vary with extended operation. By comparing the slope of the 
H2 calibration curve to that observed under stagnant electrolyte conditions the product 
collection efficiency was estimated to be ~80% at an electrolyte flow rate of 85 mL/min, 
assuming complete product collection under stagnant conditions. Thus, product collection 
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efficiencies remain high despite that electrolyte convection enhances the flux of 
electrochemical reaction products away from the electrode surface and into the bulk of 
the electrolyte. The H2 detection limit, defined as the partial current density that results in 
a mass-ion current signal greater than the standard deviation of the baseline, was 
determined to be ~40 µA/cm2 at this flow rate. 
  

The temporal accuracy of product quantification was evaluated by conducting 
linear sweep voltammetry at rates of 5 to 100 mV/s while monitoring the m/z = 2 mass-
ion current. The observed m/z = 2 signal was converted into the corresponding H2 partial 
current density using the calibration curve described above and is shown in Figure 5.2A. 
As the scan rate increased, higher current densities were observed at a given potential. 
The increase in the observed current density at a given potential due to the variation of 
the scan rate was roughly 3 orders of magnitude higher than the current associated with 
charging the electrochemical double layer (see 5.6.4). Thus, the increase in the observed 
current density is hypothesized to be the result of the suppressed depletion of bicarbonate 
anions near the cathode surface as the scan rate is increased. The depletion of the 
bicarbonate anions near the cathode is suppressed at higher scan rates because fewer 
hydroxide anions are evolved over the course of the linear potential sweep as the scan 
rate is increased. Recent work has shown that HCO3

- anions can serve as a source of 
adsorbed H atoms (H*) via the reaction: HCO3

- + e- → H* + CO3
2-. The reason that HCO3

- 
anions are an effective source of absorbed H* is that the pKa of HCO3

- anions is 3.7 pKa 
units lower than that of water (10.3 vs 14), which means that despite the lower 
concentration of HCO3

- anions (0.1 M) relative to that of water (55 M), HCO3
- anions can 

compete with water as a source of H*.18  
 
The difference between the total current density and the observed H2 partial 

current density was calculated to determine the scan rate dependence of the 
quantification error, as shown in Figure 5.2B. The total fraction of charge passed during 
the linear potential sweep accounted for by detected H2 only decreases marginally with 
scan rate (see 5.6.7). However, a greater fraction of the H2 is detected after the scan ends 
as the scan rate is increased due to the finite time between product generation and 
detection. This ultimately results in product detection after the terminal potential is 
reached. However, the observed mass-ion current signal accurately reproduces the 
voltammogram for scan rates below ~10 mV/s. The exponential decay of the m/z = 2 
signal is thought to be caused by the diffusion of H2 into the electrolyte and then back 
toward the pervaporation membrane once the scan has ended. It is notable that this 
behavior was not observed for other reaction products, which diffuse through water at 
much slower rates than H2 (see 5.6.7). 
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5.3.2 CO2 Reduction over Ag 
 
 CO2 reduction was conducted over Ag to validate that the electrocatalytic activity 
measured by DEMS accurately reproduces what is measured by gas chromatography 
(GC). Ag is an ideal electrocatalyst for this purpose because it predominately produces 
H2 and CO at all applied potentials.19,20 The ionization of CO produces some of the same 
mass fragments as the ionization of CO2, necessitating deconvolution of the contributions 
of CO and CO2 to the observed mass spectrum (see 5.6.8). CO calibration was conducted 
in an analogous way as H2 calibration, except that the mass-ion currents for m/z = 2, 28, 
and 44 were all monitored during the chronopotentiometry staircase (see 5.6.9). The CO 
partial current density was assumed to be equivalent to the difference between the total 
current density and the H2 partial current density, which was determined using the 
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Figure 5.2 – (A) H2 evolution activity of Ag measured during linear sweep voltammetry at a series 
of increasingly rapid scan rates in 0.1 M CsHCO3 saturated with N2 at a flow rate of 85 mL/min. 
(B) Difference between the total current density and the observed H2 partial current density. 
Reduced time is defined as the time elapsed after the terminal potential of the potential scan is 
reached normalized by the time required to scan through a 1 mV potential window.  
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observed m/z = 2 mass-ion current and the H2 calibration curve. The contribution of CO2 
to the observed m/z = 28 signal was accounted for using the observed m/z = 44 mass-
ion current and the measured mass spectrum of CO2. The resulting linear correlation 
between the deconvoluted m/z = 28 mass-ion current signal and the calculated CO partial 
current density validates the assumption that the only products evolved at the cathode 
surface in appreciable quantities under these conditions are H2 and CO (see 5.6.9).  
 

Linear sweep voltammetry was conducted at a scan rate of 5 mV/s while 
monitoring the mass-ion currents for m/z = 2, 28, and 44. The results obtained were 
analyzed in an analogous fashion and compared to those obtained by analyzing the 
effluent of an H-cell using gas chromatograph while performing a chronoamperometry 
staircase over a polycrystalline Ag thin film. As shown in Figure 5.3A and 5.3B, the ECSA-
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Figure 5.3 – Comparison of the CO2 reduction activity of Ag measured via GC and DEMS in 0.1 
M CsHCO3: (A) ECSA-normalized partial current densities and (B) Faradaic efficiencies. GC 
measurements were conducted during a chronoamperometry staircase in a traditional H-cell with 
a CO2 flow rate of 20 sccm. DEMS measurements were conducted during linear sweep 
voltammetry at a scan rate of 5 mV/s with an electrolyte flow rate of 85 mL/min. (C) Fraction of 
CO2 depleted at the cathode surface as measured by DEMS during linear sweep voltammetry.   
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normalized partial current densities and Faradaic efficiencies observed via DEMS and 
GC match exceptionally well, notwithstanding the fact that the DEMS approach acquires 
the data nearly two orders of magnitude faster than the conventional approach. 
Furthermore, the DEMS approach enables the extent of CO2 depletion near the cathode 
surface to be measured experimentally, as shown in Figure 5.3C. Thus, the technique 
can be used to relate changes in the observed electrocatalytic activity to the composition 
of the local reaction environment.    
 
 To determine if the scan rate impacts the observed electrocatalytic activity and 
local reaction environment over Ag, linear sweep voltammetry was conducted at 
increasingly rapid scan rates (see 5.6.10). As shown in Figure 5.4A, as the scan rate is 
increased the small bump in the H2 partial current density at roughly -0.8 V vs RHE shifts 
to more cathodic potentials. This feature is likely caused by the poisoning of surface sites 
by adsorbed intermediates associated with the reduction of CO2 to CO. This hypothesis 
is corroborated by the observation that the H2 partial current density declines at the onset 
potential of CO evolution and that spectroscopic studies in the published literature have 
observed IR absorption bands associated with COOH over polarized Ag cathodes during 
CO2 reduction.21 The maximum in the H2 partial current bump shifts to more cathodic 
potentials as the scan rate is increased because these intermediates take a finite time to 
accumulate on the Ag surface, enabling more cathodic potentials to be reached before 
they accumulate to a significant extent as the scan rate is increased. Furthermore, as the 
scan rate is increased from 5 to 20 mV/s the observed H2 partial current density 
decreases, while the observed CO partial current density increases at potentials cathodic 
of -1 V vs RHE. However, scan rates faster than 20 mV/s do not exhibit any additional 
changes. The origin of this scan rate dependence was determined by plotting the mass-
ion current signal associated with CO2 as a function of the deconvoluted mass-ion current 
signal associated with CO measured during each linear potential sweep, as shown in 
Figure 5.4B. A linear correlation is observed at low CO generation rates regardless of the 
scan rate employed, suggesting that a molecule of CO is generated for every molecule 
of CO2 consumed. However, at higher rates of CO generation the local CO2 concentration 
is depleted to a greater degree than expected based on the rate of CO generation alone. 
Furthermore, the magnitude of this excessive depletion increases at a fixed CO 
generation rate as the scan rate drops below 20 mV/s. These trends cannot be explained 
in terms of differences in the rates of mass transfer of CO and CO2 from the electrode 
surface into the mass spectrometer since both species diffuse through aqueous solutions 
at nearly identical rates, with diffusion coefficients of 1.92 and 2.03 x 10-5 cm2/s, 
respectively. Conversely, these observations suggest that there is a second mode of CO2 
depletion that becomes relevant at scan rates below 20 mV/s. This additional mode of 
CO2 depletion is hypothesized to be the reaction of CO2 with hydroxide anions evolved at 
the cathode surface, which produces bicarbonate anions and depletes the local CO2 
concentration.6,7 The extent to which this reaction depletes the local CO2 concentration 
scales with the concentration of hydroxide anions produced at the cathode surface during 
the linear potential sweep, which decreases as the scan rate increases. It is important to 
realize that the intrinsic electrocatalytic activity can only be measured if the extent of 
concentration polarization is minimized. The DEMS approach accomplishes this by 
sampling products directly at the electrode-electrolyte interface, thereby enabling product 
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analysis to be conducted continuously during a rapid potential sweep, reducing the 
depletion of CO2 by limiting the evolution of hydroxide anions at the cathode surface.  

To demonstrate the impact that the rate of mass transfer to the cathode surface 
has on the observed electrocatalytic activity and local reaction environment over Ag, 
linear sweep voltammetry was conducted at a series of increasingly rapid electrolyte flow 
rates. As the electrolyte flow rate is increased, the thickness of the hydrodynamic and 
mass-transfer boundary layers at the cathode surface decreases, which, in turn, 
increases the flux of CO2 to the cathode surface. As a result, the m/z = 44 mass-ion 
current signal increases with electrolyte flow rate (see 5.6.11). As the hydrodynamic 
boundary layer thickness is reduced, the H2 partial current density decreases and the CO 
partial current density increases at a given potential, as shown in Figure 5.5A (see 5.6.12). 
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Figure 5.4 – (A) CO2 reduction activity of Ag measured during linear sweep voltammetry at a 
series of increasingly rapid scan rates in 0.1 M CsHCO3 at a flow rate of 85 mL/min. (B) CO2 
signal (m/z = 44) vs CO signal (deconvoluted m/z = 28) observed during linear sweep voltammetry 
over Ag at a series of increasingly rapid scan rates. The dotted line depicts the relationship 
expected if CO2 depletion occurs only by the evolution of CO.  
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Similar trends are observed over polycrystalline Ag thin films in a traditional H-cell when 
the products are quantified by GC (see 5.6.13). As the hydrodynamic boundary layer 
thickness increases the local pH should increase at a given current density, leading to 
CO2 depletion by acid-base reaction at more anodic potentials.7 To validate this 
hypothesis, the mass-ion current signal associated with CO2 was plotted as a function of 
the deconvoluted mass-ion current signal associated with CO for each linear potential 
sweep performed. Figure 5.5B shows that as the electrolyte flow rate is increased the 
point at which the CO2 signal rapidly declines shifts to higher CO evolution rates, which 
correspond to increasingly cathodic potentials. These results demonstrate the ability of 
the DEMS approach to explain observed activity trends based on the composition of the 
local reaction environment in the immediate vicinity of the cathode.  
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Figure 5.5 – (A) CO2 reduction activity of Ag measured during linear sweep voltammetry at a scan 
rate of 5 mV/s in 0.1 M CsHCO3 at different flow rates. (B) CO2 signal (m/z = 44) vs CO signal 
(deconvoluted m/z = 28) observed during linear sweep voltammetry over Ag at different electrolyte 
flow rates. The dotted line depicts the relationship expected if CO2 depletion occurs only by the 
evolution of CO.  
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5.3.3 CO2 Reduction over Cu 
 

Carbon dioxide (m/z = 44), hydrogen (m/z = 2), methane (m/z = 15), and ethene 
(m/z = 26) are the only reaction products produced over Cu that generate a unique mass 
fragment upon ionization (see 5.6.14). Formic acid is undetectable because it does not 
pervaporate. However, carbon monoxide can be detected after deconvoluting the mass-
ion current for m/z = 28, which also contains contributions from CO2 and ethene. The 
primary C3 products produced over Cu are allyl alcohol, propionaldehyde, and n-propanol 
each of which generate a series of unique mass fragments at m/z = 57, 58, and 59 upon 
ionization. As a result, the extent to which each of these products contributes to the 
observed mass spectrum can be calculated by solving a system of linear equations (see 
5.6.15). Once this is accomplished, the contribution of the C3 products to the remaining 
mass-ion currents can be accounted for. Acetaldehyde and ethanol produce a series of 
mass fragments upon ionization at m/z = 31 and 43 that are also unique once the 
contributions of the C3 products have been accounted for. Thus, the contributions of 
acetaldehyde and ethanol to the observed mass spectrum can also be calculated by 
solving a system of linear equations. Using this approach, the complete deconvolution of 
the observed mass spectrum can be conducted, enabling 10 different relevant species to 
be detected in real time during cyclic voltammetry, as shown in Figure 5.6. While the 
deconvoluted mass-ion current signals are directly proportional to the generation rates of 
the corresponding reaction products, quantifying the partial current densities of these 
products based on the deconvoluted signal is not possible due to the lack of a calibration 
protocol analogous to the method employed over Ag. Furthermore, alternative calibration 
protocols, such as flowing a standard gas mixture into the mass spectrometer, would not 
be accurate, since the observed mass-ion currents are dependent on the flux of each 
product into the mass spectrometer, which is a convolution of the generation rate and 
collection efficiency for each species.  
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Figure 5.6 – CO2 reduction activity of Cu measured during cyclic voltammetry at a scan rate of 1 
mV/s in 0.1 M CsHCO3 at a flow rate of 85 mL/min. Signals shown in the right-hand panels have 
been obtained by deconvoluting the total mass-ion current so that only the signal of the primary 
contributing product is displayed.  
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It is notable that the product distribution observed over Cu during cyclic 
voltammetry displays hysteresis between the cathodic and anodic sweeps. This 
hysteresis is characterized by an enhanced generation rate of multi-carbon products at 
the expense of hydrogen and methane during the anodic sweep. The hysteresis cannot 
be attributed to discrepancies in the local CO2 concentration as the CO2 signal is identical 
in both scan directions. To determine whether the hysteresis is potential dependent, cyclic 
voltammetry was conducted to a series of increasingly cathodic vertex potentials while 
monitoring the m/z = 2 mass-ion current. As shown in Figure 5.7A, hysteresis only occurs 
upon polarization to potentials more cathodic than -0.8 V vs RHE. As shown in Figure 
5.7B, this potential agrees well with the potential at which CO is first observed by mass 
spectrometry. Furthermore, the hysteresis saturates at -1 V vs RHE, where the rate of 
CO evolution over Cu is observed to plateau. It has been proposed previously that 
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Figure 5.7 – (A) H2 evolution activity of Cu during CO2 reduction measured during cyclic 
voltammetry to a series of increasingly cathodic vertex potentials at a scan rate of 20 mV/s in 0.1 
M CsHCO3 at a flow rate of 85 mL/min. The black arrows indicate the scan direction. (B) CO 
evolution activity of Cu measured during cyclic voltammetry at a scan rate of 1 mV/s in 0.1 M 
CsHCO3 at a flow rate of 85 mL/min. Note that the onset and plateau of CO evolution correspond 
to the onset and saturation point, respectively, of the observed hysteresis in the rate of H2 
evolution over Cu during CO2 reduction.   
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hysteresis of the voltammogram is a result of CO accumulation on the Cu surface.22,23 
While the product distribution hysteresis observed over Cu during cyclic voltammetry has 
not been reported previously, the results obtained here are in agreement with the 
hypothesis that the hysteresis is caused by the accumulation of CO on the Cu surface. 
The rate of multi-carbon product formation is higher during the anodic sweep because 
polarization to more cathodic potentials results in an elevated coverage of CO on the Cu 
surface that persists long enough to significantly impact the activity of Cu during the 
anodic sweep.  To confirm this hypothesis, the transient activity of Cu was measured at -
1 V vs RHE before and after polarization to -1.4 V vs RHE (see 5.6.16). After polarization 
to -1.4 V vs RHE the ethene signal (m/z = 26) observed at -1 V vs RHE was ~20% higher 
than before the brief cathodic polarization. Furthermore, the enhanced activity took over 
5 min to decay back to the value observed before the brief cathodic polarization to -1.4 V 
vs RHE. Thus, it seems likely that the observed product distribution hysteresis is caused 
by the accumulation of CO on the Cu surface, which takes several minutes to reach 
steady state once the extent of cathodic polarization is reduced.   
  
