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Summary 
 
Increasing the product selectivity and decreasing the cost of product separation is critical for large scale 
application of electrochemical CO2 reduction (ECO2R). We hypothesize that highly concentrated aqueous 
electrolytes can tune the microenvironment of the catalyst/electrolyte interface and improve product 
selectivity. Compared to a conventional electrolyte concentration of 1 M HCOOK, the use of a 7.1 M HCOOK 
electrolyte increases the FE ratio of C2H4/CO from 2.2 ± 0.3 to 18.3 ± 4.8 at -1.08 V vs RHE on a Cu gas 

diffusion electrode. Based on electrochemical analysis and AIMD simulation, the identity and 
concentration of the cation and anion play more important roles in controlling the CO2R reaction pathway 
than the bulk CO2 solubility and the bulk pH of electrolytes. In-situ ATR-SEIRAS suggests that, unlike 1 M 
HCOOK, the *CO-bridge binding mode on Cu is dominant in 7.1 M HCOOK electrolyte, which potentially 
results in less CO release and higher yield of C2H4. This study demonstrates that while we can tailor the 
electrolyte composition to shift product selectivity, the factors that control the product selectivity are 
numerous and cannot be distilled down into one correlated property-reactivity relationship. Thus, when 
CO2R conditions are changed, care must be taken to understand their effects on the bulk electrolyte 
properties and the electrode-electrolyte interface.  
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1. Introduction 
 
Electrochemical CO2 reduction (ECO2R) provides a promising pathway to produce chemical feedstocks and 
fuels using a carbon negative method, which is essential for realizing carbon neutrality.1–7 Despite its 
intriguing impact on environmental protection, ECO2R suffers from drawbacks that prevent large-scale 
deployment.8–10 Currently, there are a few startup companies targeting conversion of CO2 to CO, HCOOH, 
C2H4 and other important chemical feedstock materials.11–15 Among all the technical challenges, reducing 
the cost of product separation by improving the product selectivity of desired products is one of the 
obstacles that needs to be addressed.16–19 
 
C2H4, EtOH, acetate and other C2+ products are fundamental chemical feedstock materials that are widely 
used in chemical industries and can be products of ECO2R.6,20 Interestingly, Cu is one of the only 
heterogeneous catalysts that can form C2+ products in ECO2R.21–28 Studies have been focused on improving 
the turnover rate and product selectivity of C2H4 and other C2+ products in ECO2R. Specific effort has been 
made on tuning the microenvironment of the Cu/electrolyte interface to control product selectivity. For 
instance, strategies to tune the catalytic behavior of Cu metal have been pursued to control its affinity 
towards intermediates like adsorbed CO (*CO) to lower the C-C coupling energy barrier and inhibit 
competing reactions. These strategies include tuning the morphology of the electrode surface, modulating 
the oxidation state, controlling the exposed crystal facets, introducing Cu alloys (e.g. with Ag), or adjusting 
the interaction between deposited Cu with substrates.29–35 Additionally, strategies to tune the electrode-
electrolyte interface have been pursued that use surface modifiers like ionomer or organic additive films 
to improve the C2+ product turnover rate.36–41  The films are thought to  tune local pH, modify the mass 
transport of reactants and products, and adjust the interaction of reaction intermediates. Moreover, 
implementing electrolyte chemistry and tuning the microenvironment of relevant species in solution is 
also critical to control the product distribution. The choice of solvent and supporting electrolyte can tune 
the electrolyte properties like pH, buffer capacity, CO2 solubility, and the mass transport of CO2, which all 
play important roles in determining the preference of multiple competing reaction pathway on Cu 
surface.42–50 
 
By tuning the salt concentration, the properties of the electrolyte can be systematically varied. Water-in-
salt electrolyte (WiSE) is a type of highly concentrated aqueous electrolyte.51,52 It was first introduced for 
achieving the goal of an aqueous battery owing to its wide electrochemical stability window and suitable 
conductivity.53,54 The significantly increased salt solubility and decreased concentration of free water of 
WiSE compared to conventional low concentration electrolyte provides a pathway to tune the electrolyte 
for CO2R. As a few studies have shown, applying WiSE for CO2R can mitigate the unwanted HER reaction 
and control the product selectivity. The study by Zhang et al. demonstrated that applying LiTFSI WiSE on 
Au can inhibit HER while promoting CO formation.55 Meanwhile, Ren et al. proposed that by controlling 
the surface electric field on electrocatalyst using WiSE, the CO2R product selectivity can be controlled.56 
In another study, Zhang et al. suggested that the reason for NaClO4 WiSE to promote C2+ product on Cu is 
due to the tuning of water activity as  a result of the change of the salt concentration.57 Employing WiSE 
on Cu for CO2R alters the Cu/electrolyte interface in multiple ways as per the concentration of cation/anion, 
the pH, CO2 mass transport and proton deliver processes all changed simultaneously. Therefore, 
understanding the effect of changes both in the bulk properties of the electrolyte and the interfacial 
properties is necessary for fully understanding the impact of WiSE on tuning CO2R reaction pathway on Cu. 
Insight will enable the design of optimized WiSE/Cu system to further improve the yield of C2H4 and other 
valuable products. 
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In this study, we study the effect of electrolyte concentration on CO2R of a HCOOK supporting electrolyte 
ranging from 1 M to 7.1 M with a Cu GDE.  We find that the high salt concentrations increase the FE ratio 
of C2H4/CO from 2.2 ± 0.3 in the 1 M HCOOK control to 18.3 ± 4.8 in the 7.1 M HCOOK at -1.08 V vs RHE. 
The origin of the improved product selectivity towards C2H4 over CO is investigated from both the 
perspective of bulk electrolyte properties and interfacial effects at the electrode. As the concentration is 
increased from 1 M to 7.1 M, both the pH and the solubility of CO2 are affected. We show, however, that 
the shift in these two bulk properties cannot fully account for the change in product selectivity. 
Experimental data supported by ab initio molecular dynamics (AIMD) calculations show that K+ is an 
important cation in the 7.1 M electrolyte that is found to stabilize *CO on Cu and facilitate CO-CO coupling. 
The energy barrier of forming the *OCCO intermediate is lower in 7.1 M HCOOK than 1 M HCOOK, in line 
with the higher C2H4 yield in 7.1 M HCOOK. We also find that the anion can affect the selectivity of C2H4 
with respect to CO at high electrolyte concentration. To gain more insight into the processes at the 
interface, the Cu-electrolyte interface is studied using in situ surface-sensitive attenuated reflectance 
surface enhanced infrared absorption spectroscopy (ATR-SEIRAS). ATR-SEIRAS shows a higher population 
of the bridge binding *CO (*COB) in electrolytes with higher salt concentration, highlighting the potential 
role of *COB on Cu in 7.1 M HCOOK on C2H4/CO FE ratio. Through the analysis presented here, it becomes 
clear that the electrolyte concentration changes several factors that range not only from the changes to 
the bulk electrolyte properties, but also changes to the electrode-electrolyte interface that can affect the 
C2H4/CO ratio. These factors are intertwined, highlighting the complexity of the electrolyte formulation 
and also the CO2 reduction reaction, and all come together to change the product distribution.  
 
 

2. Result and Discussion 
 

2.1. ECO2R on Cu GDE with HCOOK electrolytes 
 
Aqueous HCOOK is selected as the electrolyte to understand the role of increasing salt concentration on 
tuning the product selectivity of CO2R on Cu electrocatalyst. The electrolyte salt is chosen due to the 
established role of K+ in affecting CO2R and varying the concentration allows for a study on the effect of 
[K+] on CO2R.27,42,58 Later, we find that the HCOO- is additionally an important component. As the 
concentration of HCOOK is increased from 1 M to 7.1 M, the concentration of the anions and cations not 
only increases, but the concentration of water also decreases.59 The nature of water in the solution 
changes as high concentrations force coordination of the water to the cations and anions, leaving less 
“free” water.  
 