 To determine the relative generation rates of the liquid-phase products, the 
differences in their relative volatilities must be accounted for. This can be accomplished 
by normalizing the deconvoluted signal for each product by the signal observed upon 
analysis of a standard solution with a fixed concentration. As shown in Figure 5.8, the 
relative abundance of the liquid-phase products observed by DEMS is significantly 
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Figure 5.8 – Observed relative abundance of the liquid-phase products produced over Cu during 
cyclic voltammetry at a scan rate of 1 mV/s in 0.1 M CsHCO3 at a flow rate of 85 mL/min. The 
solid lines represent the relative molar abundances of the liquid phase-products produced over 
Cu during chronoamperometry at -1 V vs RHE in a traditional H-cell when analyzing the bulk 
electrolyte. 
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different from what is typically observed over Cu when the liquid-phase products are 
sampled from the bulk electrolyte. Acetaldehyde and propionaldehyde are produced with 
a 2-4 times higher abundance than ethanol or n-propanol. Conversely, the ethanol and 
n-propanol are typically produced with a molar abundance roughly an order of magnitude 
higher than the corresponding aldehydes.22,24 While it has been demonstrated that the 
electrochemical reduction of these aldehydes produces the corresponding alcohols,9,25 
this is not sufficient evidence to conclude that they are transiently produced during CO2 
reduction over Cu. However, by collecting products at the electrode-electrolyte interface 
these extremely volatile intermediate reaction products can be observed, suggesting that 
these aldehydes are relatively abundant within the local reaction environment but are 
typically reduced further to the corresponding primary alcohols before diffusing into the 
bulk electrolyte. To confirm that the pervaporate contains a high concentration of 
aldehydes relative to alcohols, chronoamperometry was conducted at -1.3 V vs RHE for 
200 min while the pervaporate was passed through a condenser cooled with liquid N2. 
The condensate was collected and analyzed by HPLC, which confirmed the high 
concentration of aldehydes relative to alcohols in the pervaporate (see 5.6.17). The 
concentration of aldehydes and alcohols in the recirculated catholyte was found to be 
negligible, confirming the high collection efficiency for the liquid-phase products. 
Interestingly, the relative abundance of ethanol increases at the expense of 
propionaldehyde at more cathodic potentials, as shown in Figure 5.9A. This novel 
observation suggests that ethanol and propionaldehyde share a common intermediate, 
such as acetaldehyde. This proposed mechanism is shown in Figure 5.9B. As the 
potential becomes increasingly cathodic the electrochemical reduction of acetaldehyde 
to ethanol is expected to become increasingly exergonic relative to the chemical C-C 
coupling between acetaldehyde and CO, which is hypothesized to lead to 
propionaldehyde formation.8,26 Thus, the observed liquid phase product selectivity 
potential dependence can be rationalized based on both reaction products being derived 
from an acetaldehyde intermediate.  
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5.4 Conclusions 
 
 In conclusion, we have demonstrated that the local reaction environment during 
the electrochemical reduction of CO2 can be observed and quantified using a DEMS cell 
in which the catalyst is deposited directly onto the pervaporation membrane. We have 
shown that for CO2 reduction over Ag, the amounts of H2 and CO generated agree very 
well with what is observed by gas chromatographic analysis of the effluent from an H-cell 
operated with the same catalyst and electrolyte. Furthermore, we have observed the 
reaction of CO2 with hydroxide anions evolved at the cathode surface and have 
demonstrated that the influence of this relatively slow chemical reaction on the measured 
electrocatalytic activity of Ag can be minimized by conducting product analysis during a 
rapid potential sweep. We have also shown how mass transfer to and from the catalyst 
influences the composition of the local reaction environment and measured 
electrocatalytic activity of Ag. For the electrochemical reduction of CO2 over Cu, we have 
detected nine products continuously during cyclic voltammetry, which led to the 
observation of a potential-dependent hysteresis of the product distribution that favors 
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Figure 5.9 – (A) Enhanced relative abundance of ethanol at the expense of propionaldehyde 
observed over Cu during cyclic voltammetry at a scan rate of 1 mV/s in 0.1 M CsHCO3 at a flow 
rate of 85 mL/min. (B) Proposed mechanism of C2 and C3 primary alcohol formation over Cu from 
an acetaldehyde intermediate. 
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multi-carbon product generation during the anodic sweep. Finally, we have discovered 
that the electrolyte in contact with the cathode has a much higher concentration of 
aldehydes (acetaldehyde and propionaldehyde) than the corresponding alcohols (ethanol 
and n-propanol). We have also observed that at more cathodic potentials the 
concentration of ethanol near the cathode increases as the expense of propionaldehyde. 
These observations suggest acetaldehyde is a precursor to ethanol and propionaldehyde, 
and that the latter is precursor to n-propanol. 
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5.6 Supplementary Information 
 

5.6.1 Optimization of the Metallic Thin Film Thickness   
 
Ag thin films were deposited onto 

the nanoporous PTFE membrane to 
effective thicknesses of 100 to 600 nm. 
X-ray diffractograms of each Ag thin 
film were measured, as shown in 
Figure S5.1A. The diffractograms were 
utilized to calculate the average 
crystallite size using the Scherrer 
equation, as shown in Figure S5.1B. 
Scanning electron micrographs were 
recorded for each thin film, as shown in 
Figure S5.2. Ag thin films with low 
effective thicknesses result in minimal 
coating of the PTFE fibers, which could 
compromise the electrical continuity of 
the electrocatalyst layer. Conversely, 
Ag thin films with high effective 
thicknesses begin to block the 
nanopores in the PTFE membrane, 
which will compromise the efficiency of 
product collection. Thus, the optimal 
film thickness was determined by 
measuring the slope of the H2 
calibration curve and the maximum CO 
signal (m/z = 28) during linear sweep 
voltammetry. As shown in Figure 
S5.3A, Ag thin films with effective 
thicknesses greater than 400 nm 
resulted in a reduced sensitivity to H2, presumably due to a reduced collection efficiency 
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Figure S5.1 – (A) X-ray diffractograms of the Ag thin 
film on the nanoporous PTFE membrane as a 
function of the effective thickness. (B) Average 
crystallite size of the Ag thin films deposited on the 
nanoporous PTFE membrane, as calculated using 
the Scherrer equation. 

Figure S5.2 – Scanning electron micrographs of the Ag thin films deposited onto the nanoporous 
PTFE membrane to different effective thicknesses. 



  

148 
 

resulting from the blocking of the 
nanopores in the PTFE membrane. 
As shown in Figure S5.3B, the CO 
signal was maximized over Ag thin 
films with an effective thickness of 400 
nm. The CO signal at lower and higher 
thicknesses decreases presumable 
due to the excessive depletion of CO2 
due to pervaporation and the reduced 
product collection efficiency, 
respectively.  
 
 
 
 
 
 
               
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S5.3 – Impact of Ag film thickness on: (A) H2 
calibration curve slope and (B) maximum CO signal 
(m/z = 28) observed during linear sweep 
voltammetry.  
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5.6.2 Validating Surface Purity by X-Ray Photoelectron and Ion-
Scattering Spectroscopies    

 
 The purity of the working 
electrode surface was validated before 
and after experimentation using x-ray 
photoelectron (XPS) and ion scattering 
spectroscopies (ISS). As shown in 
Figure S5.4, no impurities were 
detected before or after 
experimentation by either analytical 
technique over a representative Ag thin 
film deposited onto the nanoporous 
PTFE membrane.  
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Figure S5.4 – Analysis of a representative Ag thin 
film deposited on the nanoporous PTFE membrane 
before and after experimentation by: (A) XPS and 
(B) ISS.   
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5.6.3 Quantifying the Uncompensated Resistance of the DEMS Cell  
  

 The uncompensated resistance 
of the electrochemical cell was 
determined by potentiostatic 
electrochemical impedance 
spectroscopy. The uncompensated 
resistance was found to be ~60 Ω at 
electrolyte flow rates of 0 to 85 mL/min 
when the voltage waveforms were 
centered at the open circuit potential, 
as shown in Figure S5.5A. 
Furthermore, the uncompensated 
resistance was found to be ~60 Ω when 
the voltage waveforms were centered 
at increasingly cathodic potentials 
using an electrolyte flow rate of 85 
mL/min, as shown in Figure S5.5B.  
  
 The uncompensated resistance 
of the electrochemical cell was also 
determined using the current interrupt 
technique. The uncompensated 
resistance was found to be ~65 Ω at 
electrolyte flow rates of 0 to 85 mL/min 
when the interrupted current density 
was 40 mA/cm2, as shown in Figure 
S5.6A. Furthermore, the 
uncompensated resistance was also 
found to be ~65 Ω when the interrupted 
current density was increasingly 
cathodic using an electrolyte flow rate of 85 mL/min, as shown in Figure S5.6B.  
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Figure S5.5 – Uncompensated resistance of the 
electrochemical cell as determined using 
potentiostatic electrochemical impedance 
spectroscopy: (A) as a function of flow rate with 
voltage waveforms centered at the open circuit 
potential and (B) with voltage waveforms centered at 
increasingly cathodic potentials at a flow rate of 85 
mL/min.  
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Figure S5.6 – Uncompensated resistance of the 
electrochemical cell as determined using the current 
interrupt technique: (A) as a function of flow rate 
using an interrupted current density of 20 mA/cm2 
and (B) with an increasingly cathodic interrupted 
current density at a flow rate of 85 mL/min. 



  

152 
 

5.6.4 Quantifying the Relative Electrochemical Surface Area of the 
DEMS Electrode   

 
The roughness factor of the 

DEMS electrode was compared to an 
analogous thin film deposited on a 
polished Si wafer by taking the ratio of 
their double layer capacitances. The 
double layer capacitance of each 
electrode was determined by 
measuring the charging current in a 
potential range where no Faradaic 
processes occur at a series of 
increasingly rapid scan rates, as shown 
in Figure S5.7A. As shown in Figure 
S5.7B, the DEMS electrode had a 
roughness factor of ~2.9 relative to the 
thin film deposited on a polished Si 
wafer.  
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5.6.5 Mass Spectra of Reactants and Products   
 
 The mass spectra of CO2, CO, and 
ethene were measured by feeding a standard 
gas into the mass spectrometer to enable 
accurate deconvolution of the m/z = 28 mass-
ion current, as shown in Figure S5.8. The 
mass spectra of acetaldehyde, ethanol, allyl 
alcohol, propionaldehyde, and n-propanol 
were measured by analyzing 50 mM solutions 
of each species to enable accurate 
deconvolution of the m/z = 31, 43, 57, 58, and 
59 mass-ion currents, as shown in Figure 
S5.9.   
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liquid phase products produced over Cu as 
measured by analyzing 50 mM standard 
solutions of each product. 
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5.6.6 H2 Calibration Procedure    
 
 The signal response of the mass 
spectrometer to the evolution of H2 was 
calibrated by conducting a 
chronopotentiometry staircase from 2 
to 40 mA/cm2 with a step length of 10 s 
while monitoring the m/z = 2 mass-ion 
current, as shown in Figure S5.10A. As 
shown in Figure S5.10B, a linear 
correlation between the m/z = 2 mass-
ion current signal and the total current 
density was observed. The 
chronopotentiometry staircase was 
repeated several times to demonstrate 
the reproducibility of the H2 calibration 
curve, which indicates that the product 
collection efficiency does not vary with 
extended operation, as shown in Figure 
S5.11. Finally, the 
chronopotentiometry staircase was 
conducted at increasingly rapid 
electrolyte flow rates to determine the 
impact that electrolyte convection has 
on the efficiency of product collection. 
The collection efficiency was assumed 
to be 100% under stagnant electrolyte 
conditions. As shown in Figure S5.12, 
the collection efficiency was found to 
decrease linearly with flow rate but was 
still greater than 80% at the maximum 
flow rate employed in the study.  
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Figure S5.12 – (A) m/z = 2 signal observed 
during chronopotentiometry staircases at 
increasingly rapid electrolyte flow rates. (B) 
H2 collection efficiency vs flow rate 
calculated assuming complete collection 
under stagnant conditions. 
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5.6.7 H2 Evolution Linear Sweep Voltammetry over Ag vs Scan Rate 
 
 The total fraction of H2 
generated during linear sweep 
voltammetry that was detected by mass 
spectrometry is shown in Figure S5.13. 
It is apparent that the total amount of H2 
generated during the scan that is 
detected by mass spectrometry begins 
to decline slightly at scan rates faster 
than 50 mV/s. However, a greater 
fraction of this H2 is detected after the 
scan ends due to the finite time 
associated with mass transfer from the 
electrode surface into the mass 
spectrometer. This issue was 
compounded by the fact that products 
generated at the electrode surface can either 
pervaporate into the mass spectrometer or diffuse 
into the bulk of the electrolyte, as shown in Figure 
S5.14. Once the scan ends and the product 
concentration near the electrode surface is rapidly 
diminished by pervaporation, causing products that 
diffused away from the electrode surface to diffuse 
back and pervaporate, causing an exponential 
decline in the mass-ion current signals after Faradaic 
charge transfer ceases. This phenomenon was only 
significant for H2 because it diffuses much more 
rapidly into the electrolyte than other reaction 
products.  
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Figure S5.13 – Total percentage of generated H2 
that is detected by mass spectrometry during linear 
sweep voltammetry as a function of the scan rate.  

Figure S5.14 – Directions of product 
flux at the surface of the DEMS 
electrode. Arrow sizes indicate 
relative magnitudes.  
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5.6.8 Calculated Signal Contributions over Ag 
 
 The contributions of different species to the expected mass spectrum over Ag at 
an applied potential of -1 V vs RHE were calculated to determine which mass-ion currents 
should be monitored using:  
 

𝐶𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑖 𝑡𝑜 𝑚
𝑧⁄ = 𝑗 𝑆𝑖𝑔𝑛𝑎𝑙 =

�̇�𝑖

𝐼𝑚
𝑧⁄ =𝑗,𝑖

∑ 𝐼𝑚
𝑧⁄ =𝑗,𝑖𝑗

∑ �̇�𝑖

𝐼𝑚
𝑧⁄ =𝑗,𝑖

∑ 𝐼𝑚
𝑧⁄ =𝑗,𝑖𝑗

𝑖

 

  
Where: 
 

�̇�𝑖   Flux of species i at the electrode surface (nmol/min)  
𝐼𝑚

𝑧⁄ =𝑗,𝑖
  Relative intensity of m/z = j for species i  

 
The results of this calculation are shown in Table S5.1. There is no mass-ion 

current that is solely produced by the ionization of CO, necessitating the contributions of 
CO2 to the observed mass spectrum to be deconvoluted to obtain a mass-ion current 
signal that is directly proportional to the generation rate of CO.   
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

m/z Ratio Primary Contributor Calculated Contribution Other Contributors

2 H2 100.00% N/A

28 CO 91.34% CO2 (8.66%)

44 CO2 100.00% N/A

Table S5.1 – Calculated contributions of reactants and products to the expected mass spectrum 
over Ag at -1 V vs RHE. 
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5.6.9 CO Calibration Procedure    
 
 CO calibration was conducted in an 
analogous way as H2 calibration, except that 
the mass-ion currents for m/z = 2, 28, and 44 
were all monitored during the 
chronopotentiometry staircase, as shown in 
Figure S5.15. Furthermore, the 
chonopotentiometry staircase was conducted 
from high current density to low current density 
during CO calibration. This was done because 
the rate of CO evolution exhibited transient 
changes at low current density, which 
compromised accurate quantification. 
However, if high current densities were 
applied before the application of low current 
densities then the CO partial current density 
did not exhibit transient changes at low current 
density. Thus, CO calibration was accomplish 
using chronopotentiometry staircases from 
high current density to low current density to 
improve the accuracy of CO quantification. 
The CO partial current density was assumed to be equivalent to the difference between 
the total current density and the H2 partial current density, which was determined using 
the observed m/z = 2 mass-ion current and the H2 calibration curve. The contribution of 
CO2 to the observed m/z = 28 signal was accounted for using the observed m/z = 44 
mass-ion current and the measured mass spectrum of CO2. The results of this analysis 
are shown in Figure S5.16A. A linear correlation between the deconvoluted m/z = 28 
mass-ion current signal and the calculated CO partial current density was obtained, as 
shown in Figure S5.16B.  
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5.6.10 Linear Sweep Voltammetry over Ag vs Scan Rate 
 
 Linear sweep voltammetry was conducted over Ag at different scan rates. As 
shown in Figure S5.17, the overall current evolved at a given potential was found to be 
independent of the scan rate employed. However, the H2 partial current density 
decreased and the CO partial current density increased at a fixed potential as the scan 
rate was increased from 5 to 20 mV/s. However, the H2 and CO partial current densities 
did not change further when scan rates faster than 20 mV/s were employed. These 
changes resulted in a reduced H2 Faradaic efficiency and an enhanced CO Faradaic 
efficiency at a fixed potential as the scan rate was increased from 5 to 20 mV/s, with no 
additional changes for scan rates faster than 20 mV/s.  
 
 To understand the origin of these activity trends the scan rate dependence of the 
local CO2 concentration was investigated. As shown in Figure S5.18, the local CO2 
concentration was found to be independent of the scan rate at a given potential, despite 
the differences in the rates of CO evolution for scan rates below 20 mV/s. This suggests 

Figure S5.17 – CO2 reduction activity of Ag measured during linear sweep voltammetry at a series 
of increasingly rapid scan rates in 0.1 M CsHCO3 at a flow rate of 85 mL/min. 
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that there is a second mode of CO2 depletion 
that is responsible for depleting a greater 
fraction of the local CO2 concentration as the 
scan rate drops below 20 mV/s.  
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Figure S5.18 – Local CO2 concentration 
observed over Ag during linear sweep 
voltammetry at a series of increasingly rapid 
scan rates in 0.1 M CsHCO3 at a flow rate of 
85 mL/min. 
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5.6.11 CO2 Signal vs Flow Rate    
 
 The steady state m/z = 44 signal was 
monitored as a function of the electrolyte flow 
rate to determine the impact that the flow rate 
has on the flux of CO2 to the cathode surface. 
As shown on Figure S5.19, as the electrolyte 
flow rate increases the rate of CO2 supply to 
the cathode increases, as reflected by the 
increased m/z = 44 mass-ion current signal. 
This occurs because higher electrolyte flow 
rates result in a reduced hydrodynamic and 
mass transfer boundary layer thickness at the 
cathode surface. However, the flux of CO2 to 
the cathode surface begins to plateau at electrolyte flow rates faster than 70 mL/min.  
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Figure S5.19 – Dependence of the CO2 
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164 
 

5.6.12 Linear Sweep Voltammetry over Ag vs Flow Rate 
 
Linear sweep voltammetry was conducted over Ag at a scan rate of 5 mV/s using 

different electrolyte flow rates. As shown in Figure S5.20, the overall current evolved at a 
given potential increased with the electrolyte flow rate. Furthermore, the H2 partial current 
density decreased and the CO partial current density increased at a fixed potential as the 
electrolyte flow rate was increased. These changes resulted in a reduced H2 Faradaic 
efficiency and an enhanced CO Faradaic efficiency at a fixed potential as the as the 
electrolyte flow rate was increased. 

To understand the origin of these activity trends the flow rate dependence of the 
local CO2 concentration was investigated. As shown in Figure S5.21, as the flow rate 
increases the CO2 signal increases in the absence of Faradaic current, as explained in 
section 5.6.11. At the terminal potential of the linear potential sweep there is also a higher 
concentration of CO2 near the cathode surface, as evidenced by the increased signal with 
flow rate. While more CO2 is consumed by the evolution of CO as the electrolyte flow rate 
increases, the fractional depletion of CO2 at the cathode surface decreases as the 
electrolyte flow rate increases. This is a result of an earlier onset of CO2 depletion by 
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Figure S5.20 – CO2 reduction activity of Ag measured during linear sweep voltammetry at a scan 
rate of 5 mV/s in 0.1 M CsHCO3 using a series of increasingly rapid electrolyte flow rates. 
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reaction with hydroxyl anions evolved at the 
cathode surface as the electrolyte flow rate 
decreases.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S5.21 – Local CO2 concentration 
observed over Ag during linear sweep 
voltammetry at a scan rate of 5 mV/s in 0.1 
M CsHCO3 using a series of increasingly 
rapid electrolyte flow rates. 
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5.6.13 Chronoamperometry Staircase over Ag vs CO2 Flow Rate in an 
H-Cell 

 
 Chronoamperometry staircases were conducted over a polycrystalline Ag film 
deposited onto a polished Si wafer from -0.5 to -1.5 V vs RHE at increasingly rapid CO2 
flow rates in a traditional H-cell. The electrochemical cell was mixed only by the column 
of CO2 bubbles. Thus, as the CO2 flow rate is increased the hydrodynamic and mass 
transfer boundary layers at the cathode surface become narrower, improving the rate of 
CO2 supply to the cathode. As a result, less H2 and more CO are generated at a given 
protentional as the CO2 flow rate is increased, as shown in Figure S5.22. This results in 
a reduced H2 Faradaic efficiency and an enhanced CO Faradaic efficiency at a fixed 
potential as the CO2 flow rate is increased. These trends qualitatively reproduce the 
trends observed in the DEMS cell at increasingly rapid electrolyte flow rates.   
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Figure S5.22 – CO2 reduction activity of Ag measured during a chronoamperometry staircase in 
a traditional H-cell in 0.1 M CsHCO3 at a series of increasingly rapid CO2 flow rates.  
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5.6.14 Calculated Signal Contributions over Cu  
 
 The contributions of different species to the expected mass spectrum over Cu at 
an applied potential of -1.05 V vs RHE were calculated to determine which mass-ion 
currents should be monitored using: 
  

𝐶𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑖 𝑡𝑜 𝑚
𝑧⁄ = 𝑗 𝑆𝑖𝑔𝑛𝑎𝑙 =

�̇�𝑖

𝐼𝑚
𝑧⁄ =𝑗,𝑖

∑ 𝐼𝑚
𝑧⁄ =𝑗,𝑖𝑗

∑ �̇�𝑖

𝐼𝑚
𝑧⁄ =𝑗,𝑖

∑ 𝐼𝑚
𝑧⁄ =𝑗,𝑖𝑗

𝑖

 

  
Where: 
 

�̇�𝑖  Flux of species i at the electrode surface (nmol/min)  
𝐼𝑚

𝑧⁄ =𝑗,𝑖
  Relative intensity of m/z = j for species i  

 
The results of this calculation are shown in Table S5.2. Carbon dioxide (m/z = 44), 

hydrogen (m/z = 2), methane (m/z = 15), and ethene (m/z = 26) are the only species that 
generate a unique mass fragment upon ionization. The deconvolution strategy for the 
remaining mass fragments is discussed in 5.6.15.  

m/z Ratio Primary Contributor Calculated Contribution Other Contributors

2 H2 99.21% Negligible

15 CH4 98.22% Negligible

26 C2H4 93.12% CH3CH2OH (5.71%)

28 CO2 48.33% C2H4 (36.05%)
CO (15.22%)

31 CH3CH2OH 74.67% CH3CH2CH2OH (23.19%)
CH2CHCH2OH (1.97%)

43 CH3CH2OH 76.18% CH3CHO (12.83%)
CH3CH2CH2OH (8.93%)
CH2CHCH2OH (1.86%)

44 CO2 99.89% Negligible

57 CH2CHCH2OH 80.95% CH3CH2CH2OH (11.52%)
CH3CH2CHO (7.53%)

58 CH3CH2CHO 62.01% CH2CHCH2OH (37.99%)

59 CH3CH2CH2OH 94.88% CH3CH2CHO (3.20%)
CH2CHCH2OH (1.92%)

Table S5.2 – Calculated contributions of reactants and products to the expected mass spectrum 
over Cu at -1.05 V vs RHE. 
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5.6.15 Deconvolution of the Mass-Ion Currents Observed over Cu 
 
The primary C3 products produced over Cu are allyl alcohol, propionaldehyde, and 

n-propanol each of which generate a series of unique mass fragments at m/z = 57, 58, 
and 59 upon ionization. As a result, the extent to which each of these products contributes 
to the observed mass spectrum can be calculated by solving a system of linear equations: 

 

𝐼𝑚
𝑧⁄ =58,𝑃𝑟𝑜𝑝𝑖𝑜𝑛 =

𝐼𝑚
𝑧⁄ =59 − 𝐼𝑚

𝑧⁄ =58

𝐼𝑚
𝑧⁄ =59

𝐼𝑚
𝑧⁄ =58𝑛−𝑃𝑟𝑂𝐻

− (𝐼𝑚
𝑧⁄ =57 − 𝐼𝑚

𝑧⁄ =58

𝐼𝑚
𝑧⁄ =57
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(
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𝐼𝑚
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)
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𝐼𝑚
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−
𝐼𝑚

𝑧⁄ =57

𝐼𝑚
𝑧⁄ =58𝑛−𝑃𝑟𝑂𝐻

)

(
𝐼𝑚

𝑧⁄ =59

𝐼𝑚
𝑧⁄ =58𝑃𝑟𝑜𝑝𝑖𝑜𝑛

−
𝐼𝑚

𝑧⁄ =59

𝐼𝑚
𝑧⁄ =58𝑛−𝑃𝑟𝑂𝐻

)

(
𝐼𝑚

𝑧⁄ =57

𝐼𝑚
𝑧⁄ =58𝐴𝑙𝑙𝑦𝑙

−
𝐼𝑚

𝑧⁄ =57

𝐼𝑚
𝑧⁄ =58𝑛−𝑃𝑟𝑂𝐻

)

 

 

𝐼𝑚
𝑧⁄ =58,𝐴𝑙𝑙𝑦𝑙 =

𝐼𝑚
𝑧⁄ =57 − 𝐼𝑚

𝑧⁄ =58

𝐼𝑚
𝑧⁄ =57

𝐼𝑚
𝑧⁄ =58𝑛−𝑃𝑟𝑂𝐻

− 𝐼𝑚
𝑧⁄ =58,𝑃𝑟𝑜𝑝𝑖𝑜𝑛(

𝐼𝑚
𝑧⁄ =57

𝐼𝑚
𝑧⁄ =58𝑃𝑟𝑜𝑝𝑖𝑜𝑛

−
𝐼𝑚

𝑧⁄ =57

𝐼𝑚
𝑧⁄ =58𝑛−𝑃𝑟𝑂𝐻

)

(
𝐼𝑚

𝑧⁄ =57

𝐼𝑚
𝑧⁄ =58𝐴𝑙𝑙𝑦𝑙

−
𝐼𝑚

𝑧⁄ =57

𝐼𝑚
𝑧⁄ =58𝑛−𝑃𝑟𝑂𝐻

)

 

 
𝐼𝑚

𝑧⁄ =58,𝑛−𝑃𝑟𝑂𝐻 = 𝐼𝑚
𝑧⁄ =58 − 𝐼𝑚

𝑧⁄ =58,𝑃𝑟𝑜𝑝𝑖𝑜𝑛 − 𝐼𝑚
𝑧⁄ =58,𝐴𝑙𝑙𝑦𝑙 

 
Where: 

 
𝐼𝑚

𝑧⁄ =𝑗
  Mass-ion current signal for m/z = j  

𝐼𝑚
𝑧⁄ =𝑗,𝑖

 Mass-ion current signal for m/z = j corresponding to product i  
𝐼𝑚

𝑧⁄ =𝑗

𝐼𝑚
𝑧⁄ =𝑘𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑖

 Intensity of m/z = j signal relative to m/z = k signal for product i 

 
Once the contributions of the C3 products to m/z = 58 have been analytically calculated 
their contribution to the other observed mass-ion currents can be calculated using: 
 

𝐼𝑚
𝑧⁄ =𝑗,𝑖 = 𝐼𝑚

𝑧⁄ =𝑘,𝑖

𝐼𝑚
𝑧⁄ =𝑗

𝐼𝑚
𝑧⁄ =𝑘𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑖

 

 
Acetaldehyde and ethanol produce a series of mass fragments upon ionization at m/z = 
31 and 43 that are also unique once the contributions of the C3 products have been 
accounted for. Thus, the contributions of acetaldehyde and ethanol to the observed mass 
spectrum can also be calculated by solving another system of linear equations: 
 

𝐼𝑚
𝑧⁄ =43,𝑅𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 = 𝐼𝑚

𝑧⁄ =43 − 𝐼𝑚
𝑧⁄ =43,𝐴𝑙𝑙𝑦𝑙 − 𝐼𝑚

𝑧⁄ =43,𝑃𝑟𝑜𝑝𝑖𝑜𝑛 − 𝐼𝑚
𝑧⁄ =43,𝑛−𝑃𝑟𝑂𝐻 
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𝐼𝑚
𝑧⁄ =43,𝑀𝑒−𝐶𝐻𝑂 =

𝐼𝑚
𝑧⁄ =31,𝑅𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 − 𝐼𝑚

𝑧⁄ =43,𝑅𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔

𝐼𝑚
𝑧⁄ =31

𝐼𝑚
𝑧⁄ =43𝐸𝑡𝑂𝐻

(
𝐼𝑚

𝑧⁄ =31

𝐼𝑚
𝑧⁄ =43𝑀𝑒−𝐶𝐻𝑂

−
𝐼𝑚

𝑧⁄ =31

𝐼𝑚
𝑧⁄ =43𝐸𝑡𝑂𝐻

)

 

 
𝐼𝑚

𝑧⁄ =43,𝐸𝑡𝑂𝐻 = 𝐼𝑚
𝑧⁄ =43,𝑅𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 − 𝐼𝑚

𝑧⁄ =43,𝑀𝑒−𝐶𝐻𝑂 

 
The results of this deconvolution protocol are shown in Figure S5.23, which displays the 
observed mass-ion currents for m/z = 31, 43, 57, 58, and 59 along with the calculated 
percent that acetaldehyde, ethanol, allyl alcohol, propionaldehyde, and n-propanol are 
contributing to each signal. 

0E+00

2E-11

4E-11

6E-11

8E-11

-1.6 -1.2 -0.8 -0.4 0.0

m
/z

 =
 3

1
 S

ig
n

al

Potential (vs RHE)

Forward Scan

Reverse Scan

0E+00

1E-11

2E-11

3E-11

4E-11

5E-11

-1.6 -1.2 -0.8 -0.4 0.0

m
/z

 =
 4

3
 S

ig
n

al

Potential (vs RHE)

0E+00

1E-12

2E-12

3E-12

4E-12

-1.6 -1.2 -0.8 -0.4 0.0

m
/z

 =
 5

7
 S

ig
n

al

Potential (vs RHE)

0E+00

1E-12

2E-12

3E-12

4E-12

5E-12

6E-12

-1.6 -1.2 -0.8 -0.4 0.0

m
/z

 =
 5

8
 S

ig
n

al

Potential (vs RHE)

0E+00

2E-13

4E-13

6E-13

8E-13

-1.6 -1.2 -0.8 -0.4 0.0

m
/z

 =
 5

8
 S

ig
n

al

Potential (vs RHE)

0%

20%

40%

60%

80%

100%

-1.6 -1.4 -1.2 -1.0 -0.8

C
o

n
tr

ib
u

ti
o

n
 t

o
 

m
/z

 =
 3

1
 S

ig
n

al

Potential (vs RHE)

0%

20%

40%

60%

80%

100%

-1.6 -1.4 -1.2 -1.0 -0.8

C
o

n
tr

ib
u

ti
o

n
 t

o
 

m
/z

 =
 4

3
 S

ig
n

al

Potential (vs RHE)

0%

20%

40%

60%

80%

100%

-1.6 -1.4 -1.2 -1.0 -0.8

C
o

n
tr

ib
u

ti
o

n
 t

o
 

m
/z

 =
 5

7
 S

ig
n

al

Potential (vs RHE)

0%

20%

40%

60%

80%

100%

-1.6 -1.4 -1.2 -1.0 -0.8

C
o

n
tr

ib
u

ti
o

n
 t

o
 

m
/z

 =
 5

8
 S

ig
n

al

Potential (vs RHE)

0%

20%

40%

60%

80%

100%

-1.6 -1.4 -1.2 -1.0 -0.8

C
o

n
tr

ib
u

ti
o

n
 t

o
 

m
/z

 =
 5

9
 S

ig
n

al

Potential (vs RHE)

0%

20%

40%

60%

80%

100%

-1.6 -1.4 -1.2 -1.0 -0.8

C
o

n
tr

ib
u

ti
o

n
 t

o
 

m
/z

 =
 3

1
 S

ig
n

al

Potential (vs RHE)

Acetaldehyde

Ethanol

Allyl Alcohol

Propionaldehyde

n-Propanol

Figure S5.23 – Deconvolution of the m/z = 31, 43, 57, 58, and 59 mass-ion current signals 
observed over Cu during cyclic voltammetry at a scan rate of 1 mV/s in 0.1 M CsHCO3 at a flow 
rate of 85 mL/min.  
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5.6.16 Transient Ethene Generation Rate Before and After Cathodic 
Polarization        

 
 The transient activity of Cu for 
producing ethene (m/z = 26) was monitored at 
-1 V vs RHE before and after a brief cathodic 
polarization at -1.4 V vs RHE. As shown in 
Figure S5.24, the ethene partial current 
density was elevated after the brief cathodic 
polarization took ~5 min to decay back to the 
initial value. This suggests that the prior 
history of Cu can influence its transient activity 
for several minutes until steady state activity is 
reached.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S5.24 – Transient ethene (m/z = 26) 
generation rate over Cu at an applied 
potential of -1 V vs RHE before and after a 
brief cathodic polarization to -1.4 V vs RHE 
in 0.1 M CsHCO3 at a flow rate of 85 mL/min. 
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5.6.17 Analysis of the Pervaporate Collected over Cu by Liquid 
Chromatography        

 
 The relative abundance of the 
multi-carbon liquid-phase products 
produced over Cu as measured in a 
traditional H-cell using HPLC, the 
DEMS cell using MS, and the 
condensed DEMS cell pervaporate 
using HPLC are shown in Table 
S5.3. This data was utilized to 
calculate the molar ratio of 
aldehydes to the corresponding 
alcohols observed in each case. As 
shown in Table S5.4, the 
pervaporate of the DEMS cell had a 
higher abundance of 
aldehydes relative to 
alcohols when quantified by 
mass spectrometry or when 
condensed and analyzed by 
liquid chromatography. The 
aldehyde to alcohol ratio of 
the DEMS cell pervaporate 
was lower when condensed 
and quantified by HPLC than 
when quantified by MS, 
presumably due to the loss of aldehydes by evaporation when collecting the condensed 
pervaporate. This hypothesis is corroborated by the greater discrepancy of the aldehyde 
to alcohol ratio of the DEMS cell pervaporate as quantified by MS and HPLC for the C2 
products than the C3 products, which occurs due to the higher volatility of acetaldehyde 
than propionaldehyde.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 

H-Cell DEMS Condensed 
Pervaporate

Acetaldehyde 4.04% 61.85% 37.02%

Ethanol 71.75% 28.04% 59.65%

Allyl Alcohol 5.97% 1.72% 0.06%

Propionaldehyde 2.74% 5.86% 1.63%

n-Propanol 15.50% 2.53% 1.64%

H-Cell DEMS Condensed 
Pervaporate

Acetaldehyde/Ethanol 0.056 2.200 0.621

Propionaldehyde/n-Propanol 0.177 2.300 0.993

Table S5.3 – Relative abundance of the liquid-phase 
products produced over Cu as measured in a traditional 
H-cell via HPLC, the DEMS cell pervaporate by MS, 
and the condensed DEMS cell pervaporate by HPLC. 