We originally hypothesized that the shift in water microenvironment would enable us to change the 
selectivity of CO2R products just by changing the salt concentration. To test this hypothesis, 
electrochemical CO2 reduction electrolysis is conducted at various HCOOK concentrations in water, up to 
9.1 M, and the products are quantified using GC and HPLC. The cathode is a Cu gas diffusion electrode 
(GDE) fabricated by depositing a 300 nm thick Cu layer on a PTFE gas diffusion layer. Across all 
concentrations, the products of the reduction include H2, CH4, CO, C2H4, acetate, 1-propanol, and ethanol, 
consistent with previous reports of aqueous CO2R on Cu GDE.60–62 The quantification of products allows 
for the determination of the Faradaic efficiency (FE) of each product. Of specific interest here is the ratio 
of the C2+ products, namely C2H4, to CO which highlights the ability to form C2 coupled products over CO. 
Figure 1a shows the ratio of the FE for C2H4 to CO as a function of electrolyte concentration and applied 
potential. As more negative potentials are reached, the amount of C2H4 generally increases relative to CO. 
Interestingly, the ratio of the FE of C2H4/CO is also a function of the electrolyte concentration. At the same 
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applied potential with respect to the RHE scale, the FE ratio of C2H4/CO increases as the concentration of 
HCOOK electrolyte increases until 7.1 M HCOOK. Among all screening conditions, the optimal condition 
that shows highest C2H4/CO FE ratio (18.3 ± 4.8) is bias at -1.08 V vs RHE with 7.1 M HCOOK electrolyte. 
The FE associated with each product and the total current density at these conditions using both a 1 M 
and 7.1 M electrolyte is shown in Figure 1b. In addition to a favorable C2H4/CO ratio, the higher 
concentration electrolyte also yields higher current densities (206.7 ± 23.5 mA/cm2) and lower FE for 
parasitic H2 evolution. The FE for C2H4 at these conditions is 43.0 ± 1.4%. To understand the mechanism 
that promotes product selectivity towards C2H4 over CO, we hereafter compare between 1 M and 7.1 M 
HCOOK at -1.08 V vs RHE.  

 

Figure 1. (a) FE ratio of C2H4/CO for electrochemical CO2R on Cu GDE in 1 M, 4.2 M, 7.1 M, and 9.1 M 
HCOOK under different applied potentials. (b) Product distribution and total current density of 
electrochemical CO2R electrolysis on Cu GDE in 1 M HCOOK and 7.1 M HCOOK at -1.08 V vs RHE. 

 

2.2. [CO2] effect 
 
First, we address the bulk properties that change as the electrolyte concentration increases from 1 M to 
7.1 M HCOOK and attempt to vary these properties to determine their effect on the C2H4/CO ratio. As the 
supporting electrolyte concentration increases, both the solubility of CO2 and the mass transport of CO2 
will be affected, which could explain the C2H4/CO ratio shift.42,63 
  
First, the solubility of CO2 is measured in 1 M and 7.1 M HCOOK aqueous solutions by recording the 
asymmetric stretch mode of CO2 at 2343 cm-1 using attenuated total reflectance – infrared spectroscopy 
(ATR-IR). The peak area in these electrolytes shown in Figure S1 is compared to in CO2 saturated DI water 
to determine the amount of dissolved CO2. The CO2 solubility of 7.1 M HCOOK is determined to be 18 ± 1 
mmol/L, while the CO2 solubility for 1 M HCOOK is 36 ± 2 mmol/L. Lower CO2 solubility could lead to less 
local [CO2] on Cu during electrolysis which would limit the turnover rate of CO2R and enhance HER. 
However, the lower CO2 solubility of 7.1 M HCOOK results in neither lower CO2R FE nor lower total current 
density. In fact, recent studies show that slightly lower CO2 concentrations at GDE can yield higher FE for 
C2+ product.64–67 We note, however, that it is difficult to correlate the solubility of a reactant to its reactivity 
at a GDE electrode.  
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To further probe the effect of [CO2], the partial pressure of CO2 delivered to the Cu GDE is tuned by mixing 
CO2 and Ar at different ratios at -1.08 V vs RHE. The partial current density associated with H2, CO, C2H4 is 
plotted vs. the relative [CO2] in the gas stream in 1 M vs. 7.1 M HCOOK in Figure 2a and b, respectively. 
For both 1 M and 7.1 M HCOOK, as the ratio of CO2 in the CO2/Ar mixture increases from 5% to 100%, the 
partial current density of C2H4 and CO increases while the H2 slightly decreases. Notably, in the 7.1 M 
HCOOK electrolyte, the partial current density of C2H4 increases much more than in the 1 M electrolyte. 
To gain insight into the selectivity of C2H4 vs. CO, the FE associated with each major product and the FE 
ratio is potted vs. [CO2] in the gas stream in the 1 M and 7.1 M HCOOK electrolyte in Figure 2c and d, 
respectively. Above 25% CO2, the FE of C2H4 is nearly constant while the FE of H2 decreases in both 
electrolytes. The FE for CO in the 1 M electrolyte shows a maximum FE at 75% [CO2]. The turning point at 
75 % CO2 may be due to the coverage of intermediates, the mass transport, and the competition between 
aqueous CO2, *CO2

- and *CO.64–66 Conversely, in the FE of CO trends similarly in the 7.1 M electrolyte, but 
the magnitude of the FE compared to the FE of C2H4 remains very low. These factors result in a much 
higher FE ratio of C2H4/CO in the 7.1 M HCOOK electrolyte compared to the 1 M. The FE ratio of C2H4/CO 
generally decreases as the [CO2] in the gas stream increases.  
 

 

Figure 2.  Partial current density of H2, CO, and C2H4 obtained from CO2R on a Cu GDE as a function of the 
ratio of CO2 in CO2/Ar mixture in the (a) 1 M HCOOK and (b) 7.1 M HCOOK electrolyte at -1.08 V vs RHE. 
The partial current density of H2, CO, C2H4, and the FE ratio of C2H4/CO obtained from CO2R on Cu GDE in 
(c) 1 M HCOOK and (d) 7.1 M HCOOK at -1.08 V vs RHE as a function of the ratio of CO2 in CO2/Ar mixture. 
 
The FE ratio of C2H4/CO in 7.1 M HCOOK at all the [CO2] are at least 3 times higher than the highest value 
measured in the 1 M HCOOK electrolyte. The highest partial current for C2H4 in 1 M HCOOK is reached at 
100 % CO2, which is similar to the partial current for C2H4 in 7.1 M HCOOK at only 25% [CO2]. Thus, the 
reactivity of CO2 is not dependent only on the solubility of CO2 in the electrolyte at a GDE since the 7.1 M 
electrolyte has a 50% lower solubility for CO2. The difference of CO2 solubility between 1 M and 7.1 M 
HCOOK cannot explain the origin of the increased C2H4/CO FE ratio of 7.1 M HCOOK. 
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2.3. pH effect 
 
Increasing the concentration of HCOOK electrolytes from 1 M to 7.1 M also increases the bulk pH. Though 
pH is difficult to measure in these high concentration electrolytes, especially using a pH probe, both a pH 
probe and pH paper suggest that the pH of 7.1 M HCOOK is approximately 9, which is higher than 1 M 
HCOOK (pH = 8). The change in bulk pH may change the product selectivity, as nearly all CO2R products 
require proton transfers in their generation pathway, and the pH dependent carbonate-bicarbonate 
equilibrium also affects the local [CO2]. Higher pH at the electrode surface is known to cause higher yields 
of C2 products in CO2R on Cu electrodes.44,68–70 The current understanding of the CO2R mechanism suggests 
that the rate determining step (RDS) for the C2 products is C-C bond formation from *CO-*CO or *CO-
*COH.71–76 Though the C-C coupling process is a chemical reaction step which is pH independent,  
competing reaction pathways like the formation of CH4 do involve proton transfer and are pH dependent. 
Higher pH inhibits CH4 formation, which likely affects the *CO/*COH and possibly other surface species to 
indirectly promote C-C coupling.77–79 In the system studied here, higher bulk pH of HCOOK could potentially 
be a key factor which determines the C2H4/CO FE ratio.   
 
To understand the effect of the bulk pH, concentrated KOH (1 mol/L) is titrated into 1 M HCOOK to increase 
the pH to 9. Electrolysis experiments under the same conditions are conducted using 1 M HCOOK + KOH 
(pH = 9). Comparing to 1 M HCOOK, the total current density is almost the same: 117.0 ± 10.1 mA/cm2 for 
1 M HCOOK + KOH (pH = 9) and 117 ± 7.2 mA/cm2 for 1 M HCOOK. By increasing the bulk pH of 1 M HCOOK, 
the FE of C2H4 and the FE ratio of C2H4/CO only slightly increase from 36.3 ± 1.0 % and 2.2 ± 0.3 to 37.1 ± 
1.7 % and 2.4 ± 0.2, respectively (Figure S2). These values are lower than that measured in the 7.1 M 
HCOOK, demonstrating that the difference of the bulk pH between 1 M and 7.1 M HCOOK is not the key 
factor that controls the product selection profile, which is consistent with previous results showing that, 
under the conditions used in this study, bulk pH is not the key factor controlling the CO2R reaction at the 
electrode/electrolyte interface.80 
 
Though we can control the bulk pH value, the local pH at the electrode surface is significantly different 
from the bulk pH under CO2R condition which will play a more significant role in the product profile. To 
further investigate the role of local pH, in situ confocal fluorescence microscopy is applied to measure the 
local/surface pH on a Cu GDE under electrolysis conditions.81–83 By scanning the Z direction within a range 
of 60 μm of the GDE-electrolyte surface, the approximate location of the electrode-electrolyte interface 
can be determined. Then, the pH is measured at this location to yield a time dependent pH profile during 
the first 5 minutes of electrolysis in 1 M HCOOK and 7.1 M HCOOK at -1.08 V vs RHE. Both the pH and the 
current density during electrolysis are shown in Figure S3. Both electrolytes stabilize to a high surface pH, 
though the 7.1 M HCOOK yields a slightly higher local pH, which could cause shifts in product profiles. 
However, further work is required to accurately correlate the surface pH measured here with the local pH 
in the electrochemical double layer to elucidate its impact on product distribution. 
 