Table S5.4 – Abundance of aldehydes relative to the 
corresponding alcohols observed over Cu as measured in a 
traditional H-cell via HPLC, the DEMS cell pervaporate by MS, 
and the condensed DEMS cell pervaporate by HPLC. 
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Chapter 6 
 
 
 

Electrochemical Reduction of Carbon 
Dioxide over Compressively Strained CuAg 
Surface Alloys with Enhanced Multi-Carbon 
Oxygenate Selectivity 
 
Adapted from: 
Clark, E. L.; Hahn. C.; Jaramillo, T. F.; Bell, A. T. J. Am. Chem. Soc. 2017, 139, 15848-15857. 

 

Abstract 
  

The electrochemical reduction of carbon dioxide using renewably generated 
electricity offers a potential means for producing fuels and chemicals in a sustainable 
manner. To date, copper has been found to be the most effective catalyst for 
electrochemically reducing carbon dioxide to products such as methane, ethene, and 
ethanol. Unfortunately, the current efficiency of the process is limited by competition with 
the relatively facile hydrogen evolution reaction. Since multi-carbon products are more 
valuable precursors to chemicals and fuels than methane, there is considerable interest 
in modifying copper to enhance the multi-carbon product selectivity. Here, we report our 
investigations of electrochemical carbon dioxide reduction over CuAg bimetallic 
electrodes and surface alloys, which we find to be more selective for the formation of 
multi-carbon products than pure Cu. This selectivity enhancement is a result of the 
selective suppression of hydrogen evolution, which occurs due to compressive strain 
induced by the formation of a CuAg surface alloy. Furthermore, we report that these 
bimetallic electrocatalysts exhibit an unusually high selectivity for the formation of multi-
carbon carbonyl-containing products, which we hypothesize to be the consequence of a 
reduced coverage of adsorbed hydrogen and the reduced oxophilicity of the 
compressively strained Cu. Thus, we show that promoting Cu surface with small amounts 
of Ag is a promising means for improving the selectivity of Cu to multi-carbon oxygenated 
products formed by the CO2RR.  
 

6.1 Introduction  
 
 Carbon dioxide (CO2) is a potential source of renewable carbon for the production 
of fuels and chemicals. For this process to be sustainable, the hydrogen required for CO2 
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reduction must be derived from water and the necessary energy must be supplied by a 
renewable source, such as solar radiation. One approach to this goal is utilization of 
electrical energy generated by photovoltaics to drive the electrochemical CO2 reduction 
reaction (CO2RR).1–3 Previous research has shown that the overall rate of the CO2RR 
and the distribution of products formed depend primarily on the electrocatalyst used as 
the cathode. Copper (Cu) is the only monometallic electrocatalyst capable of reducing 
CO2 into potential fuels or multi-carbon chemicals with a total Faradaic efficiency (FE) in 
excess of 1%.4,5 Experimental and theoretical studies have demonstrated that carbon 
monoxide (CO) reduction is the overpotential-determining step in the reduction of CO2 to 
hydrocarbons and alcohols over Cu.6–11 The principal products formed by the reduction 
of CO are methane (CH4), ethene (C2H4), and ethanol (C2H5OH).7,12 However, a variety 
of other multi-carbon alcohols, aldehydes, and carboxylic acids are also produced, albeit 
in trace quantities.7,12 Since multi-carbon products are more valuable precursors to 
chemicals and fuels than CH4, there is considerable interest in modifying Cu to enhance 
the multi-carbon product selectivity (see 6.6.1). Unfortunately, the FE of multi-carbon 
product generation over Cu is limited by parasitic loss of total current density to the 
relatively facile hydrogen evolution reaction (HER). Thus, recent studies have focused on 
suppressing HER and enhancing the multi-carbon product selectivity. These studies have 
revealed that the applied potential,7,12,13 surface morphology,14–18 cation identity,19–21 and 
buffer concentration22–24 influence the product distribution obtained over Cu. While 
alloying is another means for tuning the product distribution,25 no multi-metallic 
electrocatalyst has been discovered with a multi-carbon product selectivity superior to 
pure Cu.26–29 In fact, it has been shown that the multi-carbon product selectivity observed 
over Cu-based alloys decreases systematically with the Cu content, suggesting that 
neighboring Cu atom ensembles are required for efficient C-C coupling.29 
 
 Under the conditions of CO2RR a substantial portion of the Cu surface is covered 
by adsorbed CO, which suppresses HER by both reducing the effective number of 
electrocatalytically active surface sites and by weakening the H adsorption energy of the 
remaining open sites.7,30–32 As a result, the surface coverage of CO influences the rate of 
HER as well as the distribution of products derived from CO, with higher CO coverages 
presumably inhibiting HER and enhancing the multi-carbon product selectivity. Consistent 
with this interpretation, the ratio of CH4 to C2H4 has been observed to scale directly with 
the FE for H2.22,33,34 At potentials cathodic of -1 V vs RHE the FEs for H2 and CH4 increase 
rapidly at the expense of C2+ products over Cu.12 The onset potential of this selectivity 
shift corresponds to the potential at which Cu reduces nearly all of the CO that it produces 
into hydrocarbons or alcohols (see 6.6.2), suggesting that this selectivity shift is caused 
by a reduced coverage of adsorbed CO.  Thus, we hypothesized that supplying additional 
CO to Cu by co-locating domains of Cu with those of a CO-generating metal would 
enhance the C2+ products selectivity because the elevated CO concentration in the 
vicinity of the cathode will result in a higher steady-state coverage adsorbed on Cu (see 
6.6.3).35 To this end, we identified the Cu-Ag system as the optimal bimetallic system to 
probe this hypothesis because Ag produces more CO than Cu at a given potential and 
because Cu and Ag are virtually immiscible in the bulk at all compositions at room 
temperature (see 6.6.4).36,37 As a result, effects of alloying should minimally impact the 
steady state electrocatalytic activity of this bimetallic system.  
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In the balance of this paper, we report the results of our investigation of CO2RR 
over CuAg bimetallic electrodes and surface alloys. While we have observed evidence of 
synergy between Cu and Ag, the data do not support our original hypothesis that this is 
a result of CO spillover. Instead, we have discovered that Ag promotes the Cu surface by 
the formation of a CuAg surface alloy that induces compressive strain in the Cu surface 
atoms. The compressive strain in the Cu surface results in an observable shift in the 
valence band structure of Cu to deeper levels. This modification weakens the adsorption 
energy of H, resulting in a 60-75% reduction in the HER activity of Cu during CO2RR. 
Interestingly, the inhibition of HER does not impact the ability of Cu to produce products 
derived from CO, leading to a 10-15% boost in the total FE for C2+ products. Furthermore, 
the distribution of products derived from CO changes in favor of multi-carbon carbonyl-
containing products at the expense of hydrocarbons. This product selectivity modification 
is attributed to reduced rates of C-O bond scission resulting from the suppression of HER 
and the reduced oxophilicity of the compressively strained Cu, which presumably inhibits 
the ability of Cu to reduce these carbonyl-containing intermediate products further.  
 

6.2 Experimental 
 

6.2.1 Electrode Preparation 
  

All CuAg bimetallic electrodes were prepared by melting physical mixtures of Cu 
(99.999%) and Ag (99.999%) in the desired atomic ratios under Ar in a vacuum arc 
furnace. The molten mixtures were rapidly quenched in deionized (DI) water and cold-
rolled into foils. The bimetallic foils were then polished with a series of sandpapers (600, 
1200, and 2500 grit 3M) and sonicated in DI water for 30 min before any characterization 
or electrochemical testing was performed. 

 
 Cu(100) thin films were prepared using an AJA ATC Orion-5 magnetron sputtering 
system. Polished Si(100) wafers (1-10 Ω*cm Virginia Semiconductor) were utilized as 
substrates and were etched immediately before deposition using 10 wt. % HF.38,39 Cu 
(99.999% Kurt J. Lesker) was then sputtered onto the etched wafers at a rate of 1 Å/s to 
a thickness of 100 nm under Ar. The Cu films were then exposed to a deaerated solution 
of AgNO3 at 50°C for 5 min in order to galvanically exchange Ag into the Cu surface. The 
surface Ag content was controlled by adjusting the AgNO3 concentration in the galvanic 
exchange solution. 
 

6.2.2 Electrode Characterization 
 
 The crystal structure of the bimetallic electrodes and epitaxial Cu films was 
analyzed with a Rigaku Smartlab x-ray diffractometer (XRD) using Cu Kα radiation (40 
kV, 40 mA). The diffractometer was equipped with parallel beam optics and a 0.5° parallel 
slit analyzer in order to mitigate measurement errors arising from the surface curvature 
of the bimetallic foils. The bulk crystal structure was analyzed by conducting symmetric 
measurements while the near-surface crystal structure was analyzed by conducting 
asymmetric measurements with the incident radiation beam fixed at a grazing angle of 
0.5°. The compositions of the observed phases were calculated using Vegard’s law and 
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their average crystallite sizes were calculated using the Scherrer equation. The 
orientation of the Cu crystallites with respect to the Si substrate were determined by 
conducting symmetric in-plane φ scans at the Bragg reflections corresponding to both 
Si(111) and Cu(111). The degree of preferred orientation in the epitaxial Cu thin films was 
determined by conducting symmetric out-of-plane Ω scans, or rocking curves, at the 
Bragg condition corresponding to Cu(200). 
 
 The bulk composition of the bimetallic electrodes was measured using an FEI 
Quanta FEG 250 scanning electron microscope (SEM) equipped with a Bruker Quantax 
energy dispersive spectrometer (EDS). Elemental quantification was conducted by 
measuring the x-ray emission from the Cu K and the Ag L levels upon excitation by an 
electron beam (15 kV). Each electrode was analyzed at 10 distinct positions in order to 
assess the spatial uniformity of the measured bulk composition. The standard deviation 
of the measured bulk composition was found to be <1 at. % for all bimetallic electrodes, 
indicating that they are compositionally uniform at the micron length scale.   
 
 The near-surface composition and valence band structure of the bimetallic 
electrodes and surface alloys were measured using a Kratos Axis Ultra DLD x-ray 
photoelectron spectrometer (XPS). All spectra were acquired using monochromatized Al 
Kα radiation (15 kV, 15 mA). Ar sputtering of the sample surface was avoided in order to 
prevent surface composition changes resulting from the nonequivalent sputtering rates of 
Cu and Ag unless explicitly stated otherwise. Where applicable, Ar sputtering of the 
sample surface was conducted using a focused Ar ion beam (5 kV). The kinetic energy 
scale of the measured core level spectra was calibrated by setting the C 1s binding energy 
to 284.8 eV. Elemental quantification was conducted by measuring the photoelectron 
emission from the Cu 2p and Ag 3d orbitals using a Shirley background and normalizing 
their integrated areas by an internally calibrated relative sensitivity factor. The Cu 2p 
spectral features were fit to three individual components (Cu0, Cu1+, and Cu2+) using the 
CasaXPS software. The kinetic energy scale of the measured valence band spectra was 
calibrated by setting the maximum rate of signal loss to 0 eV. Angle-resolved XPS 
(ARXPS) was conducted by measuring photoelectrons ejected at an angle of 30° from 
the sample surface, which results in twice the surface sensitivity compared to 
photoelectrons collected normal to the sample surface. The surface composition of the 
bimetallic electrodes and surface alloys were measured by ion scattering spectroscopy 
(ISS) using the same instrument. All ISS spectra were acquired using a focused He ion 
beam (1 kV). Elemental quantification was conducted by integrating the Cu and Ag 
spectral features using a linear background and normalizing their integrated areas by an 
internally calibrated relative sensitivity factor. 
 

6.2.3 Electrochemistry  
 
 All electrochemical measurements were conducted in a custom gas-tight 
electrochemical cell machined from PEEK.40 The cell was sonicated in 20 wt. % nitric acid 
and thoroughly rinsed with DI water prior to all experimentation. The working and counter 
electrodes were parallel and separated by an anion-conducting membrane (Selemion 
AMV AGC Inc.). Gas dispersion frits were incorporated into both electrode chambers in 
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order to provide ample electrolyte mixing. The exposed geometric surface area of each 
electrode was 1 cm2 and the electrolyte volume of each electrode chamber was 1.8 mL. 
The counter electrode was a glassy carbon plate (Type 2 Alfa Aesar) that was also 
sonicated in 20 wt. % nitric acid prior to all experimentation. Platinum was not used as 
the anode due to the possibility of contaminating the cathode.41 The working electrode 
potential was referenced against a Ag/AgCl electrode (Innovative Instruments Inc.) that 
was calibrated against a homemade standard hydrogen electrode. A 0.05 M Cs2CO3 
(99.995% Sigma Aldrich) solution prepared using 18.2 MΩ DI water was used as the 
electrolyte. This electrolyte was selected because it has been shown to enhance the C2+ 
product selectivity obtained over polycrystalline Cu.19–21 Metallic impurities in the as-
prepared electrolyte were removed before electrolysis by chelating them with Chelex 100 
(Na form Sigma Aldrich).42 Both electrode chambers were sparged with CO2 (99.999% 
Praxair Inc.) at a rate of 5 sccm for 30 min prior to and throughout the duration of all 
electrochemical measurements. Upon saturation with CO2 the pH of the electrolyte was 
6.8, which was maintained throughout the duration of chronoamperometry. 
 
 Electrochemistry was performed using a Biologic VSP-300 potentiostat. All 
electrochemical measurements were recorded versus the reference electrode and 
converted to the RHE scale. Potentiostatic electrochemical impedance spectroscopy 
(PEIS) was used to determine the uncompensated resistance (Ru) of the electrochemical 
cell by applying voltage waveforms about the open circuit potential with an amplitude of 
20 mV and frequencies ranging from 50 Hz to 500 kHz (see 6.6.5). The potentiostat 
compensated for 85% of Ru in-situ and the last 15% was post-corrected to arrive at 
accurate potentials. The redox properties of the bimetallic electrodes were assessed by 
performing cycling voltammetry from -0.3 to +1.1 V vs RHE at a scan rate of 10 mV/s until 
a stable voltammogram was obtained, which occurred in less than 10 cycles. The 
electrocatalytic activity of each bimetallic electrode and surface alloy was assessed by 
conducting chronoamperometry at -1.05 and -1.00 V vs RHE, respectively, for 70 min. 
Each electrode was tested at least three times in order to ensure the statistical relevance 
of the observed trends. 
 

6.2.4 Product Analysis 
 
 The effluent from the electrochemical cell was introduced directly into the sampling 
loop of an Agilent 7890B gas chromatograph (GC) equipped with a pulsed-discharge 
helium ionization detector (PDHID). The effluent was sampled after the first 10 min of 
chronoamperometry and every 14 min thereafter. The constituents of the gaseous sample 
were separated in He (99.9999% Praxair Inc.) using a Hayesep-Q capillary column 
(Agilent) in series with a packed ShinCarbon ST column (Restek Co.). After sampling the 
reaction effluent the column oven was maintained at 50 °C for 1 min followed by a 
temperature ramp at 30 °C/min to 250 °C, which was maintained for the duration of the 
analysis. The signal response of the PDHID was calibrated by analyzing a series of NIST-
traceable standard gas mixtures (Airgas Inc.) (see 6.6.6).  
 
 The electrolyte from both electrode chambers was collected after electrolysis and 
analyzed using a Thermo Scientific UltiMate 3000 liquid chromatograph (HPLC) equipped 
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with a refractive index detector (RID). The electrolyte samples were stored in a 
refrigerated autosampler until analyzed in order to minimize the evaporation of volatile 
liquid-phase reaction products. The liquid-phase products contained in a 10 μL aliquot 
were separated using a series of two Aminex HPX 87-H columns (Bio-Rad Inc.) and a 1 
mM sulfuric acid eluent (99.999% Sigma Aldrich). The column oven was maintained at 
60 °C for the duration of the analysis. The signal response of the RID was calibrated by 
analyzing standard solutions of each product at a concentration of 1, 10, and 50 mM (see 
6.6.7).  
 