2.4. Cation effects: 
 
Besides local pH, the choice of electrolyte can also affect the microenvironment of the reaction sites. 
According to previous experimental and simulation studies, the major impacts of alkali cation can be 
described as: (1) stabilizing the reaction intermediates, (2) increasing the electric field in electrochemical 
double layer and (3) acting as a pH buffer agent at the electrode surface.84–86 Cations that yield higher C2 
products trend as Cs+ > K+ > Na+ > Li+. Thus, K+ is suggested to promote C2 products.27,42,58 To determine if 
excess K+ can account for the product selectivity shift, we select 7.1 M HCOONa electrolyte as a control. 
Compared to 7.1 M HCOOK, 7.1 M HCOONa decreases the total current density from 206.7 ± 23.5 mA/cm2 
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to 56.2 ± 7.3 mA/cm2 (Figure 3). Thus, the partial current density associated with each product also 
decreases significantly. The FE of C2H4, CO, and H2, however, increase in 7.1 M HCOONa electrolyte, but 
the FE ratio of C2H4/CO decreases by nearly two times. The lower current density along with the lower 
C2H4/CO FE ratio in 7.1 M HCOONa suggests that replacing K+ with Na+ inhibits the C-C coupling.  

 

Figure 3. (a) FE ratio of C2H4/CO and (b) FE of H2, CO, and C2H4 with the total current density obtained from 
CO2R on Cu GDE in 1 M HCOOK, 1 M HCOONa, 7.1 M HCOOK, and 7.1 M HCOONa at -1.08 V vs RHE. 
 
To highlight the effect of K+ vs. Na+, we compare the electrolysis results in 1 M HCOOK vs. 1 M HCOONa. 
Under the same conditions, 1 M HCOONa on Cu GDE dramatically promotes HER relative to the 1 M HCOOK, 
resulting in higher FE and partial current density for H2. The total partial current density of C2H4 and CO 
drops by ~44 mA/cm2 compared to the 1 M HCOOK. Meanwhile, both the FE of C2H4 and the FE ratio of 
C2H4/CO decrease. These results suggest that K+ plays an essential role in promoting the conversion of *CO 
to C2H4. 
 
To understand whether the higher C2H4/CO selectivity in the HCOOK electrolytes can be attributed to the 
increased concentration of K+, AIMD simulations are conducted to examine the interaction between *CO 
and K+, followed by the impact of K+ on *CO dimerization. First, the equilibrium configuration of the 
electrolyte-electrode interface is established. The Cu(100)/electrolyte system is equilibrated for 10 ns at 
298 K after minimization through CHARMM FF (Figure S4). Along the 10 ns trajectory, four snapshots for 
7.1 M HCOOK electrolyte system are taken. Those systems are further equilibrated for at least 20 ps with 
AIMD to get equilibrated potential energies (Figure S4). Then, to investigate the influence of K+ on CO*, 
four different ensembles of the Cu(100)/7.1 M HCOOK electrolyte system in the presence of *CO are 
equilibrated (Figure S5 and S6) and the average energy over the last 10 ps is calculated. Figure 4b and 
Table S1 illustrates the relative energies with respect to the corresponding average distance between the 
oxygen of *CO and K+. As the distance between *CO and K+ decreases, the energy also decreases, indicating 
a significant stabilization of *CO in the presence of adjacent K+. The explicit interaction results in a system 
stabilization of 0.5 eV, suggesting that a high molarity of K+ could lead to increased coverage of *CO or may 
enhance the conversion of CO2 to CO.  
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Figure 4. (a) Atomic representation of model systems including 1.0 M and 7.1 M HCOOK with Cu 
electrode. (b) Relative energies with respect to the average distance between CO* and K+ for 7.1 M 
HCOOK/Cu. (c) Energy landscape for CO dimerization under different electrochemical conditions: 1 M / 
7.1 M HCOOK at 0 V / -1 V vs RHE. 
 
Previous work suggests that the CO binding must be optimal, not too strong or too weak, for C2+ product 
formation.28 If *CO binds too weakly, the gas phase CO or formic acid (HCOOH) would be produced as a 
major product. Conversely, if it binds too strongly, the catalytic surface would be poisoned by *CO. To 
investigate whether the stabilization of *CO by K+ leads to CO poisoning or facilitates further *CO-*CO 
coupling, we conduct metadynamics at room temperature for the CO dimerization step using grand 
canonical AIMD at fixed potentials of 0 V and -1 V vs RHE in the two different electrolyte concentrations. 
We construct a potential energy surface (PES) along the distance between two carbon atoms as a collective 
variable (CV). The time evolution of the CV and the obtained PES are displayed in, Figure S8 and Figure 4c, 
respectively, and Table S2 summarizes those results. The reaction free energy of *CO dimerization in 1 M 
HCOOK can be reduced from 0.87 eV to 0.54 eV by increasing cathodic bias from 0 V to -1 V vs RHE. In 7.1 
M HCOOK electrolyte, *CO dimerization is more favorable, decreasing from 0.68 eV to 0.32 eV with the 
same voltage drop. The corresponding kinetic barrier is also reduced from 1.07 eV to 0.73 eV. Therefore, 
while a 1 V voltage drop increases the driving force for C-C coupling by 0.3 eV, the high molarity condition 
further facilitates it by an additional 0.2 eV. 
 
The charge density difference plot (Figure S9) of the CO* dimer state (OCCO*) with and without the 
adjacent K+ (dCO-K+ = 3.1 Å) shows a strong electronic effect of K+ for C-C coupling. It shows that the 
interfacial cation induces the charge (e-) accumulation on C-C σ bond while it depletes e- in C-O σ orbital. 
These effects should reduce the activation barrier for C-C coupling. We also observe charge accumulation 
on the O pz orbital of CO* adjacent to the K+, which might further facilitate its protonation to form OCCOH* 
the next step along the reduction pathway for forming the C2 products.87 Our findings suggest that the 
higher K+ concentration both stabilizes CO* and promotes CO dimerization.  
 
2.5. Anion effects: 
 
In addition, the anion can play a role in determining the CO2R product profile due to specific adsorption 
on the electrode surface which can induce reconstruction (e.g., halide ion),48,88,89 shifted buffer capacity 
that tunes local pH (like HCO3

-, HPO4
2-),26,63,67,80 or interaction with surface adsorbed reaction 

intermediates.47,48,90,91 To determine if the HCOO- in particular has an effect on product selectivity in the 
7.1 M electrolyte, first we characterize the surface of Cu GDE before and after electrolysis to evaluate the 
potential of anion adsorption and its impact on the Cu surface (Figure S10). The two regions of the XPS 
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that are useful for characterizing HCOO- are the O 1s and the C 1s regions. In the O 1s region, environments 
associated with both hydroxide and oxide are present due to the oxidized Cu(OH)2 and Cu2O/CuO species 
on the Cu electrode.92–95 The Cu 2p region suggests the oxidized Cu is mostly Cu(I) due to the lack of 
satellite peaks characteristic of Cu(II).93,95 Due to the inevitable air exposure for Cu GDE samples before ex 
situ XPS measurement, accurate quantification for the ratio of different Cu species is not possible. 
Nonetheless, it is important to note that there is no significant difference in Cu oxidation state and Cu 
species on the GDE surface after electrolysis in 1 M HCOOK and 7.1 M HCOOK. Therefore, the shift in 
product profile is likely not due to the difference in the composition of the Cu GDE surface.  
 
Although no anion adsorption is found via ex situ XPS, in situ HCOO- adsorption under electrolysis 
condition is still possible. Therefore, we conduct ex situ X-ray diffraction (XRD) and scanning electron 
microscopy (SEM) to evaluate the potential Cu surface reconstruction. Ex situ XRD of the Cu GDE before 
and after electrolysis in 1 M and 7.1 M HCOOK shows no changes (Figure S11). However, though Cu 
reconstruction can penetrate 10-100 nm into the surface and the Cu layer on our GDE is only 300 nm thick, 
it could be that XRD is not sensitive enough to the surface to observe the reconstruction as it examines 
the entire 300 nm Cu film.96–99 In fact, ex situ SEM shows that the morphology of the Cu GDE changes after 
electrolysis in both 1 M HCOOK and 7.1 M HCOOK, which may affect C2+ product yield (Figure S12).96,98–101 
The crystallite grains on the Cu surface become less defined after electrolysis in both electrolytes, however, 
after electrolysis in the 7.1 M HCOOK, the surface has smaller features that are likely small Cu crystallites 
that could introduce new active sites unique to the 7.1 M electrolyte. This Cu reconstruction could affect 
the product selectivity. Notably, the morphological change does not increase the electrochemically active 
surface area (ECSA) after electrolysis in both 1 M and 7.1 M HCOOK (Table S3). ECSA has been shown to 
shift product selectivity.96,101

  Characterization of Cu GDEs under operando condition could illustrate the 
role morphological evolution on product selectivity but it is out of scope of this study. 
 
To further explore the role of HCOO-, control CO2R electrolysis experiments are conducted with potassium 
acetate (KOAc), another type of K+ based high concentration electrolyte with acetate as the anion. 
Although a mixture of HCOO-/HCOOH or OAc-/HOAc can be buffer electrolytes, both HCOOK and KOAc 
electrolytes should not have strong buffer capacity due to the limited amount of conjugate acid in both 
electrolytes. Therefore, KOAc is a reasonable choice to compare with HCOOK to analyze the role of HCOO- 
in CO2R. The total current density and FE associated with H2, CO, and C2H4 as a result of CO2R is measured 
in 1 M KOAc and is compared to 1 M HCOOK in Figure 5. Compared to 1 M HCOOK, no significant change 
in total current density or product distribution is observed with 1 M KOAc on Cu GDE, suggesting that the 
CO2R pathway is similar in both HCOO- and OAc- at low electrolyte concentration. Next, we compare 7.1 
M KOAc with 7.1 M HCOOK electrolyte to determine if the difference between 7.1 M OAc- vs. 7.1 M HCOO- 
can affect the product distribution. Again, the current density and FE associated with products are shown 
in Figure 5. Compared to 7.1 M HCOOK, running electrolysis with 7.1 M KOAc decreases the total current 
density from 206.7 ± 23.5 mA/cm2 to 140.3 ± 11.2 mA/cm2 and increases the FE ratio of C2H4/CO from 18.3 
± 4.8 to 35.7 ± 2.1. The major difference between 7.1 M HCOOK and 7.1 M KOAc is the choice of anion, 
and thus this result indicates that the role of anion on the product profile is not negligible. Looking back 
at the AIMD results, however, we do not observe strong electronic interactions of the anions near the 
surface and OCCO* (Figure S9b). Therefore, we postulate that HCOO- in the outer Helmholtz plane (OHP) 
or diffusion layer might play important role to modulate the reaction pathway which affects the C2H4/CO 
FE ratio. 
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Figure 5. (a) FE ratio of C2H4/CO and (b) FE as well as the partial current density of H2, CO and C2H4 obtained 
from CO2R on Cu GDE in 1 M HCOOK, 1 M KOAc, 7.1 M HCOOK, and 7.1 M KOAc at -1.08 V vs RHE. 
 

2.6. Probing reaction intermediates on Cu experimentally  
 

The above results suggest that both bulk electrolyte and electrode-electrolyte interface properties are 
important to control the product profile, however, all surface characterization we have discussed thus far 
has been limited to theoretical data. To further explore the Cu/HCOOK interface and adsorbed 
intermediates during ECO2R experimentally, in situ electrochemical attenuated total reflection – surface 
enhanced infrared absorption spectroscopy (ATR-SEIRAS) measurements are performed. This technique 
can help reveal trends in activity and selectivity of adsorbed electrolyte species in a non-invasive approach. 
 

2.6.1. Potential dependent in situ IR 
 
ATR-SEIRAS measurements are limited to the use of a planar (Cu) electrode deposited on an ATR crystal to 
allow maximum surface enhancement of the IR optical signal. Therefore, it is important to note that the 
Cu cathode used in the ATR-SEIRAS experiments is in a different architecture than the gas diffusion 
electrodes used in the above experiments. In particular, the mass transport of CO2 will be different 
between the two cells. In the GDE cell, the concentration of CO2 near the electrode will be much higher as 
electrolysis proceeds compared to the planar Cu electrode in the ATR-SEIRAS cell, which will quickly 
consume CO2 after cathodic bias is applied. Therefore, we focus on analyzing and interpreting the ATR-
SEIRAS results at short time scales after electrolysis starts to simulate the high concentration of CO2 seen 
in the GDE experiments while the electrolyte is saturated with CO2. 
 
To determine the effect of CO2 consumption on the surface speciation in the ATR-SEIRAS cell, we first 
observe the spectroscopic signal response as a function of time at a fixed potential bias during CO2R. ATR-
SEIRAS allows for IR vibrational modes associated with only those species at or near the surface of the Cu 
electrode to be detected. To highlight modes associated with species that arrive to the surface as a result 
of the applied potential, the initial IR spectrum measured at 0.2 V vs RHE is subtracted from those 
measured after polarization. The difference in the IR spectra are plotted as a function of time after 
polarization at -0.7 V vs RHE and -1.1 V vs. RHE in the 1 M HCOOK electrolyte in Figure 6a and b, 
respectively. We propose that comparing these two potentials could offer insights on a Cu GDE system 
since C2 products are major CO2R products at -1.1 V vs RHE on Cu while C1 products are dominant at -0.7 
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V vs RHE. In 1 M HCOOK, a strong positive peak is observed around 2070 cm-1, a region associated with 
*CO binding atop to a Cu atom to yield a linear *CO, or *COL. The frequency range suggests that the *COL 
is a mixture of CO adsorbed on an edge site and/or a defect site, which is termed the high frequency band 
(HFB). The asymmetric peak shape, which results in having a shoulder at a slightly lower frequencies 
(around 2058 cm-1) suggests an additional type of *COL associated with different Cu sites and is thus 
termed the low frequency band mode (LFB).102 Because the signal is positive, it indicates that CO arrives 
at the surface of the electrode following cathodic polarization. No other *CO signals are observed 
regardless of the applied potential bias. The negative band around 1650 cm-1 corresponds to water 
bending mode.103,104 The same *COL mode appears at -1.1 V vs. RHE, however, the peak at -0.7 V vs RHE is 
more pronounced than the signal at -1.1 V vs RHE. Further, the *COL observed at -1.1 V is comprised mainly 
of the lower frequency *COL, namely LFB. The ratio of the HFB/LFB as a function of time is discussed in 
more detail in the SI (Figure S13). In addition, negative bands are observed within 1420-1590 cm-1 at both 
potentials suggesting desorption of initially adsorbed species. The negative peak around 1380 cm-1 is 
assigned as *HCOO- in a bidentate orientation since it is absent in a control IR measurement in 0.1 M 
KHCO3 (Figure S14). In addition, a small peak appears around 1408 cm-1 only at -1.1 V vs RHE which we 
assigned to solution phase carbonate (Figure S15) species. This is most likely due to the increase in local 
pH under reducing conditions which results in a shift in equilibrium between bicarbonate and carbonate.70 
Finally, unlike the monotonic decay in *COL signal response at -0.7 V vs RHE, polarization at -1.1 V vs. RHE 
causes the *COL peak to first decay over 60 seconds followed by a monotonic slow growth. 

 

Figure 6. Time evolution CO2RR ATR-SEIRAS experiment at a potential bias of (a) -0.7 V vs RHE, and (b) -

1.1 V vs RHE in 1 M HCOOK and at a potential bias of (c) -0.7 V vs RHE and (d) -1.1 V vs RHE in 7.1 M 

HCOOK. 
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Different species and trends are observed in the time evolution ATR-SEIRAS in 7.1 M HCOOK during CO2R 
(Figure 6c and d). First, a new mode is observed between 1790 - 1850 cm-1 associated with *CO between 
two Cu atoms, termed the bridge bound *CO or *COB.105–107 The intensity of the *COB grows regardless of 
potential bias with a faster *COB accumulation rate at -1.1 V vs RHE. Similar to 1 M HCOOK, at -0.7 V vs 
RHE there is a monotonic decay in *COL. But, in this case, three *COL peaks are apparent, with an additional 
peak at around 2089 cm-1 on top of the HFB and LFB. Due to its higher vibrational frequency, this feature 
most likely results from an adsorbed CO on an additional binding site involving *CO that is bound more 
weakly to a less coordinated surface site. This adsorbed CO species might exist in 1 M HCOOK but could 
be hindered by the HFB CO peak. We suspect that the slightly lower value for HFB CO in 7.1 relative to 1 
M HCOOK is the result of slightly higher local pH due to higher current density at the same potential bias. 
It has been proposed by Rebstock et al. that this CO peak is related to the active site for CO2R to CO.108 
However, their work was performed on Au in 0.1 M bicarbonate solution, and therefore the results might 
not be translatable to our system so further analysis is needed to compare the different effects of CO 
binding sites on product selectivity across different catalysts. Moreover, *COL is not detected at -1.1 V vs 
RHE. In addition, an increase in solution phase carbonate (1408 cm-1) and the loss of the water bending 
mode is recorded at -1.1 V vs RHE. Finally, a growth in the band around 1580 cm-1 at -0.7 V vs RHE likely 
originates from the adsorption of formate, bi/carbonate or CO2R related species. 
 