6.3 Results and Discussion 
 

6.3.1 Characterization of the As-Prepared Bimetallic Electrodes 
 
 XRD and GIXRD measurements were carried out to determine the bulk and near-
surface crystal structures, respectively, of the bimetallic electrodes (see 6.6.8 and 6.6.9). 
Figure 6.1 shows the asymmetric GIXRD patterns of the bimetallic electrodes. The 
presence of diffraction peaks associated with Cu-rich and Ag-rich phases and the 
absence of any diffraction peaks associated with a substantially alloyed CuAg phase 
confirms the complete phase-segregated nature of the electrodes. Furthermore, the 
minimal shift of the Cu and Ag diffraction peak positions indicates that the Cu and Ag 
phases have undergone minimal alloying (<3 at. % on average as calculated by Vegard’s 
law). The near-surface Cu and Ag crystallites were calculated to be 10-15 nm in size and 
were observed to be preferentially oriented in the (111) direction, despite that GIXRD 
does not probe lattice planes parallel to the electrode surface. Moreover, the relative 
intensities of the Cu and Ag diffraction peaks in the near-surface region were found to be 
independent of the bulk composition (see 6.6.10).  
 
 The bulk compositions of the as-prepared bimetallic electrodes were quantified by 
EDS (see 6.6.11), the near-surface compositions were quantified by XPS (see 6.6.12), 
and the surface compositions were quantified by ISS (see 6.6.13). Both XPS and ISS 
yielded results that were completely consistent with EDS, as shown in Figure 6.2A. Thus, 
the average composition of the as-prepared bimetallic electrodes was determined to be 
independent of depth from the surface.  
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6.3.2 Transient Reaction Selectivity of the Bimetallic Electrodes 
 
 The FEs of the gaseous products produced over the CuAg bimetallic electrodes 
were monitored with time during CO2RR at -1.05 V vs RHE in order to determine the 
stability of the electrodes. While the FEs of the gaseous products were constant over pure 
Cu and Ag, all of the bimetallic electrodes exhibited changes in the product distribution 
over the first 20 min of electrolysis. These changes were most significant for the Ag-rich 
bimetallic electrodes and were characterized by a drop in the FE of CO and an increase 
in the total FE of products derived from CO, as shown in Figure 6.2B. These observations 
suggest that the surface of the bimetallic electrodes undergo Cu enrichment during this 
transient period. To confirm this hypothesis the near-surface and surface compositions of 
the bimetallic electrodes were measured by XPS and ISS after chronoamperometry. As 
shown in Figure 6.2A, the XPS and ISS measurements taken after chronoamperometry 
confirm that Cu surface enrichment occurs over the course of electrolysis. Furthermore, 
the magnitude of the reaction selectivity changes over the transient period scale with the 
magnitude of the observed Cu surface enrichment, confirming that the transient reaction 
selectivity is caused by the segregation of Cu to the electrode surface (see 6.6.14). 
However, no change in the average crystallite size or extent of alloying was observed by 
GIXRD after electrolysis, potentially due the inadequate surface sensitivity of the 
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Figure 6.1 – Asymmetric GIXRD patterns of the CuAg bimetallic electrodes. 
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measurement. Interestingly, the Ag-rich bimetallic electrodes undergo more Cu surface 
enrichment than those that are Cu-rich. This suggests that Cu initially dissolved in the Ag 
phase segregates to the surface, since the fraction of Cu present in the bimetallic 
electrodes that is dissolved in the Ag phase increases with the bulk Ag content. The 
consistency of the measured near-surface and surface compositions suggests that the 
segregation of Cu to the surface of the Ag phase forms a Cu-rich skin with a thickness ≥1 
nm. The driving force for the segregation of Cu to the surface of the Ag phase is 
hypothesized to be the stronger interaction of CO with Cu than Ag.9,10  

 

6.3.3 Steady State Selectivity of the Bimetallic Electrodes 
 
 The steady state CO2 consumption rate observed over all of the bimetallic 
electrodes was lower than the diffusion limited consumption rate observed over 
polycrystalline Ag, ensuring that the trends reported herein are not excessively affected 
by mass transfer effects (see 6.6.15). Since the bimetallic electrodes with bulk 
compositions of 10-60 at.% Cu enrich to roughly the same surface composition at steady 
state, the results obtained over all of these electrocatalysts were averaged together.  The 

Figure 6.2 – (A) Near-surface (XPS) and surface (ISS) compositions of the CuAg bimetallic 
electrodes before and after CO2RR. (B) Transient changes in the reaction selectivity observed 
over the CuAg bimetallic electrodes during the first 20 min of electrolysis at -1.05 V vs RHE.  

0%

20%

40%

60%

80%

100%

0% 20% 40% 60% 80% 100%

Su
rf

ac
e

 C
o

m
p

o
si

ti
o

n
 (

at
. %

 C
u

)

Bulk Composition (at. % Cu)

Pre XPS

Pre ISS

Post XPS

Post ISS

-20%

-15%

-10%

-5%

0%

5%

10%

0% 20% 40% 60% 80% 100%

C
h

an
ge

 in
 

Fa
ra

d
ai

c 
Ef

fi
ci

e
n

cy

Bulk Composition (at. % Cu)

-20%

-15%

-10%

-5%

0%

5%

10%

0% 20% 40% 60% 80% 100%

C
h

an
ge

 in
 

Fa
ra

d
ai

c 
Ef

fi
ci

e
n

cy

Bulk Composition (at. % Cu)

CO

Ethene

Liquids

B

A



  

180 
 

H2 FE observed over the bimetallic electrodes was significantly lower than that observed 
over polycrystalline Cu, with the nominal bimetallic electrodes exhibiting H2 FEs ~30% 
lower than observed over pure Cu (see 6.6.16). A large fraction of this current is instead 
utilized to produce CO, which is produced with an average FE of ~20% over the nominal 
bimetallic electrodes. However, a portion of this current is also utilized to produce 
products derived from CO, with a total FE ~10% higher observed over the nominal 
bimetallic electrodes than pure Cu. Interestingly, the bimetallic electrodes are also 
unusually selective for the formation of multi-carbon oxygenates, producing a maximum 
FE of ~35%, which is more than double the total oxygenate FE observed over pure Cu. 
Acetate and acetaldehyde account for a substantial portion of the multi-carbon oxygenate 
selectivity, reaching a combined FE of ~15%, which is significant because neither of these 
products is produced over pure Cu with a FE above 1%. 
 

6.3.4 Steady State Activity of the Bimetallic Electrodes  

 
  The steady state partial current densities of the major reaction products are plotted 
as a function of the steady state near-surface composition of the CuAg bimetallic 
electrodes in Figure 6.3. The steady state activity of the bimetallic electrodes did not 
display any dependence on the extent of alloying observed in the individual phases by 
XRD or GIXRD. However, it is apparent that the HER activity is suppressed compared to 
what would be expected if the bimetallic electrodes behaved as a linear combination of 
Cu and Ag, with the nominal bimetallic electrodes producing ~75% less H2 than pure Cu. 
Conversely, the total partial current density to products derived from CO scales linearly 
with the surface Cu content, meaning that the suppression of HER does not inhibit the 
ability of Cu to produce products derived from CO. Thus, the enhanced selectivity to multi-
carbon products observed over the bimetallic electrodes is a consequence of the 
suppression of HER and not the enhancement of CO2RR. The suppression of HER could 

Figure 6.3 – Steady state partial current densities observed over the CuAg bimetallic electrodes 
at an applied potential of -1.05 V vs RHE as a function of the steady state near-surface 
composition, as quantified by XPS after electrolysis. The solid line is meant to guide the eye while 
the dotted line displays what was expected to be observed had the CuAg bimetallic electrodes 
behaved as a linear combination of Cu and Ag. 
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be explained in terms of an enhanced coverage of CO adsorbed on Cu due to spillover 
from Ag. However, if significant CO spillover occurred, the observed CO partial current 
density would be lower than expected for a linear combination of Cu and Ag. Conversely, 
the CO generation rate scales linearly with the surface Ag content of the bimetallic 
electrodes. Therefore, the absence of missing CO does not support our initial hypothesis 
that CO generated over Ag is consumed over Cu. As mentioned previously, the 
distribution of products derived from CO is modified compared to what is typically 
observed over pure Cu, with a ~400% enhancement of the generation rate of multi-carbon 
carbonyl-containing products compared to pure Cu. This activity boost is accompanied 
by a concomitant suppression of the hydrocarbon partial current density, which is 
predominately ethene. Additional experiments conducted over a Ag mesh backed by a 
Cu foil confirmed that an elevated local CO concentration does not significantly impact 
the distribution of products obtained over Cu, confirming that CO spillover is not the cause 
of the modified product distribution observed over the bimetallic electrodes (see 6.6.17).  
 

The total partial current densities to products produced over Cu were normalized 
by the steady state near-surface Cu content and plotted as a function of the steady state 
near-surface composition in order to gain insight into the dependence of the activity of the 
Cu phase in the bimetallic electrodes on the near-surface composition. As shown in 
Figure 6.4, the addition of Ag into Cu suppresses the HER activity of the Cu phase by 
~75% during CO2RR. Conversely, the addition of Ag into Cu does not impact the total 
partial current density to products derived from CO, as previously stated. However, the 
distribution of products derived from CO does change, with the generation rate of 
carbonyl-containing products being enhanced at the expense of hydrocarbons. 
Interestingly, the activity of the Cu phase in the bimetallic electrodes is independent of 
the near-surface composition, suggesting that Ag may act as a surface promoter of Cu. 
However, this promoter effect saturates before a bulk Ag phase forms, which is why the 
Cu phase is identical in electrocatalytic activity in all the bimetallic electrodes studied 
here. Thus, the Cu phase in the bimetallic electrodes is expected to have a surface atomic 
arrangement that is independent of the bulk composition. In the next section, we explore 
the possibility that small amounts of Ag can promote the Cu surface and shift the product 
distribution to favor multi-carbon oxygenates at the expense of H2 and hydrocarbons. 
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6.3.5 Cu(100)+Ag Surface Alloys  
 
 Epitaxial Cu(100) thin films have been observed to exhibit surface adlattices upon 
electrochemical reduction that are identical to their bulk structure,43 which makes them a 
well-defined foundation for a systematic study of the effect of Ag surface promotion on 
the electrocatalytic activity of Cu. Accordingly, Cu(100)+Ag electrodes were prepared by 
epitaxial growth of Cu on Si(100) followed by galvanic exchange with Ag. As shown in 
Figure 6.5A, Cu(111) x-ray pole figures of the Cu(100) thin films exhibit the 4-fold 
symmetry characteristic of Cu(100), confirming the epitaxial nature of the Cu thin films 
(see 6.6.18). The Ag loading on the Cu(100) thin films was quantified by XPS after 
galvanic exchange and was found to scale with the concentration of AgNO3 in the galvanic 
exchange solution (See 6.6.19). As shown in Figure 6.5B, ion scattering spectroscopy 
confirmed that the Ag was incorporated into the Cu(100) surface. The direct correlation 
between the integrated area of the Ag ISS peak with the near-surface Ag composition, as 
quantified by XPS, suggests that all of the exchanged Ag atoms are located at the 
electrode surface (see 6.6.20).  
 

Figure 6.4 – Steady state activity of the Cu phase in the bimetallic electrodes at an applied 
potential of -1.05 V vs RHE as a function of the steady state near-surface Cu content.  
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 The electrocatalytic activity of the Cu(100)+Ag electrodes was measured under 
conditions similar to those utilized to assess the CuAg bimetallic electrodes. Unlike the 
bimetallic electrodes, the Cu(100)+Ag electrodes did not display significant changes in 
reaction selectivity with time, suggesting that the surface structure and composition are 
stable throughout the duration of electrolysis (see 6.6.21). This stability is expected 
because the immiscibility of Cu and Ag prevents Ag from diffusing into the bulk of the Cu 
thin film during electrolysis. As the near-surface Ag content of the Cu(100)+Ag electrodes 
increased, the steady state activity more closely resembled that observed over the Cu 
phase in the bimetallic electrodes, as shown in Figure 6.6. In fact, the HER activity of the 
Cu(100) thin films decreased by ~60% by the incorporation of ~3 at. % Ag into the near-
surface region. Furthermore, the suppression of HER had a negligible impact on the 
ability of Cu to reduce CO, resulting in a 10% boost in the multi-carbon product FE 
compared to pure Cu(100). Furthermore, the addition of Ag into Cu(100) resulted in an 
enhanced production rate of carbonyl-containing products at the expense of ethene. 
Thus, the activity trends observed over the Cu phase in the bimetallic electrodes were 
qualitatively reproduced by adding <3 at. % Ag into the near-surface region of Cu(100), 
confirming the role of Ag as a surface promoter of Cu.  
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Figure 6.5 – (A) Cu(111) x-ray pole figure of the epitaxial Cu(100) thin film deposited on Si(100). 
(B) ISS spectra of the Cu(100)+Ag electrodes.  
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6.3.6 Electronic Modifications of Cu Induced by Compressive Strain 
 
 While Cu and Ag are immiscible in the bulk at room temperature,37 surface science 
studies have revealed that they exhibit limited surface miscibility.44 In fact, the addition of 
Ag adatoms onto Cu(100) single crystals was found to spontaneously result in the 
formation of a random substitutional surface alloy at room temperature with a maximum 
Ag content of ~16 at. % in the top layer of atoms.44 Since the penetration depth of XPS is 
~10 atomic layers, a Ag-saturated Cu(100)+Ag surface alloy would have a near-surface 
composition of ~1.6 at. % Ag, which we have found to be the optimal near-surface 
composition for the suppression of HER. Interestingly, surface scientists have observed 
that the Ag atoms incorporated into the Cu(100) surface have fewer Ag nearest neighbors 
than would be expected for an ideal solution. This occurs because the substitution of 
larger Ag atoms into the Cu surface induces compressive strain in the surrounding Cu 
atoms, which causes the incorporated Ag atoms to repel one another.44,45 Thus, the 
incorporation of a relatively small amount of Ag into the Cu surface will result in 
compressive strain in the majority of Cu surface atoms. 
 
 Strain has been identified both theoretically and experimentally as a means of 
modifying the electrocatalytic activity of transition metals.46–48 This electrocatalytic activity 
modification arises due to changes in the valence band structure of the strained metal, 
with compressive strain inducing a shift of the valence band density of states to higher 
binding energies.49 Since the interaction of the valence orbitals of a transition metal with 
the electronic orbitals of the adsorbate is what determines the adsorption energy, these 

Figure 6.6 – Steady state activity of the Cu(100)+Ag electrodes at an applied potential of -1 V vs 
RHE as a function of the near-surface composition, as measured by XPS.  
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strain-induced electronic modifications are accompanied by a concomitant shift in the 
adsorption energy of reactive chemical species.46,50,51 The magnitude of these adsorption 
energy shifts scale with the magnitude of the lateral surface strain, with the adsorption 
energy of O being roughly 5 times more sensitive to strain effects than CO.52,53 As the 
valence band density of states shifts to higher binding energies there is generally less 
interaction with the electronic orbitals of adsorbates, resulting in the population of the anti-
bonding orbital and a weak adsorption energy.54,55 
 
 To provide evidence for the presence of electronic modifications in the CuAg 
bimetallic electrodes and surface alloys consistent with compressive strain, the valence 
band density of states of the bimetallic electrodes were measured and compared to what 
would be expected if they behaved as a linear combination of Cu and Ag (see 6.6.22). As 
shown in Figure 6.7, the valence band density of states of the CuAg bimetallic electrodes 
behave largely as a linear combination of Cu and Ag. However, subtle differences in the 
observed valence band at binding energies below 3.5 eV suggest that the valence band 
density of states of the Cu phase in the bimetallic electrodes has shifted to higher binding 

Figure 6.7 – Valence band spectra of the CuAg bimetallic electrodes. 
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energies. Furthermore, the magnitude of the shift is nearly independent of the bulk 
composition of the bimetallic electrodes, consistent with the notion that the surface of the 
Cu phase in the bimetallic electrodes consists of a CuAg surface alloy with a saturated 
Ag content. It is important to note that such valence band modifications can also arise 
due to ligand effects, wherein a formal electron transfer between the constituent metals 
occurs.55 However, the driving force for such an electron transfer is either a difference in 
the electronegativity of the constituent metals or a difference in the fraction of their 
valence bands that are populated by electrons.56–59 Since Cu and Ag have equally filled 
valence bands, and possess nearly identical electronegativities, there is no driving force 
for an electron transfer between the Cu and Ag. This hypothesis was confirmed by the 
lack of a shift in the binding energies of the Cu 2p or Ag 3d core level spectra in the 
bimetallic electrodes, which would be expected if an electron transfer between the 
constituent metals occurred (see 6.6.23).  
 
 As previously stated, the binding energy of O is roughly 5 times more sensitive to 
strain effects than CO.53 Conveniently, the oxophilicity of transition metals is highly 
correlated with their standard reduction potentials (see 6.6.24). Thus, cyclic voltammetry 
can be utilized to determine if the compressive strain induced by the incorporation of Ag 
atoms into the Cu surface results in an observable reduction of the oxophilicity of Cu (see 
6.6.25). As shown in Figure 6.8, the Cu2+/Cu+ reduction wave is shifted to more anodic 
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potentials over the bimetallic electrodes compared to pure Cu, consistent with the notion 
that the Cu surface is compressively strained by surface alloying with Ag.  

 

6.3.7 Impact of Compressive Strain on the Reaction Kinetics and 
Product Selectivity 
 
 The activity descriptor for HER over transition metals has been shown theoretically 
to be the H adsorption energy.60–62 Since monometallic Cu has a suboptimal H adsorption 
energy, the adsorption of H is the rate-determining step of HER over Cu.60 Thus, 
weakening the H adsorption energy by compressive strain should reduce the HER activity 
of Cu further by reducing the fraction of the surface covered by adsorbed hydrogen atoms. 
Conversely, the activity descriptor of CO2RR has been proposed to be the CO adsorption 
energy since the reduction of CO is the rate-determining step in the reduction of CO2 to 
hydrocarbons and alcohols over Cu.7–10,63 Thus, one would expect the rates of CO2RR 
over Cu to be influenced by compressive strain, in contrast to what is observed in the 
present work. To reconcile this apparent inconsistency one must consider the differences 
in the site of adsorption for H and CO. While it is difficult to observe adsorbed H 
spectroscopically, theory has found that H adsorbs in the hollow site on both the Cu(111) 
and Cu(100) surfaces.64 Conversely, the infrared absorption studies have found that CO 
adsorbs on the ontop site on Cu surfaces under electrochemical conditions.65–67 Thus, H 
and CO adsorb on different surface sites, the electronic properties of which are modified 
by different magnitudes by surface strain. A recent theoretical study of Cu-based surface 
alloys found that H adsorbed in the hollow site was more significantly destabilized by 
compressive strain than CO adsorbed on the ontop site.68 Thus, compressive strain 
results in a greater reduction of the adsorption energy of H relative to CO, leading to an 
enhanced selectivity for the production of products derived from CO by selective 
suppression of HER. 
 
  Theoretical studies have found that the lowest energy pathway to C-C coupling at 
potentials cathodic of -1 V vs RHE over Cu(100) involves the reaction of CO with CHO to 
form CO-CHO.69 This intermediate could be reduced to glyoxal, the simplest C2 product 
produced by CO2RR over Cu.12 Furthermore, it has been shown that glyoxal reduction 
produces acetaldehyde over pure Cu and that at more cathodic potentials acetaldehyde 
can be reduced further to yield ethanol.8,70,71 The reduction of glyoxal is relatively facile in 
comparison to CO2RR unlike the reduction of acetaldehyde, which requires a slightly 
lower overpotential than the reduction of CO.70 This observation suggests that 
acetaldehyde has a relatively weak binding energy to the Cu surface compared to other 
carbonyl-containing intermediate reaction products. Thus, the enhanced production of 
acetaldehyde may be a result of the reduced oxophilicity of the compressively strained 
Cu, which presumably reduces the acetaldehyde adsorption energy to the extent that it 
desorbs from the Cu surface as it is produced. Once desorbed, acetaldehyde may then 
be susceptible to “Cannizzaro-type” disproportionation in the relatively alkaline conditions 
found within the hydrodynamic boundary layer at the cathode surface, producing ethanol 
and acetate.72 This would explain the correlation between the generation rates of acetate 
and acetaldehyde observed here and reported elsewhere.73 Interestingly, the molar ratio 
of acetate to acetaldehyde was observed to be constant in all experiments performed 
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despite nearly an order of magnitude variation in their absolute generation rates (see 
6.6.26). The observed acetate to acetaldehyde molar ratio is equivalent to the equilibrium 
constant of acetaldehyde hydration in water, suggesting that the formation of 1,1-
ethanediol by hydration of acetaldehyde may initiate the “Cannizzaro-type” 
disproportionation.  

 It is difficult to explain why the enhanced production rate of carbonyl-containing 
products comes at the expense of ethene because little is known about the mechanism 
leading to ethene formation from CO. One potential explanation is that acetaldehyde 
intermediates are present on the electrode surface as vinyl alcohol, the keto form of 
acetaldehyde, and that this species can be reduced to ethene.12 An alternative 
mechanism is that the ethene pathway diverges from the ethanol pathway before the 
formation of glyoxal. These potential routes are summarized in Scheme 6.1. Interestingly, 
a recent theoretical study has concluded that surface adsorbed water plays a critical role 
in determining the hydrocarbon selectivity observed over Cu by initiating C-O bond 
scission.74 Thus, the enhanced formation of carbonyl-containing products at the expense 
of ethene may be a result of the suppression of HER, which also reduces the rate of C-O 
bond scission by reducing the surface coverage of HER intermediates. This hypothesis 
is supported by the inverse correlation between the oxygenate selectivity, defined as the 
fraction of the current going toward the production of products derived from CO that are 
oxygenates, and the HER activity observed over the Cu(100)+Ag surface alloys, as 
shown in Figure 6.9. Thus, the addition of Ag into the Cu surface enhances the oxygenate 
selectivity observed during CO2RR by selectively titrating HER active surface sites.  

Figure 6.9 – Oxygenate selectivity as a function of the HER activity of the Cu(100)+Ag surface 
alloys measured at an applied potential of -1 V vs RHE. 
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6.4 Conclusions 
 
 As-prepared CuAg bimetallic electrodes consist of Cu-rich and Ag-rich crystallites 
with a surface composition equivalent to that of the bulk. However, during CO2RR the Ag-
rich bimetallic electrodes undergo Cu surface enrichment due to CO adsorbate-induced 
segregation of the Cu initially dissolved in the Ag phase. The distribution of products 
produced over stable CuAg bimetallic electrodes indicate that CO is primarily produced 
on the surface of the Ag domains, whereas CO reduction occurs exclusively on the 
surface of the Cu domains. However, the distribution of products observed over the Cu 
domains is altered compared to pure Cu, with H2 production being suppressed by ~75%. 
While the suppression of HER does not inhibit the ability of the Cu domains to produce 
products derived from CO, the distribution of products shifts to favor carbonyl-containing 
products at the expense of hydrocarbons. This activity modification was found to be 
independent of the near-surface composition of the bimetallic electrodes, suggesting that 
the Cu phase is modified by a small amount of Ag. The surface promotion occurs due to 
compressive strain induced by the formation of a Cu+Ag surface alloy, which induces a 
shift in the valence band density of states of Cu to deeper levels. Furthermore, this 
interpretation is strongly supported by observations over Cu+Ag surface alloys prepared 
by Galvanic exchange of Ag into Cu(100) thin films, which display a shift in product 
selectivity by the addition of <3 at. % Ag into the near-surface region that is in good 
agreement with those observed over the Cu phase in the bimetallic electrodes.  
 
 Thus, the incorporation of Ag atoms into the Cu surface results in compressive 
strain in the neighboring Cu atoms, which induces an observable shift in the valence band 
density of states of Cu to deeper levels. This electronic structure modification reduces the 
binding energies of H and O relative to CO, leading to an enhanced selectivity for the 
production of products derived from CO due to the selective suppression of HER. These 
strain effects also result in an enhanced selectivity to multi-carbon carbonyl-containing 
products at the expense of ethene due to the reduced coverage of adsorbed H and the 
reduced oxophilicity of the compressively strained Cu. These insights provide a rational 
means for modifying the activity of CO2RR electrocatalysts to favor the formation of 
oxygenated products.  
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6.6 Supplementary Information 
 

6.6.1 Profitability Analysis of CO2RR Products 
 
 The profitability of different 
CO2RR products were calculated and 
compared to the lifecycle cost of 
electricity generated by solar 
photovoltaics in order to determine 
which products should be targeted from 
an economic perspective. Each product 
was assumed to be produced with a 
current efficiency of 100% and a 
voltage efficiency of 75%, based on the 
calculated thermoneutral cell potential 
required to produce each product. 
Chemical pricing was obtained from 
ICIS Chemical Business. The value of 
generated products were calculated 
using: 
 

𝑉𝑖 =
0.75 ∗ 𝐶𝑖

𝑛𝐹𝑉𝑇ℎ
 

 
Where: 
 
  Vi    Value of Product i (¢/kW*hr) 
  Ci    Value of Product i (¢/mol Product i) 
  n    mol e-/mol Product i 
  F    Faraday’s Constant 
  VTh    Thermoneutral Cell Potential  
 
 The results of the calculation, shown in Figure S6.1, suggest that multi-carbon 
products are the most profitable. In fact, if the assumptions of the calculation are satisfied 
several multi-carbon products could be profitably produced from solar electricity today, 
whereas significant reductions in the lifecycle cost of solar electricity would be required 
to make methane production profitable. Furthermore, multi-carbon oxygenates are more 
profitable than multi-carbon hydrocarbons. Finally, the use of saturated salt electrolytes 
has been shown to result in the spontaneous separation of some liquid-phase products 
from the electrolyte, mitigating the need for an expensive post-reaction separation.1 Thus, 
electrocatalysts should be developed that can produce multi-carbon oxygenates 
selectively at low overpotential.   
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Figure S6.1 – Profitability analysis of known CO2RR 
products compared to the lifecycle cost of electricity 
derived from photovoltaics.  
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6.6.2 Analysis of Polycrystalline Cu  
 
 The typical product distribution 
observed over polycrystalline Cu is 
shown in Figure S6.2A as a function of 
the applied potential.2 It is apparent 
that there is a sudden shift in the 
product distribution at an applied 
potential of -1.05 V vs RHE that is 
characterized by an increased 
selectivity to H2 and CH4 at the 
expense of C2+ products. In order to 
understand what is driving this sudden 
selectivity shift, the fraction of CO that 
is produced over polycrystalline Cu 
that is reduced further to hydrocarbons 
and alcohols was calculated: 
 

% 𝐶𝑂 𝑅𝑒𝑑𝑢𝑐𝑒𝑑 =  
∑ 𝐹𝐸𝑖

𝑚𝑖

𝑛𝑖

∑ 𝐹𝐸𝑖
𝑚𝑖

𝑛𝑖
+

1
2 𝐹𝐸𝐶𝑂

 

 
 
 
 
 
 
Where: 
 
 FEi    Faradaic Efficiency for CO-Derived Product i  
 mi    mol CO/mol Product i 
 ni    mol e-/mol Product i 
 FECO    Faradaic Efficiency for CO 

 
 As shown in Figure S6.2B, at applied potentials cathodic of -1.05 V vs RHE >95% 
of the CO generated over polycrystalline Cu is reduced further. This suggests that in this 
potential regime the availability of CO is impacting the product distribution and is inhibiting 
the ability of Cu to produce C2+ products.   
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Figure S6.2 – (A) Product distribution observed over 
polycrystalline Cu as a function of the applied 
potential. (B) Fraction of CO generated over 
polycrystalline Cu that is reduced further to 
hydrocarbons and alcohols. 
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6.6.3 Supplying Additional CO to Cu by Spillover  
 
 By co-locating domains of Cu 
with those of a CO generating metal 
additional CO can be supplied to Cu by 
spillover, as shown in Figure S6.3. CO 
spillover can occur via surface diffusion 
over short length scales or by 
increasing the local CO concentration 
in the electrolyte, which will result in a 
higher coverage of adsorbed CO on Cu. 
The metal selected to supply additional 
CO to Cu by spillover should produce 
more CO than Cu at a given applied 
potential. As shown in Figure S6.4, only 
Au and Ag produce more CO than Cu 
at a fixed potential.3 Thus, these are the 
only metals expected to increase the 
supply of CO to Cu by spillover.  
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Figure S6.3 – CO spillover from domains of a CO 
generating metal to co-located domains of Cu. 

Figure S6.4 – Intrinsic CO partial current densities 
observed over monometallic transition metal 
electrocatalysts.   
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6.6.4 Cu-Ag Phase Diagram  
 
 Cu and Ag are totally 
immiscible at temperatures 
below 200 °C, as depicted in 
Figure S6.5.4 Thus, the Cu-Ag 
system is the ideal system to 
probe the CO spillover 
hypothesis because the extent of 
alloying should be negligible.  
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S6.5 – Cu-Ag phase diagram. 
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6.6.5 Potentiostatic Electrochemical Impedance Spectroscopy  
 
 Potentiostatic electrochemical 
impedance spectroscopy (PEIS) was 
conducted in order to determine the 
total uncompensated resistance (Ru) of 
the electrochemical cell. Potential 
waveforms, centered at the open 
circuit potential, were applied to the 
electrochemical cell with a sinus 
amplitude of 20 mV and frequencies 
ranging from 50 Hz to 500 kHz, with 10 
different frequencies tested per 
decade.  The average of 10 
measurements at each frequency 
were used to construct a Bode plot, as 
shown in Figure S6.6A. Using the 
Bode plot, the characteristic frequency 
and uncompensated resistance of the 
electrochemical cell were determined 
to be ~6 kHz and ~50 Ω, respectively.  
 
 The Bode plot obtained with the 
applied potential centered at the open 
circuit potential includes contributions 
from the uncompensated resistance as 
well as the working electrode-
electrolyte interface. In order to confirm 
the value of the uncompensated 
resistance the PEIS measurements 
were repeated with the voltage 
waveforms centered at increasingly 
negative applied potentials.  The 
resulting Nyquist plot, shown in Figure S6.6B, corroborates the conclusion that the correct 
value of the uncompensated resistance is ~50 Ω.  
 

 
 
 
 
 
 
 
 
 

Figure S6.6 – (A) Bode diagram obtained by 
applying voltage waveforms with the potential 
centered at the open circuit potential. (B) Nyquist 
plot obtained by applying voltage waveforms with 
the applied potential centered increasingly negative 
values. 
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6.6.6 Gas Chromatography 
 

Gas chromatography (GC) was 
utilized to quantify the concentration of 
reaction products in the electrochemical 
cell effluent, which was sampled after 
the first 10 min of electrolysis and every 
14 min thereafter. A typical gas 
chromatogram is depicted in Figure 
S6.7A. This chromatogram was 
obtained by analyzing a standard gas 
mixture containing 1000 ppm of H2, CO, 
CH4, C2H4, and C2H6 balanced in He. 
The signal response of the PDHID was 
calibrated by analyzing a series of 
standard gas mixtures. The resulting 
calibration curves are depicted in Figure 
S6.7B.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S6.7 – (A) Representative gas 
chromatogram containing all of the gaseous 
products expected during CO2RR. (B) Calibration 
curves of all the gaseous products expected during 
CO2RR. 
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6.6.7 High Performance Liquid Chromatography 
 
 High performance liquid 
chromatography (HPLC) was utilized 
to quantify the reaction products 
dissolved in the electrolyte. The 
electrolyte samples collected after 
chronoamperometry were stored in a 
refrigerated autosampler until 
analyzed in order to minimize the 
evaporation of volatile liquid-phase 
reaction products. A typical liquid 
chromatogram is depicted in Figure 
S6.8A. This chromatogram was 
obtained by analyzing a standard 
solution containing ~10 mM of every 
liquid-phase product expected during 
CO2RR. The signal response of the 
RID was calibrated by analyzing 
standard solutions of each product at 
a concentration of 1, 10, and 50 mM. 
The resulting calibration curves are 
depicted in Figure S6.8B.  
 
 It is apparent from Figure 
S6.8A that all of the liquid-phase 
products are well resolved with the 
exception of allyl alcohol, ethanol, and 
propionaldehyde. To determine if 
peak overlap between these products 
compromises accurate quantification, 
standard solutions of these products 
were prepared at the maximum 
concentrations expected to be 
observed in the catholyte after 
conducting CO2RR for 70 min. As 
shown in Figure S6.8C, these 
products can be resolved by dividing 
the signal response into three distinct 
regions.  
 
 
 
 
 
 

Figure S6.8 – (A) Liquid chromatogram obtained by 
analyzing a standard solution containing ~10 mM of 
all liquid-phase products expected during CO2RR. 
(B) Liquid-phase product calibration curves. (C) 
Deconvolution of the RID signal corresponding to 
allyl alcohol, ethanol, and propionaldehyde. 
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6.6.8 Symmetric X-Ray Diffraction of the Bimetallic Electrodes  
 
 Symmetric x-ray diffraction (XRD) 
measurements (θ/2θ) were conducted using 
Cu Kα radiation (40 kV, 40 mA) in order to 
analyze the bulk crystal structure of the CuAg 
bimetallic electrodes. The diffractometer was 
equipped with parallel beam optics and a 0.5° 
parallel slit analyzer in order to mitigate 
measurement errors arising from the surface 
curvature of the bimetallic foils. The resulting 
diffractograms are depicted in Figure S6.9. 
The composition and average crystallite size 
of the observed phases were calculated using 
Vegard’s law and the Scherrer equation, 
respectively. The results, summarized in 
Table S6.1, suggest that the extent of alloying 
is limited to 3 at. % on average, with the Cu 
phase undergoing slightly more alloying than 
the Ag phase.  
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Figure S6.9 – Symmetric x-ray 
diffractograms of the CuAg bimetallic 
electrodes.  

Table S6.1 – Average composition and crystallite 
size of the Cu and Ag phases present in the bulk 
of the CuAg bimetallic electrodes. 
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6.6.9 Asymmetric X-Ray Diffraction of the Bimetallic Electrodes  
 
 Asymmetric grazing incidence x-ray 
diffraction (GIXRD) measurements (2θ) were 
conducted using Cu Kα radiation (40 kV, 40 
mA) with an incident angle of 0.5° in order to 
analyze the near-surface crystal structure of 
the CuAg bimetallic electrodes. The 
diffractometer was equipped with parallel 
beam optics and a 0.5° parallel slit analyzer in 
order to mitigate measurement errors arising 
from the surface curvature of the bimetallic 
foils. The resulting diffractograms are 
depicted in Figure S6.10. The composition 
and average crystallite size of the observed 
phases were calculated using Vegard’s law 
and the Scherrer equation, respectively. The 
results, summarized in Table S6.2, suggest 
that the extent of alloying is limited to 3 at. % 
on average, with the Cu phase undergoing 
slightly more alloying than the Ag phase. The 
results suggest that the extent of alloying near 
the electrode surface is consistent with what 
is observed in the bulk.  
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Figure S6.10 – Asymmetric grazing 
incidence x-ray diffractograms of the CuAg 
bimetallic electrodes.  