The ATR-SEIRAS data clearly show that *CO speciates differently in 1 M vs. 7.1 M HCOOK. In an attempt to 
directly correlate CO2R products to the *CO species, we measure the product distribution on a Cu plate 
electrode in an H-type electrochemical cell were conducted due to its similarity with the in-situ IR 
electrochemical cell. For both electrolytes, the total FE for CO2R products is higher at -1.1 V vs RHE, but 
the major product is H2 (Table S4). H2 is the only significant product in both electrolytes at less negative 
potential (-0.7 V vs RHE), as well. Therefore, the formation of any *CO reduction product is significantly 
limited in both the 1 M and the 7.1 M HCOOK electrolytes, making it difficult to correlate surface speciation 
of *CO to product profiles directly. The 7.1 M HCOOK is particularly hindered by mass transport limitations, 
as it is more viscous than the 1 M electrolyte, leading to very small quantities of CH4 and CO product 
formation in the H-cell. The 1 M electrolyte shows slightly more CH4, CO, and some C2H4, but again the 
quantities are very small. According to Rebstock et al. when probing CO2R on Au in 0.1 MHCO3, the highest 
frequency *COL peak was proposed to be related to the active site for CO formation.108 However, due to 
the difference between the systems working with Cu in more concentrated solutions using HCOOK as a 
supporting electrolyte and due to the low CO2R products according to the H-cell electrolysis, this might 
not be the case in our system so further investigation is needed. Considering the HFB/LFB ratio, according 
to Si Young Lee et al. HFB is proposed to be the active species for CO2R to ethylene.109 However, according 
to their results using Raman spectroscopy, there is an increase in HFB signal intensity at -1.1 V vs RHE. In 
addition, their work was done in 0.1 M MHCO3 which is different than the system probed in our current 
study. 
  
While the product selectivity profile is different in the GDE and H-cell electrolysis measurements, we 
attempted to simulate conditions seen in the GDE for further ATR-SEIRAS measurements.  For example, in 
a GDE setup, a concentrated stream of CO2 is constantly provided to the electrolyte and thus the diffusion 
layer is much thinner during electrolysis.110 For the ATR-SEIRAS cell, this condition will be most represented 
at early time points after starting electrolysis while the electrolyte is saturated with CO2. Because the time 
resolution of the ATR-SEIRAS cell is on the order of seconds, we consider the earliest time point of 5 s to 
be most representative of the highest concentration CO2 conditions which are closer to the GDE conditions. 
At moderate potentials (-0.7 V vs. RHE), only *COL modes are observed at 1 M HCOOK while both *COL 
and *COB modes are observed at 7.1 M HCOOK. If we compare the potential at which C2 products can form, 
-1.1 V vs. RHE, only *COL modes are observed in the 1 M HCOOK electrolyte and only *COB are observed 
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in the 7.1 M HCOOK electrolyte. Previous results showed that the 7.1 M HCOOK electrolyte in the GDE cell 
has a much higher C2H4/CO product selectivity, and we see under similar conditions that *COB is the only 
CO species observed at the Cu surface. Therefore we suggest that the *COB species is an important 
intermediate to promote C-C coupling reactions to yield C2H4.  The *COB grows fastest at -1.1 V vs RHE in 
7.1 M HCOOK and is persistent on the surface (Figure S16) which might suggest that COB is poisoning the 
surface. However, the exact role of *COB is still under debate.106,111,112 
 
 

2.6.2. Mimicking the high current density local environment of a Cu GDE during SEIRAS 
 
To further investigate the effect of *CO binding modes on the CO2 to C2H4 reduction pathways, ATR-SEIRAS 
was measured under CO reduction conditions at both the as-prepared pH and the KOH adjusted pH (pH~12) 
for both electrolyte concentrations (Figure S17a-d). CO is used in lieu of CO2 to prevent the formation of 
carbonate/bicarbonate, which would shift the pH during electrolysis. Increasing the pH of electrolyte 
offers opportunities to correlate the reaction intermediates measured on Cu at the low current densities 
achieved in the ATR-SEIRAS batch cell to the ones recorded at the high current density obtained from the 
electrolysis on GDE. The SEIRAS experiments performed at high pH are meant to mimic the high local pH 
that develops during CO2R on a GDE when it increases current density from 10’s to 100’s of mA/cm2. We 
note that pH 12 is close to the measured surface pH value discussed earlier, which allows us to assume 
similar local pH and surface adsorbed intermediates species at Cu GDE.  
 
The ATR-SEIRAS spectra under these conditions are plotted as the potential is stepped from 0 V to -1.2 V 
vs. RHE using the 1 M HCOOK electrolyte at the as-prepared pH, 7.8, and at an adjusted pH of 11.9 in 
Figure S17a and b. As the cathodic bias is increased, a band around ~2000-2100 cm-1 corresponding to 
*COL

102,113 first appears then diminishes. The peak intensity is maintained to lower potentials in the pH 
~7.8 electrolyte compared to the pH ~11.9 electrolyte. The same experiment is repeated in the 7.1 M 
HCOOK first at its as-prepared pH of ~9 and then at a KOH adjusted pH of ~11.9 (Figure S17c and d). In 7.1 
M HCOOK, in addition to a very weak *COL peak, the presence of an additional *CO band at lower 
wavenumbers (1700-1900 cm-1) indicates the formation of *COB,102,107 similar to the results from time 
dependent in situ IR under CO2 discussed previously. The peak area of *COL in 1 M HCOOK is much higher 
than 7.1 M HCOOK. In both electrolytes, the *COL peak emerges at around -0.1 V then diminishes at a 
more negative potential: -0.9 V for 1 M HCOOK and -0.5 V for 7.1 M HCOOK. The *COB peak is observed 
only in 7.1 M HCOOK where it grows continuously as the applied potential is sweeping catholically with a 
stark shifting effect. By increasing the pH, the adsorbed CO intensity in both 1 M and 7.1 M HCOOK at 
native pH is higher than the related *CO peaks in the corresponding KOH adjusted electrolytes at pH 11.9. 
Because *COB is not observed in the 1 M electrolyte at either pH and is observed in the 7.1 M electrolytes 
at both pHs, we can conclude that the emergence of *COB in 7.1 M HCOOK is due to the increased HCOOK 
concentration and not to the higher pH caused by higher current densities.  
 
It is important to note that the supporting electrolyte concentration does shift the *CO speciation. To test 
the hypothesis of the supporting electrolyte concentration being a key parameter for CO binding sites 
distribution during CO2RR, we measured the ATR-SEIRAS spectral response to an increase in HCOOK 
concentration under fixed potential bias (Figure S18). In doing so, we observe a monotonic displacement 
between *COL and *COB as a function of the supporting electrolyte concentration. These results further 
affirm that the electrolyte concentration plays a major role in the binding sites distribution of adsorbed 
CO intermediates. Considering the OH stretching region (3000-3700 cm-1) (Figure S16.b), we observe a 
transition from an increase in all water species (1 to 4 hydrogen bonding water species and K+-H2O)114,115 
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as well as non-hydrogen bond OH,116 to a loss in all water species other than “Ice like” (4 hydrogen bonding 
water species) including non-hydrogen bond OH. 
 