 Table S6.2 – Average composition and crystallite 
size of the Cu and Ag phases present near the 
surface of the CuAg bimetallic electrodes. 
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6.6.10 Near-Surface Crystallite Orientation vs Bulk Composition of the 
Bimetallic Electrodes 

 
 The relative intensities of the 
diffraction peaks associated with the 
Cu and Ag phases near the electrode 
surface, as measured by GIXRD, are 
depicted in Figures S6.11A and 
S6.11B, respectively, as a function of 
the bulk composition of the bimetallic 
electrodes. It is apparent that the 
crystallites in both phases are 
preferentially oriented in the (111) 
direction near the electrode surface 
and that this preferential orientation is 
independent of the bulk composition of 
the bimetallic electrodes. Preferential 
orientation of the crystallites in the 
(111) direction near the surface is 
expected due to the low surface energy 
of this facet termination.      
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Figure S6.11 – Relative intensity of the GIXRD 
peaks associated with: (A) the Cu phase and (B) the 
Ag phase.  
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6.6.11 Energy Dispersive Spectroscopy of the Bimetallic Electrodes  
 
 Energy dispersive spectroscopy 
(EDS) was conducted in order to 
quantify the bulk composition of the 
CuAg bimetallic electrodes. Elemental 
quantification was conducted by 
measuring the x-ray emission from the 
Cu K and the Ag L levels upon 
excitation with an electron beam (15 
kV). The observed EDS spectra are 
depicted in Figure S6.12A. The 
measured bulk compositions were in 
good agreement with what was 
intended, as shown in Figure S6.12B. 
Furthermore, each bimetallic electrode 
was analyzed at 10 distinct positions in 
order to assess the spatial uniformity of 
the bulk composition. The standard 
deviation of the measured composition 
was <1 at. % for all the bimetallic 
electrodes, indicating that they are 
compositionally uniform at the micron 
length scale.    
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Figure S6.12 – (A) Energy dispersive spectra of the 
CuAg bimetallic electrodes. (B) Correlation between 
the measured and the intended bulk composition of 
the CuAg bimetallic electrodes.  
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6.6.12 X-Ray Photoelectron Spectroscopy of the Bimetallic Electrodes   
 
 X-ray photoelectron 
spectroscopy (XPS) was conducted in 
order to quantify the near-surface 
composition of the CuAg bimetallic 
electrodes. All spectra were acquired 
using monochromatized Al Kα 
radiation (15 kV, 15 mA). Ar sputtering 
of the sample surface was avoided in 
order to prevent composition changes 
resulting from the nonequivalent 
sputtering rates of Cu and Ag. The 
energy scale of the measured core 
level spectra were calibrated by setting 
the observed C 1s binding energy to 
284.8 eV. The resulting Cu 2p and Ag 
3d spectra are depicted in Figures 
S6.13A and S6.13B, respectively. 
Elemental quantification was 
conducted by integrating the Cu 2p and 
Ag 3d spectral features using a Shirley 
background and normalizing their 
integrated areas by an internally 
calibrated relative sensitivity factor: 
 
 

𝑅𝑆𝐹 =  
𝐴𝐶𝑢 2𝑝,𝑥=100%

𝐴𝐴𝑔 3𝑑,𝑥=0%
 

 

𝑥𝐶𝑢 =  

𝐴𝐶𝑢 2𝑝

𝑅𝑆𝐹
𝐴𝐶𝑢 2𝑝

𝑅𝑆𝐹 + 𝐴𝐴𝑔 3𝑑

 

 
Where: 
  
 RSF    Relative Sensitivity Factor  
 ACu 2p, x = 100%   Cu 2p Area Observed over Pure Cu   

 AAg 3d, x = 0%   Ag 3d Area Observed over Pure Ag 

 xCu    Near-Surface Cu Composition 

 ACu 2p    Observed Cu 2p Area 

 AAg 3d    Observed Ag 3d Area 
 
 The near-surface compositions of the as-prepared CuAg bimetallic electrodes 
were determined to be completely consistent with the bulk composition before 

Figure S6.13 – XPS spectra of the CuAg bimetallic 
electrodes corresponding to: (A) Cu 2p and (B) Ag 
3d. (C) Correlation between the near-surface and 
bulk compositions of the CuAg bimetallic electrodes 
before and after chronoamperometry.  
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chronoamperometry, as depicted in Figure S6.13C. However, after chronoamperometry 
the Ag-rich bimetallic electrodes were determined to have a higher near-surface Cu 
content. Thus, it was concluded that the bimetallic electrodes undergo Cu surface 
enrichment over the course of electrolysis.    
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6.6.13 Ion Scattering Spectroscopy of the Bimetallic Electrodes    
 
 Ion scattering spectroscopy (ISS) 
was conducted in order to quantify the 
surface composition of the CuAg 
bimetallic electrodes. All spectra were 
acquired using a focused He ion beam 
(1 kV). The resulting spectra are 
depicted in Figure S6.14A. Elemental 
quantification was conducted by 
integrating the Cu and Ag spectral 
features using a linear background and 
normalizing their integrated areas by an 
internally calibrated relative sensitivity 
factor. Since ISS is a line-of-sight 
technique accurate quantification must 
take into account changes in the fraction 
of the surface atoms that are oxidized as 
the composition changes. This was 
done by creating an oxygen-dependent 
relative sensitivity factor and assuming 
that the fraction of Ag surface atoms that 
are oxidized is independent of the bulk 
composition. The validity of this 
assumption is confirmed by the 
consistency of the normalized Ag 3d 
core level spectra shown in Figure 
S6.13B. The relevant equations are as follows:  
 

𝑅𝑆𝐹 =  
𝐴𝐶𝑢𝐴𝑂,𝑥=100%

𝐴𝑂𝐴𝐴𝑔,𝑥=0% − 𝐴𝐴𝑔𝐴𝑂,𝑥=0%
 

 

𝑥𝐶𝑢 =  

𝐴𝐶𝑢

𝑅𝑆𝐹
𝐴𝐶𝑢

𝑅𝑆𝐹 + 𝐴𝐴𝑔

 

 
Where: 
 
 RSF    Relative Sensitivity Factor  
 ACu    Observed Cu Area 
 AO, x = 100%   O Area Observed over Pure Cu   
 AO    Observed O Area 

 AAg, x = 0%   Ag Area Observed over Pure Ag 

 AAg    Observed Ag Area 

 AO, x = 0%   O Area Observed over Pure Ag 

 xCu    Surface Cu Composition 

Figure S6.14 – (A) ISS spectra of the CuAg 
bimetallic electrodes. (B) Correlation between the 
surface and bulk compositions of the CuAg 
bimetallic electrodes before and after 
chronoamperometery. 
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 The surface composition of the as-prepared CuAg bimetallic electrodes was 
determined to be completely consistent with the bulk composition before 
chronoamperometry, as depicted in Figure S6.14B. However, after chronoamperometry 
the Ag-rich bimetallic electrodes were determined to have a higher surface Cu content, 
as shown in Figure S6.14B. Thus, it was concluded that the bimetallic electrodes undergo 
Cu surface enrichment over the course of electrolysis.    
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6.6.14 Transient Reaction Selectivity of the Bimetallic Electrodes  
 
 Unlike pure Cu and Ag, all of the 
bimetallic electrodes displayed 
changes in reaction selectivity with 
time, as shown in Figure S6.15A. 
These transient changes were 
characterized by a decreased 
selectivity for CO and an enhanced 
selectivity for products derived from CO 
over time and were more significant for 
the Ag-rich bimetallic electrodes. As 
shown in Figure S6.15B, the Ag-rich 
bimetallic electrodes undergo 
significant Cu surface enrichment over 
the course of electrolysis. The 
correlation between the magnitudes of 
the transient selectivity changes with 
the magnitudes of the Cu surface 
enrichment suggests that the 
segregation of Cu to the electrode 
surface is what causes the transient 
selectivity changes. The driving force 
for the segregation of Cu to the 
electrode surface is hypothesized to be 
the stronger interaction of CO with Cu 
than Ag. This suggests that the Cu 
which segregates to the electrode 
surface is initially dissolved in the Ag 
phase. This hypothesis is corroborated 
by the correlation between the 
magnitude of the Cu surface 
enrichment and the fraction of Cu 
contained in the bimetallic electrodes 
that is initially dissolved in the Ag 
phase, which is shown in Figure 
S6.15C.  The fraction of Cu initially 
dissolved in the Ag phase was 
calculated using the following equation: 
 

% 𝐶𝑢 𝑖𝑛 𝐴𝑔 𝑃ℎ𝑎𝑠𝑒 =  

∑ 𝐼𝐴𝑔(ℎ𝑙𝑘)

∑ 𝐼𝐴𝑔(ℎ𝑙𝑘) + ∑ 𝐼𝐶𝑢(ℎ𝑘𝑙)

∑ 𝐼𝐴𝑔(ℎ𝑙𝑘)𝑥𝐶𝑢 𝑖𝑛 𝐴𝑔(ℎ𝑙𝑘)

∑ 𝐼𝐴𝑔(ℎ𝑙𝑘)

𝑥𝐶𝑢
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Figure S6.15 – (A) Magnitude of the transient 
changes in reaction selectivity observed over the 
bimetallic electrodes. (B) Magnitude of the Cu 
surface enrichment observed over the bimetallic 
electrodes. (C) Percentage of Cu contained in the 
bimetallic electrodes that is initially dissolved in the 
Ag phase. 
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Where: 
 
  % Cu in Ag Phase  Fraction of Cu Initially Dissolved in the Ag Phase 
  IAg(hlk)    Intensity of Ag(hlk) Diffraction Peak 

  ICu(hlk)    Intensity of Cu(hkl) Diffraction Peak 

  xCu in Ag(hlk)   Cu Content of Ag(hkl) Diffraction Peak (Vegard’s Law) 
  xCu    Bulk Composition (EDS) 
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6.6.15 Steady State CO2 Consumption Rates of the Bimetallic 
Electrodes 

 
 In order to determine the 
diffusion-limited flux of CO2 to the 
cathode surface the CO2 consumption 
rate of polycrystalline Ag was 
measured as a function of the applied 
current density. Using this method, the 
CO2 diffusion limited flux of was 
determined to be ~35 nmol/s*cm2, as 
shown in Figure S6.16A. As shown in 
Figure S6.16B, the CO2 consumption 
rate over the bimetallic electrodes was 
well below the diffusion limited flux. 
Thus, observed product distributions 
are expected to be negligibly impacted 
by mass transfer effects.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S6.16 – (A) CO2 consumption rate over 
polycrystalline Ag as a function of the applied current 
density. (B) CO2 consumption rate observed over 
the bimetallic electrodes as a function of the steady-
state near-surface composition.  
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6.6.16 Steady State Reaction Selectivity of the Bimetallic Electrodes  
 
 The steady state selectivity observed over the bimetallic electrodes is shown in 
Figure S6.17. Bimetallic electrodes with bulk compositions of 20-60 at. % Cu display a 
nearly equivalent reaction selectivity at steady state because they all possess the same 
surface composition at steady state.  
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Figure S6.17 – Steady state reaction selectivity observed over the bimetallic electrodes.  
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6.6.17 Cu Foil + Ag Mesh Experiments  
 
 In order to determine if an elevated local CO concentration significantly impacts 
the distribution of products derived from CO over Cu, experiments were conducted over 
a Ag mesh backed by a Cu foil. The Cu foil and the Ag mesh were tightly pressed together 
in order to minimize their separation distance and to ensure electrical continuity between 
them. The product distribution observed over the Cu foil + Ag mesh is depicted in Figure 
S6.18A, along with the product distribution observed over the Cu foil, the Ag mesh, and 
a nominal CuAg bimetallic electrode under the same reaction conditions. The distribution 
of products derived from CO was calculated in order to facilitate an accurate comparison, 
as shown in Figure S6.18B. It is apparent that the distribution of products derived from 
CO observed over the Cu foil + Ag mesh closely resembles that observed over Cu foil 
alone, suggesting that an elevated local CO concentration is not the cause of the unique 
product distribution observed over the CuAg bimetallic electrodes.  
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6.6.18 Out-of-Plane and In-Plane X-Ray Diffraction of the Cu(100) Thin 
Films 

 
 Symmetric x-ray diffraction 
(XRD) measurements (θ/2θ) were 
conducted using Cu Kα radiation (40 
kV, 40 mA) in order to determine the 
out-of-plane growth orientation of the 
Cu crystallites in the thin films sputtered 
onto Si(100). As shown in Figure 
S6.19A, the presence of the Cu(200) 
diffraction peak and the absence of all 
other Cu diffraction peaks indicates that 
the Cu thin films are oriented in the 
(100) direction with the relationship 
Cu(100)‖Si(100).  
 
 In-plane phi scans were 
conducted at the Bragg conditions 
corresponding to Si(111) and Cu(111) 
in order to determine if the Cu 
crystallites were preferentially oriented 
with respect to the Si single crystal 
substrates. As shown in Figure S6.19B, 
the in-plane Cu(111) intensity displayed 
the 4-fold symmetry characteristic of 
Cu(100). Furthermore, the Cu(111) and 
Si(111) reflections were offset by 45°. 
These results suggest that the Cu thin 
film has been deposited epitaxially on 
the Si(100) substrate.  
 
 Out-of-plane rocking curve scans 
were conducted at the Bragg condition 
corresponding to Cu(200) in order to 
determine the degree of misorientation 
in the epitaxial films deposited on 
Si(100), as shown in Figure S6.19C. 
The fwhm of the resulting rocking curve 
scan was ~2.3°, which is in agreement 
with what has been reported 
elsewhere.5,6  

 
 
 

Figure S6.19 – XRD scans of the Cu thin films 
sputter deposited onto Si(100): (A) Symmetric out-
of-plane scan. (B) In-plane phi scan at the Bragg 
conditions corresponding to Si(111) and Cu(111). 
(C) Rocking curve scan at the Bragg condition 
corresponding to Cu(200).  
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6.6.19 X-Ray Photoelectron Spectroscopy of the Cu(100)+Ag 
Electrodes 

 
 X-ray photoelectron 
spectroscopy (XPS) was conducted in 
order to quantify the near-surface 
composition of the Cu(100)+Ag 
electrodes. All spectra were acquired 
using monochromatized Al Kα 
radiation (15 kV, 15 mA). Ar sputtering 
of the sample surface was avoided in 
order to prevent composition changes 
resulting from the nonequivalent 
sputtering rates of Cu and Ag. The 
energy scale of the measured core 
level spectra were calibrated by setting 
the observed C 1s binding energy to 
284.8 eV. The resulting Cu 2p and Ag 
3d spectra are depicted in Figures 
S6.20A and S6.20B, respectively. 
Elemental quantification was 
conducted by integrating the Cu 2p 
and Ag 3d spectral features using a 
Shirley background and normalizing 
their integrated areas by an internally 
calibrated relative sensitivity factor: 
 

𝑅𝑆𝐹 =  
𝐴𝐶𝑢 2𝑝,𝑥=100%

𝐴𝐴𝑔 3𝑑,𝑥=0%
 

 

𝑥𝐶𝑢 =  

𝐴𝐶𝑢 2𝑝

𝑅𝑆𝐹
𝐴𝐶𝑢 2𝑝

𝑅𝑆𝐹 + 𝐴𝐴𝑔 3𝑑

 

 
 
 
Where: 
   

RSF    Relative Sensitivity Factor  
 ACu 2p, x = 100%   Cu 2p Area Observed over Pure Cu Film  

 AAg 3d, x = 0%   Ag 3d Area Observed over Pure Ag Film 

 xCu    Near-Surface Cu Composition 

 ACu 2p    Observed Cu 2p Area 

 AAg 3d    Observed Ag 3d Area 
 

Figure S6.20 – XPS spectra of the Cu(100)+Ag 
electrodes corresponding to: (A) Cu 2p and (B) Ag 
3d. (C) Correlation between the near-surface 
compositions of the Cu(100)+Ag electrodes with the 
AgNO3 concentration in the Galvanic exchange 
solution. 
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 The near-surface composition of the as-prepared Cu(100)+Ag electrodes was 
found to increase linearly with the concentration of AgNO3 in the Galvanic exchange 
solution up to ~40 μM, as depicted in Figure S6.20C. The reduced rate of Ag incorporation 
at higher AgNO3 concentrations could be a result of the saturation of the Cu(100)+Ag 
surface alloy.  
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6.6.20 Ion Scattering Spectroscopy of the Cu(100)+Ag Electrodes    
 
  Ion scattering spectroscopy 
(ISS) was conducted in order to obtain 
qualitative information about the 
surface composition of the Cu(100)+Ag 
electrodes. All spectra were acquired 
using a focused He ion beam (1 kV). 
Quantification of the surface 
composition was avoided due to 
concerns with the validity of the 
assumptions required to quantitatively 
analyze the data. However, the Ag 
content of the Cu(100)+Ag electrodes 
increased with the concentration of 
AgNO3 in the Galvanic exchange 
solution, as shown in Figure S6.21A. 
Furthermore, the integrated area of the 
Ag ISS peak was observed to scale 
linearly with the near-surface Ag 
content, as shown in Figure S6.21B. 
This correlation suggests that all of the 
incorporated Ag atoms are located at 
the electrode surface. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S6.21 – (A) ISS spectra of the Cu(100)+Ag 
electrodes. (B) Correlation between the integrated 
area of the Ag ISS peak and the near-surface 
composition, as quantified by XPS.  
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6.6.21 Steady State Reaction Selectivity of the Cu(100)+Ag Electrodes    
 
 The steady state selectivity observed over the Cu(100)+Ag electrodes is shown in 
Figure S6.22. Unlike the CuAg bimetallic electrodes, the Cu(100)+Ag electrodes did not 
display significant changes in reaction selectivity with time, suggesting that they do not 
undergo near-surface composition changes during electrolysis.  
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Figure S6.22 – Steady state reaction selectivity observed over the Cu(100)+Ag electrodes.  
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6.6.22 Valence Band Spectroscopy of the Bimetallic Electrodes 
 
 X-ray photoelectron spectroscopy (XPS) was utilized to measure the valence band 
density of states of the CuAg bimetallic electrodes.7 All spectra were acquired using 
monochromatized Al Kα radiation (15 kV, 15 mA). The energy scale of the measured 
valence band spectra were calibrated by setting the maximum rate of signal loss to 0 eV. 
The valence band density of states of the bimetallic electrodes were measured by 
collecting photoelectrons emitted normal to the electrode surface (XPS), at an exit angle 
of 30° (ARXPS), and normal to the electrode surface after 30 s of Ar sputtering (Ar 
sputtered XPS). The observed valence bands were compared to what would have been 
expected to be observed had the valence band density of states of the bimetallic 
electrodes behaved as a linear combination of Cu and Ag. The difference between the 
observed and calculated spectra was utilized to identify the presence of subtle valence 
band modifications. 
 