To correlate the surface speciation found in the ATR-SEIRAS measurements to the associated product 
distribution under similar conditions,  the product distribution was measured for a planar Cu electrode 
during CO reduction in an H-cell. The results are tabulated in Table S5. Similar to the results of CO2R on 
the planar Cu electrode discussed above, the major product in both electrolyte concentrations at both pHs 
is again H2. At low pH conditions, the FE of C2H4 in 1 M HCOOK (pH 8) vs. that in 7.1 M HCOOK (pH 9) are 
very similar,  2.0 ± 0.2 % and 0.94 ± 0.06 %, respectively. The much lower peak area of *COL in 7.1 M 

HCOOK compared to 1 M HCOOK is not correlated to lower yields of C2H4. Therefore, even with CO as a C 
source, we cannot directly corelate the peak area of *COL or *COB to CO2R product distribution. At the 
higher pH condition (pH 12), the FE of C2H4 for both electrolyte concentrations is negligible (< 0.2 %), which 
is not in line with the product distribution measured with the GDE. Thus, even with a high pH that might 
be correlated with the large current densities measured on a GDE, the low solubility of CO in aqueous 
electrolyte still limits the mass transport of CO, promoting HER instead. Thus, we cannot directly correlate 
the *CO speciation on the Cu planar electrode with the product profiles of a Cu GDE. 
 

2.6.3. pH and cation concentration effects on adsorbed CO Stark tuning 

Observing the change in vibrational frequency for the C-O stretching mode of *CO could shed insights on 

the electric field strength in the outer Helmholtz plane (OHP) within the electric double layer which is 

often referred to as stark tuning.117,118 It has been previously shown that the electrolyte cation identity (i.e. 

valence charge and hydration shell radius) affects the COL Stark tuning via tuning the width of the 

OHP.118,119 In addition, shifts in the vibrational frequency can also result from changes in *CO surface 

concentrations via dipole-dipole interactions and chemical shifts.105,120,121 Attempts to deconvolute the 

apparent Stark tuning have been previously made,122 but we are unable to isolate the contribution from 

the applied external electric field. Therefore, our discussion will focus only on the apparent Stark tuning. 

In addition, this discussion assumes no change in the most stable orientation of *CO species under the 

effect of applied potential bias, bulk pH value, electrolyte concentration, or changes in surface coverage.  

In this work, we sample at least three data points to allow error statistics and reported the apparent Stark 

tuning using a linear fit (Figure S17e-h). In doing so, we find that within each experiment, the Stark tuning 

increases with an increase in binding energy to the surface, with the largest shift observed for the *COB 

species, followed by the low frequency band (LFB) of *COL, and then the high frequency band (HFB) of 

*COL, (HFB-*COL < LFB-*COL < *COB). This is in line with the argument that enhanced π back donation 

accompanies with an increase in Cu-C coordination, in particular when comparing between *COL and *COB 

species where a higher overlap between the frontier orbitals of Cu and CO is suggested.123–125 Interestingly, 

apart from a single data point in 1 M HCOOK at pH 11.9 (Figure S17f), HFB-COL shows a lower population 

than LFB-*COL on the surface. Unlike COL, in 7.1 M HCOOK, *COB’s apparent Stark tuning remains 

consistent regardless of the bulk pH value (Figure S17g,h). Finally, the non-linearity in Stark tuning, and 

the Stark tuning values for *COL between 1 M  HCOOK and 7.1 M HCOOK suggest that concentration effects 

play a major role in the apparent Stark tuning.  

As mentioned earlier, due to the concentration effect on the apparent Stark tuning, and since *COL is 
undetectable at higher overpotentials, we are unable to determine the external electric field component 
effect as a function of K+ concentration. By comparing apparent Stark tuning of *COL within the potential 
range of (-0.2 V and -0.5 V vs RHE), it appears that there is an increase in the apparent Stark tuning as a 
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function of bulk pH. In addition, the fact that we observed similar apparent Stark tuning in both 1 M 
HCOOK at pH 11.9 and 7.1 M HCOOK at pH 9.0, while considering an increase in the Stark tuning due to 
an increase in pH,126 we suspect that an increase in K+ concentration from 1 M to 7.1 M also increases the 
Stark tuning. The lack of linear Stark tunning region for *COL in 7.1 M HCOOK at pH 11.9 limits the 
opportunity to discuss its effect. Nonetheless, based on our results, we propose that both an increase in 
bulk pH, as well as K+ concentration increases the apparent Stark tuning, resulting in the following order: 
1 M HCOOK (pH 7.8) < 1 M HCOOK (pH 11.9) < 7.1 M HCOOK (pH 9.0) < 7.1M HCOOK (pH 11.9). Previously, 
it was proposed that when comparing different cations with different identity, an increase in Stark tuning 
results in an increase in CO2R activity.118,119 However, as mentioned above, it has been proposed by Lee et 
al. that HFB-*COL is a more active species for CO2R to ethylene, while LFB-*COL is a more active site for CO 
formation.109 They also demonstrated that HFB-*COL has a lower Stark tuning rate than LFB-*COL which is 
in agreement with our results discussed above (Figure S17e-g). In addition, it has been shown by Rebstock 
et al. on Au for CO2R to CO that the active site demonstrates an inverse Stark tuning.108 However, further 
analysis at the potential range of interest is required since our analysis is done at lower overpotentials 
than the electrolysis results. In addition, to our current knowledge, the effect of highly concentrated 
electrolytes has not been explored previously. 
 

2.6.4. Attempts to bridge the gap between in situ IR measurements and GDE electrolysis 
 
Although the discrepancy observed between the cells used in in-situ ATR-SEIRAS and GDE electrolysis 
cannot be fully resolved, the ATR-SEIRAS measurements still provide valuable information about the *CO 
binding preference and the properties of *COL and *COB under different applied potentials, HCOOK 
concentrations, and bulk pHs. With the results from in-situ IR and electrolysis, we propose potential 
explanations to bridge the gap between in-situ IR measurements and CO2R electrolysis product selectivity 
on Cu GDE. 
   
The preference of *COB on Cu in 7.1 M HCOOK, which results in strongly bound *CO on the surface, could 
be the reason for less free CO release compared to the 1 M HCOOK electrolyte under GDE conditions. In 
addition, the mass transport of CO2 could affect the CO binding site distribution. With higher CO2 supply 
rate at the Cu GDE surface, we can assume that more *CO forms on Cu vs. the condition in the H cell. 
Higher coverage of *CO (potentially both *COL and *COB) may promote a higher C-C coupling rate and 
produce more C2H4. To test this hypothesis, we conducted CO2R ATR-SEIRAS experiments by sparging the 
system with a nitrogen balanced 5% CO2 stream for comparison to the 100% CO2 stream used in the 
previous experiments under similar electrolyte concentrations (Figure S19). First, we observe that when 
sparging the electrolyte with 5% CO2, the modes corresponding to *CO features are less intense. This could 
be the result of lower CO2 availability. Importantly, while no *COL is observed in 7.1 M HCOOK under 5 % 
CO2 polarized between 0.2 to -1.2 V vs. RHE, *COL is found on the Cu surface in 7.1 M HCOOK when 
switching the gas stream to 100 % CO2 at moderate potentials, around -0.5 to -0.7 V vs. RHE. This suggests 
that at higher CO2 mass transport rates, *COL is present and measurable on Cu in 7.1 M HCOOK even with 
the clear preference for the *COB. Although we do not have direct observation of the *CO binding mode 
on Cu GDE in this study, the higher CO2 mass transport in the GDE likely results in more *CO as *COL 
compared to the H cell condition in 7.1 M HCOOK. The potential coupling between *COL with *COL or *COB 
could facilitate the conversion of *CO to C2H4. The overall results can lead to higher FE ratio of C2H4/CO in 
7.1 M HCOOK than 1 M HCOOK on the Cu GDE. 
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3. Conclusion 
 
Herein, we find improved selectivity towards C2H4 over CO by simply increasing the electrolyte 
concentration from 1 M to 7.1 M HCOOK on a Cu GDE cathode. We find that both bulk properties of the 
electrolyte and shifts in speciation at the electrode-electrolyte interface all contribute to the shift in 
product selectivity. For bulk properties, experimental and simulation results show CO2 solubility, bulk pH, 
and the choice and concentration of cation and anion can all change product selectivity. To probe the 
electrode/electrolyte microenvironment in an attempt to elucidate the CO2R reaction pathway at the 
interface, simulations with explicit solvent provide insight into the effect of electrolyte concentration on 
the *CO and the C-C coupling reaction. Higher HCOOK concentrations allow for more stabilized *CO on Cu 
likely due to interactions with K+ and leads to lowered reaction barriers for C-C coupling. Experimental 
characterization of surface species conducted with in situ ATR-SEIRAS reveals that *CO prefers *COB sites 
in the 7.1 M HCOOK vs. the preference for *COL sites in the 1 M HCOOK. However, the differences in cell 
configurations make it difficult to directly correlate the surface adsorbed species to the product profiles. 
*COB may act to suppress the release of CO and promote C2H4 formation, but more work needs to be done 
to prove this correlation. However, *COB is certainly the most prominent *CO species in the high 
concentration electrolyte which strongly suggests that it is not inactive during CO2R. Thus, this system 
proves that the intertwined and dynamic effects of various properties ranging from the bulk to the 
interface should be thoroughly investigated to try to understand CO2R mechanisms. Although one 
property could be correlated, it does not mean it is the only property changing to affect a shift in product 
distribution.  
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6. Experimental Section 
 
Chemicals 
Potassium formate (HCOOK, ReagentPlus®, 99 %) and Potassium trifluoromethanesulfonate, (KOTf, 98 %) 
were purchased from Sigma Aldrich. Sodium formate (≥99.0% ACS) is obtained from VWR. Potassium 

hydroxide (99.98%, trace metal basis) is purchased from Acros Organics. Water was purified by a Nanopure 
Analytical Ultrapure Water System (Thermo Scientific) or a Milli-Q Advantage A10 Water Purification 
System (Millipore) with specific resistance of 18.2 MΩ·cm at 25 °C. 
 