𝑅𝑆𝐹 =  
𝐴𝑉𝐵,𝑥=100%

𝐴𝑉𝐵,𝑥=0%
 

 

𝐼 =
𝑥𝐶𝑢𝐼𝐶𝑢

𝑅𝑆𝐹
+ (1 − 𝑥𝐶𝑢)𝐼𝐴𝑔  

 
Where: 
  

RSF    Relative Sensitivity Factor 
 AVB,x=100%   Integrated Area of the Cu Valence Band 

 AVB,x=0%   Integrated Area of the Ag Valence Band 
 I    Intensity of the Calculated Valence Band Spectrum  

 xCu    Near-Surface Cu Composition  
 ICu    Intensity of the Cu Valence Band Spectrum  
 IAg    Intensity of the Ag Valence Band Spectrum  

 
As shown in Figure S6.23, the overall shape of the valence band spectra were 

found to be dependent on the measurement protocol. However, the deviation of the 
observed spectra from ideality was found to be independent of composition when the 
photoelectrons were collected normal to the electrode surface. The consistency of the 
deviation from ideality corroborates the notion that the Cu phase in the bimetallic 
electrodes consists of a Cu+Ag surface alloy with a saturated Ag content. Unlike the 
valence band measurements in which photoelectrons were collected normal to the 
electrode surface, the valence bands observed when the photoelectrons were collect at 
a grazing exit angle of 30° did not exhibit substantial deviations from ideality. This is likely 
due to the fact that the electronic structure very close to the electrode surface will be 
dominated by perturbations associated with adsorbed O under these conditions.  
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Figure S6.23 – Valence band density of states of the CuAg bimetallic electrodes measured by 
XPS using different measurement protocols. The difference between the measured spectra and 
the calculated spectra were utilized to identify subtle electronic modifications caused by deviations 
from ideality. 
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6.6.23 Peak Fitting of the Cu 2p Core Level Spectra    
 
 In order to determine if the near-surface Cu in the bimetallic electrodes is 
electronically modified by a ligand effect (i.e. a formal electron transfer from Cu to Ag) 
induced by intimate contact with Ag, peak fitting of the Cu 2p core level spectra was 
conducted. The Cu 2p core level spectra was measured by collecting photoelectrons 
emitted normal to the electrode surface (XPS), at an exit angle of 30° (ARXPS), and 
normal to the electrode surface after 30 s of Ar sputtering (Ar sputtered XPS). The 

Figure S6.24 – Cu 2p peak fitting and LMM spectra of the bimetallic electrodes obtained using 
different measurement protocols.  
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observed Cu 2p spectra were then fit to 
three components representing Cu0, 
Cu1+, and Cu2+ using the CasaXPS 
software. The fwhms of the peaks 
corresponding to each oxidation state 
were consistent across all samples and 
measurement protocols, as shown in 
Figure S6.24. The Cu 2p core level 
binding energies corresponding to the 
Cu0 and Cu1+ oxidation states were 
found to be independent of the near-
surface composition of the bimetallic 
electrodes. Conversely, the Cu 2p core 
level binding energy corresponding to 
the Cu2+ oxidation state was observed to 
decrease linearly with the near-surface 
Ag content. Furthermore, as the near-surface Ag content of the bimetallic electrodes 
increased more of the near-surface Cu is present as Cu2+ at the expense of Cu0. 
Additionally, as the penetration depth of the measurement is reduced a greater fraction 
of the near-surface Cu is present as Cu2+ at the expense of Cu0, as demonstrated by 
comparing the XPS and ARXPS Cu 2p spectra.  
 
 In order to determine if the enhanced mole fraction of Cu2+ at the expense of Cu0 
is a result of a ligand effect or oxidation by O the Cu 2p spectra was measured after 30 s 
of Ar sputtering, which was determined to be long enough to remove ~70% of the O on 
the electrode surface. As shown in Figure S6.24, no oxidized Cu phases were observed 
after the removal of the surface O, suggesting that the oxidized Cu observed by XPS and 
ARXPS is not oxidized by intimate contact with Ag. To corroborate this conclusion the 
O/Cu ratio expected based on the fitting of the Cu 2p spectra was compared to the O/Cu 
ratio observed by integrating the areas of the Cu 2p and O 1s spectral regions. As shown 
in Figure S6.25, the agreement between the O/Cu ratio calculated using both methods 
confirms that the oxidized Cu is not the result of a ligand effect induced by Ag and is 
instead the result of a formal electron transfer from Cu to O.     
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Figure S6.25 – Comparison of the O/Cu ratio based 
on the peak fitting of the Cu 2p core level spectra 
with that calculated by comparing the integrated 
areas of the Cu 2p and O1s spectral features.  
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6.6.24 Correlation between Oxygen Affinity and the Reduction Potential 
of Transition Metals              

 
 The oxophilicity of transition metal 
surfaces is highly correlated with the 
standard reduction potential of their 
corresponding oxides, as depicted in 
Figure S6.26.8,9 Thus, the oxophilicity of a 
transition metal can be estimated by 
measuring the potential at which the 
corresponding oxide is reduced, with an 
anodic shift suggesting that the 
oxophilicity of the metal surface has been 
reduced.  
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Figure S6.26 – Correlation between the 
oxophilicity of transition metals with the standard 
reduction potential of their corresponding oxides.  
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6.6.25 Electrochemical Cycling of the Bimetallic Electrodes     
 
 Cyclic voltammetry was 
conducted in order to determine the 
redox properties of the constituent 
metals in the CuAg bimetallic 
electrodes. The majority of redox 
waves were observed to scale as a 
linear combination of Cu and Ag, as 
shown in Figure S6.27A. However, an 
anodic shift of the redox wave 
associated with Cu2+/Cu+ reduction 
was observed upon the addition of Ag 
into Cu, as shown in Figures S6.27B 
and S6.27C. The potential at which 
appreciable Faradaic current was 
observed was defined as the onset 
potential. The peak potential was not 
used since it is convoluted with kinetics 
effects, which change in magnitude 
with the composition of the surface. 
Interestingly, the magnitude of the 
anodic shift was roughly equivalent for 
all bimetallic electrodes, corroborating 
the notion that the surface of the Cu 
phase in the bimetallic electrodes 
contains a CuAg surface alloy with a 
saturated Ag content.   
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure S6.27 – Results of cyclic voltammetry over 
the CuAg bimetallic electrodes: (A) Cyclic 
voltammograms, (B) Cu2+/Cu+ reduction waves, and 
(C) Onset potential of Cu2+/Cu+ reduction. 
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6.6.26 Acetate to Acetaldehyde Molar Ratio 
 
 The molar ratio of acetate to 
acetaldehyde generated over the 
bimetallic electrodes was calculated in 
order to determine if the enhanced 
production of carbonyl-containing 
products impacts their relative 
abundance. As shown in Figure S6.28, 
the acetate to acetaldehyde ratio 
observed over the bimetallic 
electrodes is independent of the 
absolute generation rate of carbonyl-
containing products, suggesting that 
these two products are mechanistically 
linked. In fact, it has recently been 
proposed that acetate forms via a 
“Cannizzaro-type” disproportionation 
of acetaldehyde in the relatively 
alkaline conditions found within the 
hydrodynamic boundary layer at the 
cathode surface.10 Interestingly, the 
observed molar ratio of acetate to 
acetaldehyde is equivalent to the 
equilibrium constant of acetaldehyde 
hydration in water, suggesting that the 
formation of 1,1-ethanediol by 
hydration of acetaldehyde initiates the 
disproportionation reaction. 
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Figure S6.28 – Total carbonyl-containing product 
partial current density and acetate to acetaldehyde 
molar ratio observed over the bimetallic electrodes. 
The dotted line indicates the equilibrium constant of 
acetaldehyde hydration in water. 
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Chapter 7 
 
 
 

Outlook 
 
 
 

7.1 Conclusions  
 

7.1.1 Detrimental Impact of Concentration Polarization 
 
 The CO evolution activity of polycrystalline Ag was found to be dependent on the 
hydrodynamics of the electrochemical cell, demonstrating that the measured activity of 
CO2 reduction electrocatalysts is extremely sensitive to concentration polarization. This 
was hypothesized to be due to CO2 depletion from the electrolyte near the cathode by 
both electrochemical reduction and reaction with hydroxyl anions evolved from the 
electrode surface, which produces electrochemically inert bicarbonate anions. To 
investigate this hypothesis a DEMS cell capable of sampling products directly from the 
electrode-electrolyte interface was developed and utilized to relate the depletion of CO2 
within the local reaction environment to the rate of CO evolution over polycrystalline Ag. 
While the local CO2 concentration declined linearly with the rate of CO evolution at low 
overpotentials, the local CO2 concentrations was depleted more than would be expected 
based on the rate of CO evolution at more cathodic potentials. This observation suggests 
that another mode of CO2 consumption is prevalent at higher current densities, under 
which condition the magnitude of the concentration gradients at the electrode surface will 
become significant.  
 

7.1.2 Enhancing Intrinsic Activity  
 
 The activation of CO2 involves bending the C-O-C bond, resulting in the formation 
of a polarizable surface adsorbed carboxyl intermediate with a significant dipole 
moment.1,2 The stability of this polarizable intermediate is sensitive to the magnitude of 
the local electric fields present near cations in the Helmholtz plane.1,2 The magnitude of 
these local electric fields was hypothesized to be dependent on the surface charge 
density of the electrocatalyst. This hypothesis was investigated by conducting CO 
evolution over Ag thin films with different crystallographic orientations. The surface charge 
density of these different crystallographic orientations will vary at a fixed potential due to 
the differences in their potentials of zero charge and surface atom densities. Consistent 
with the hypothesis, we observed that the intrinsic activity of the Ag(110) thin film was 
superior to either Ag(111) or Ag(100). This occurs because the  elevated surface charge 
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density results in the formation of stronger local electric fields at a given potential, 
consistent with the original hypothesis. 
   

7.1.3 Enhancing Oxygenate Selectivity  
 
 Acetaldehyde was hypothesized to be an intermediate reaction product in the 
formation of ethanol over Cu because the concentration of acetaldehyde rapidly saturates 
during CO2 reduction over Cu and because the electrochemical reduction of acetaldehyde 
yields ethanol over Cu.3,4 This hypothesis was investigated using a DEMS cell capable of 
sampling products directly from the electrode-electrolyte interface. Using this instrument, 
acetaldehyde was found to be present within in the immediate vicinity of the Cu cathode 
despite being nearly absent from the bulk electrolyte. Furthermore, the relative 
abundance of ethanol near the cathode was much lower than that observed in the bulk 
electrolyte. These observations support the conclusion that acetaldehyde is an 
intermediate in the mechanism of ethanol formation over Cu.  
 
 The H2 evolution activity of Cu must be suppressed to enhance the selectivity of 
CO2 reduction to desired products. Theory shows that the H adsorption energy of Cu can 
be reduced by introducing compressive strain in the catalyst surface.5 Ag has been 
observed to spontaneously form random substitutional surface alloys with Cu at room 
temperature, despite near complete bulk immiscibility.6 Interestingly, the Ag atoms in 
these surface alloys possess fewer Ag nearest neighbors than expected from an ideal 
solution, indicating that the relatively large Ag atoms incorporated into the Cu surface 
induce compressive surface strain in the surrounding Cu surface atoms. Thus, it was 
hypothesized that CO2 reduction over Cu+Ag surface alloys would exhibit superior 
selectivity to multi-carbon products than pure Cu due to a suppression of H2 evolution. 
This hypothesis was investigated by conducting CO2 reduction over Cu(100)+Ag surface 
alloys prepared by galvanic exchange. The results suggested that incorporating less than 
4 atom. % Ag into the near-surface region of Cu results in a ~40% suppression in the rate 
of H2 evolution during CO2 reduction at an applied potential of -1 V vs RHE, thereby 
enhancing the multi-carbon product selectivity. Interestingly, the suppression of H2 was 
found to increase the selectivity of multi-carbon carbonyl containing products, such as 
acetaldehyde. Since acetaldehyde is typically reduced further to ethanol over Cu, the 
results suggest that suppressing the H2 evolution activity of Cu is a method for reducing 
the degree of hydrogenation of CO2-derived products.  
 

7.2 Future Work   
 

7.2.1 Explaining the Incorporation of Solvent Oxygen into Oxygenated 
Products 
 
 It has recently been hypothesized that solvent water is incorporated into surface 
adsorbed intermediates that lead to the formation of multi-carbon oxygenated products.7 
This hypothesis was based on the observation that C16O reduction in H2

18O resulted in 
the formation of oxygenated products that contained both 16O and 18O. While the 
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hypothesis was supported by DFT calculations, the authors failed to consider alternative 
explanations that could explain their observations. It is highly probable that the 
oxygenated products containing both 16O and 18O observed by the authors are derived 
from acetaldehyde. Acetaldehyde forms a geminol diol in aqueous solutions, which upon 
dehydration will result in isotopic scrambling with solvent water. Therefore, a portion of all 
products derived from acetaldehyde would be expected to contain both 16O and 18O. 
Interestingly, the authors observed that ~60% of ethanol produced contained 18O from 
the solvent water. This fraction is very close to the fraction of acetaldehyde that is 
expected to be hydrated in water, supporting the hypothesis that the observations were 
an artifact of the measurement with no intrinsic meaning. To validate the hypothesis, C18O 
reduction in H2

16O could be conducted using our DEMS cell capable of sampling products 
directly from the electrode-electrolyte interface. Observation of acetaldehyde near the 
cathode containing both 16O and 18O would support the hypothesis that the incorporation 
of solvent oxygen into oxygenated products occurs by isotopic scrambling with transiently 
produced acetaldehyde.  
 

7.2.2 Elucidating the Mechanism of C3 Product Formation  
 
 Our observation that the enhanced relative abundance of ethanol within the local 
reaction environment at more cathodic potentials comes at the cost of propionaldehyde 
led us to hypothesize that these products share a common intermediate. Since ethanol is 
believed to be derived from acetaldehyde, we hypothesize that acetaldehyde is a 
precursor to propionaldehyde as well. For this hypothesis to be correct, acetaldehyde or 
an acetaldehyde-derived intermediate should be capable of C-C coupling with a CO2-
derived intermediate. To probe this idea, the reduction of 13CO2 should be conducted in 
the presence of unlabeled acetaldehyde. If C3 products are observed with 2 12C and 1 13C 
then the hypothesis would be supported by direct experimental evidence. This would be 
a significant discovery since there is currently no understanding of the mechanism by 
which C3 product formation occurs on the surface of Cu-based electrocatalysts. If the 
mechanism were found to be general and applicable to primary aldehydes of increasing 
carbon number, then products like n-butanol could potentially be produced by CO2 
reduction. Furthermore, if the mechanism of C3 product formation could be elucidated 
then electrocatalyst properties that favor the formation of higher order products could be 
identified. 
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