Preparation of Cu GDE and Cu plate electrode 
A 300 nm thick Cu catalyst layer was deposited on a PTFE gas diffusion layer (Sterlitech, 0.45 micron) using 
Cu target obtained from Kurt J. Lesker (99.95 %, 2-inch diameter) in ATC Orion 8: Dielectric Sputter System. 
Cu foil electrode (99.999% trace metals basis, 1 mm thick, purchased from Sigma-Aldrich) was first 
mechanically polished then electrochemically polished in 1 M H3PO4 (85 wt. % in H2O, 99.99% trace metals 
basis, purchased from Sigma-Aldrich) under anodic potential for 5 min before electrolysis experiments. 
 
Electrochemical measurements 
The electrolysis cell is adapted from the stack flow cell developed by Kuhl et al. (REF, Energy Environ. Sci., 
2012, 5, 7050) mentioned previously in literature. Electrochemical measurements were performed on a 
Biologic SP200 potentiostat under a N2 atmosphere, using a slice of Cu GDE or Cu plate as the working 
electrode, leakless Ag/AgCl electrode (EDAQ) as the reference electrode, and Pt foil as the counter 
electrode with AEM Fumasep FAA-3-50 separating anode cell and cathode cell. The CO2 or CO2/Ar mix 
reactant gas is flowed to the back side of Cu GDE or in electrolyte with Cu plate at a flow rate of 10 sccm. 
Catholyte and anolyte are circulated at 2.5 ml/min. Electrochemical impedance spectroscopy (EIS) was 
taken before every measurement to quantify the solution resistance (Rs) for IR correction. The applied 
potential with the Ag/AgCl scale (EAg/AgCl) RHE was converted to the reversible hydrogen electrode (RHE) 
scale (ERHE) with the following equation: ERHE = EAg/AgCl + 0.059 × pH + 0.197 + I * Rs, where i is the current 
during CO2R electrolysis. For CO2 concentration dependent experiment, the partial pressure of CO2 was 
controlled by mixing CO2 and Ar with specific flow rate. Gas mixture with different ratio of CO2 was flow 
through the GDE in electrolysis as mentioned previously. 
 
Product quantification 
Reactant gas was flowed through the GDE flow cell or H-cell with the flow rate set as 10 sccm by an Alicat 

flow controller. The gasses passed the electrolysis cell is injected to GC/MS (Agilent 7880A Gas 

Chromatograph) with Ar as the carrier gas. H2, CO, CH4, C2H4 and C2H6 was detected by a thermal 

conductivity detector (TCD) and Flame Ionization detector (FID) and quantified based on calibration curve 

collected from standard gas samples. The liquid products were quantified by both HPLC (Thermo Scientific 

Ultimate 3000) and 1H NMR with water suppression technique and Dimethylsulfoxide as internal standard 

on a Bruker 400 MHz NMR. 

 

Measurement of CO2 solubility 
Measurements of bulk electrolyte were taken using a Nicolet IS30 spectrometer with a VeeMAXTM III (PIKE 
Technologies) ATR configuration chamber. A custom flow cell was used to allow constant replenishment of 
CO2 saturated analyte over a Si ATR Crystal (PIKE Technologies).127 Reservoirs of DI water, 1M HCOOK, and 
7.1 M HCOOK were sparged with CO2 for 30 minutes prior to measurements and continually sparged with 
CO2 while being pumped into the flow cell at 10 mL/min. 32 interferograms were measured for each 
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analyte and the solubility of CO2 was probed via the area of the asymmetric stretch vibration of CO2 at 
2343 cm-1.128 Measured CO2 peak areas in 1 M and 7.1 M HCOOK were obtained by integrating the 
absorbance between 2333 and 2355 cm-1 and then  normalized by the CO2 peak area measured in DI water, 
which was set to 34 mM. 
 
pH determination 
The pH of low concentration electrolytes (≥1 M) is measured by Oakton pH 6+ Handheld Meter. To avoid 
misreading of the pH of high concentration electrolyte due to uncounted liquid junction potential, pH Test 
Strips from VWR Chemicals BDH® (pH range: 7.0 to 14.0, pH graduation: 0.5) and EEEE (pH range: 5.0 to 
9.0, pH graduation: 0.5) were used to determine to pH value of  4.2 M, 7.1 M and 9.1 M HCOOK. 
 
pH imaging with laser-scanning confocal microscopy 

pH imaging experiments were performed with laser-scanning confocal microscopy (CLSM) in combination 
with the ratiometric fluorescent probe 8-Aminopyrene-1,3,6-trisulfonic acid trisodium salt (APTS) 
purchased from Millipore Sigma that acts as an excited-state fluorescence sensor of the local pH. APTS can 
directly sense local hydroxide activity and is sensitive to a pH range between 11.7 and 14. 200 µM APTS 
were dissolved in 1 M and 10 M CO2-saturated HCOOK electrolyte, respectively. A custom-made 
electrochemical cell compatible with CLSM was used to map the local pH value at an applied potential of 
-1.7 V vs. Ag/AgCl as a function of time. The pH was mapped in an area of 443 µm x 443 µm with a 
resolution of 64 x 64 pixels parallel to the electrode surface. In the direction perpendicular to the electrode 
surface, the pH was imaged over a range of 61 µm with a step size of 1 µm, starting a few microns below 
the surface. The pH value was averaged for each z-position and the plane with the highest average pH 
value was assumed to represent the pH at the position closest to the electrode surface since the pH 
increases as a function of proximity to the cathode surface.  
 
Ex situ characterization of Cu GDE 
X-ray photo-electron spectroscopy (XPS) data were collected using a Kratos AXIS Ultra spectrometer 
(Kratos Analytical, Manchester, UK) equipped with a monochromatic Al Kα1 X-ray source (1486.7 eV). Data 
were collected at pressures of ~5x10-9 Torr. The electron-collection lens aperture was set to sample a 
700x300 μm spot. The survey scan was collected with an analyzer pass energy of 40, with a step size of 1 
eV and a dwell time of 100 ms. The element-specific scans were collected with an analyzer pass energy of 
20, a step size of 0.05 eV, and a dwell time of 100 ms. The instrument energy scale and work function were 
calibrated using clean Au, Ag, and Cu standards. All spectra were collected with no external charge 
neutralization with the exception of the blank Cu GDE sample, which was collected with an electron gun 
charge neutralizer with a charge balance voltage of 1.5 V. The spectra were referenced with the 
adventitious carbon peak shifting to 284 eV. The instrument was operated by Vision Manager software 
version 2.2.10 revision 5. The XPS data were analyzed using CasaXPS software (CASA Software Ltd).  
(Acknowledgement: The XPS data were collected at the Molecular Materials Research Center in the 
Beckman Institute at Caltech. The authors thank Jake M. Evans for assistance with XPS data collection.) 
Powder X-ray Diffraction (PXRD) data were collected using a Rigaku SmartLab diffractometer (Cu Kα). The 
patterns of all samples and blank were collected using Bragg-Brentano geometry, from 10° to 60° 2θ with 
a step size of 0.03° and a rate of 10° per minute. Scanning Electron Microscope (SEM) images were 
recorded with a NOVA NanoSEM 450 using 10 kV accelerating voltage and spot size of 3. 
 
In situ ATR-SEIRAS 
For in-situ ATR-FTIR measurements, a Nicolet 6700 FTIR spectrometer (Thermo Fisher Scientific) with 
VeeMAXTM III (PIKE Technologies) ATR configuration chamber was used. The photoelectrochemical 
experiments were performed in a J1W Jackfish spectro-electrochemical cell (PIKE Technologies) with a 
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PTFE/PEEK base, and IRUBIS Si(100) specialized 1 ATR element (single-bounce ATR crystal). Polycrystalline 
Au electrodes were chemically deposited (electroless deposition) based on previous works, which was first 
established and demonstrated by Osawa in 2002.129 Each electrode was first deaired with argon for at least 
2 minutes per ml of electrolyte, then cycled between 0.2 V – 1.75 V vs RHE using a gold mesh as a counter 
electrode for 10 cycles at 50 mV/s for surface cleaning and SEIRA activation. 
 
Following Au SEIRA activation, Cu catalyst synthesis was conducted by electrodeposition via direct cathodic 
electro-reduction within a modified electrochemical ATR-FTIR cell. The cell assembly consists of the same 
base piece from the ATR-FTIR PTFE/PEEK with an in lab made acrylic top piece, which attaches to the 
PTFE/PEEK base and contains a bubbler, reference electrode, and counter electrode ports. The counter 
electrode was held in parallel to the working electrode directly above it. A graphite rod was used as the 
counter electrode and Ag/AgCl electrode was used as the reference electrode. As a precursor, 5.75 mM 
copper sulfate pentahydrate (CuSO4٠5H2O, 99.995% trace metals basis, Sigma-Aldrich) in 0.1 M Sulfuric 
acid (H2SO4 - Merck, Suprapur 96%), similar to Heyes et al.,130 was used deposited at a potential bias of 59 
mV vs RHE for a total charge of 44 mC/cm2

geo. Post electrodeposition, electrocatalyst was rinsed with 
pH~9.2 KOH (Semiconductor grade pellets, 99.99% trace metals basis, Sigma-Aldrich) solution 3 times 
followed by 3 rinses with analyte (either 1 M or 7.1 M - HCOOK, ReagentPlus®, 99%, Sigma-Aldrich).  
 
Prior to electrochemical (EC) ATR-SEIRAS experiments the analyte solution was deaired with argon for at 
least 2 minutes per ml of solution. After this, a potential bias was applied for 5 minutes to reduce the 
copper oxide, at the copper oxide reduction peak potential (~0 V vs RHE). For pH-controlled experiments, 
the solution was CO spurged for at least 2 minutes per ml of solution with continuous bubbling throughout 
the experiment. Then, a background spectrum was taken at 0.0 V vs RHE averaging over 32 interferograms 
followed by a potential step series with increments of -0.1 V between 0.0 V and -1.2 V vs RHE while 
collecting 32 interferograms at each potential step. For time evolution EC ATR-SEIRAS experiments, a 
background spectrum was taken at 0.2V vs RHE, averaging over 32 interferograms followed by a potential 
step to either -0.7 or -1.1 V vs RHE collecting 64 interferograms per time stamp. For CO2 reduction time 
evolution experiments, the solution was CO2 spurge for at least 2 minutes per ml of solution with 
continuous bubbling throughout the experiment. Lastly, for in situ CO2RR EC ATR-SEIRAS experiments, a 
background spectrum was taken at 0.2 V vs RHE, averaging over 32 interferograms followed by a cyclic 
voltammetry (CV) sweep between 0.2 and -1.2 V vs RHE. During the CV, 17 interferograms were collected 
over the course of 10 seconds (10 mV intervals). Finally, data has been averaged out collecting 170 
interferograms over 100 mV intervals. 
 
Computational Methods 
The initial structures were modeled using the CHARMM-GUI Nanomaterial Modeler.131,132 Each model 
comprised one CO molecule and either one pair or ten pairs of K+ and HCOO- ions, representing 1 M or 7.1 

M concentrations, respectively, with 56 H2O on top of 4 layers of 3√2 × 3√2 Cu(100). Classical molecular 
dynamics simulations were performed to equilibrate the constructed systems using GROMACS133 with a 2 
fs timestep. We employed the CHARMM force field134, and the water molecules were described by the 
TIP3P model135. Initially, the constructed models were relaxed by steepest-descent energy minimization, 
followed by equilibration in the NVT ensemble (constant particles, constant volume, and 298 K 
temperature) for 100 ps, where positional restraints were applied on the CO molecule and the Cu layers 
with a force constant of 1 eV Å-2. For each system, we additionally performed 10 ns NVT simulations at 
298 K without any restraints for further equilibration. The temperature was controlled using a velocity-
rescale thermostat with a damping constant of 1.0 ps136, and periodic boundary conditions were applied 
in all three directions.  
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The Vienna ab initio simulation package (VASP ver. 5.4.5)137 was used for DFT calculations. Electron 
exchange and correlation were treated within the generalized gradient approximation (GGA)138 in the form 
of the PBE functional, including the D3 correction for London Dispersion (van der Waals attraction).139 The 
interaction between the ionic core and the valence electrons was described by the projector-augmented 
wave (PAW) method.140 The plane-wave basis set was truncated with an energy cutoff of 500 eV and the 
Brillouin zone was sampled only at gamma point. The electronic structure was minimized until the total 

energy converges to 10–5 eV. Our model systems employed 3√2 × 3√2 Cu(100) with 4 Cu layers with the 
top layer equilibrated while the atoms of the other 3 layers were fixed. The system explicitly includes 1 
and 10 K+ and HCOO- pairs with 56 H2O to mimic 1 M and 7.1 M HCOOK electrolyte, respectively (Figure 
S4). Finite temperature ab-initio molecular dynamics (AIMD) was, then, performed for 20 ps to equilibrate 
the systems at room temperature. The canonical ensembles (NVT) were equilibrated at 298 K using the 
Nose-Hoover thermostat141,142 with 1 fs time step and 40 fs damping parameter. 
 
The implicit electrolyte based on Poisson-Boltzmann model is included using VASPsol143 to neutralize the 
system with some net charge (non-zero) for grand canonical dynamics. To prevent the fictitious implicit 
electrolyte inclusion in explicit solvent regime, we used SOLHYBRID (explicit-implicit solvent model)144 
which employs a modified shape function with parameter of σSH = 1 Å and αSH = 10 %. This effectively 
removes the bound charge in the explicit region, as shown in Figure S5. For constant potential dynamics 
with a finite temperature, we used the TPOT routine144 which guides the electrode to a target potential by 
varying the number of electrons. The number of electrons was optimized for each ionic step when the 
potential deviation was larger than a threshold of 0.01 V with a rate limit of 0.2 V/electron. This setup 
allows the system reach to the target potential within 200 fs (Figure S7). 
 
To obtain the kinetic barrier of the CO dimerization step, a metadynamics simulation145 was performed 
using the last atomic configuration and velocities from the > 15 ps equilibration at each electrochemical 
condition. The collective variable (CV) was defined as the atomic C distance of two surface-bound CO (CO*). 
The initial structures including the atomic configurations and velocities and predictor-corrector 
coordinates for the four systems, 1 M HCOOK (at 0 V vs RHE), 1 M HCOOK (at -1 V vs RHE), 7.1 M HCOOK 
(at 0 V vs RHE), 7.1 M HCOOK (at -1 V vs RHE) are provided (Figure S8). A time-dependent bias potential 
was applied with 20 fs time intervals using a Gaussian height (h) of 0.05 eV and width (w) of 0.10 eV. To 
prevent the two CO* from diffusing away from each other, a single Gaussian hill with h = 4.5 eV and w = 
0.2 eV was applied to guide the metadynamics not to exceed the CV = 5 Å as a limit. The dynamics was 
stopped when the CV exceed the limit, which occurred after 25 ps. The potential energy surface (PES) was 
calculated by adding the Gaussian potential in a one-dimensional grid ranging from 1 Å to 7 Å with 1000 
intervals. 
 
The vibrational density of states (vDoS) was calculated using the 2PT method with the last 10 ps of 
trajectory from the room-temperature equilibration.146 
 
The equilibration procedures in the presence of a single *CO using PBE-D3 leads to the vDoS of CO* 
stretching mode ranging from 1400~1550 cm-1, which is much lower than experimental values.102,147,148 
This observation is attributed to the hollow CO preference of the PBE-D3 level of theory149 due to a 
substantial π backdonation from Cu d-band to the 2π* orbital of CO, originating from the underestimated 
LUMO (2π*) level of CO molecule.150 To address this issue, the rotationally variant DFT+U method has been 
proposed.151 But, this method may encounter challenges in accurately describing the frustrated rotational 
motion of CO* during room temperature equilibration or the energy configuration along CO dimerization, 
as discussed later in this study. Alternatively, the hybrid functional incorporating a fraction of exact 
exchange can correctly predict the site preferences by mitigating the self-interaction.152–154 However, the 
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dynamics with this high level of theory is practically prohibitive even with the hybrid method with a 
periodic LCAO DFT code. Even so, the current level of theory furnishes valuable insights into surface-
adsorbate-electrolyte interactions at a computational cost suitable for full explicit dynamics. 
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