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ABSTRACT 

CO2 electroreduction (CO2ER) by using renewable energy resources is a promising method to 

mitigate the CO2 level in the atmosphere as well as producing valuable chemicals. Local 

environment at the electrode-electrolyte interface plays a key role in CO2ER activity and 

selectivity along with its competing hydrogen evolution reaction (HER). In addition to the catalyst 

and reactor design, electrolyte has also a significant impact on the interface. Herein, electrolyte 

additives were used to modify the local environment around the Cu catalyst during CO2ER. To 

this purpose, 10mM of ionic additives with bis(trifluoromethylsulfonyl)imide ([NTF2]-) and 

dicyanamide ([DCA]-) as anions and 1-butyl-3-methylimidazolium ([BMIM]+), potassium (K+), 

or sodium (Na+) as cations have been added to an aqueous potassium bicarbonate solution (0.1 M 

KHCO3). COMSOL Multiphysics was also used to calculate the local pH and CO2 concentration 

at electrode-electrolyte interface in different electrolytes. Results showed that the local 

environment modifications by the electrolyte additives altered the activity and selectivity of Cu in 

CO2ER. It was found that the CO2ER activity at -0.92 V was enhanced when using anion with 

high CO2 affinity and high hydrophobicity such as [NTF2]–. Among [NTF2]–-based additives, 

[BMIM][NTF2] had a higher faradaic efficiency (FE) for formate (38.7%) compared to K[NTF2] 

(23.2%) and Na[NTF2] (18.5%) at -0.92 V likely due to the presence of imidazolium cation which 

can further stabilize the intermediates on the surface and enhance CO2ER. Electrolytes containing 

[DCA]–-based additives with high hydrophilicity and low CO2 affinity had a very high HER 

selectivity (>90% FEH2) and low CO2ER selectivity regardless of the cation nature. This 

observation is attributed to the presence of hydrophilic [BMIM][DCA] in the vicinity of the 
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catalyst which impacts the microenvironment around the catalyst. We observed that [DCA]– anions 

have a high affinity to adsorb on Cu catalysts as soon as the catalyst is submerged in the electrolyte. 

Although FTIR showed that [DCA]– anions desorb from the surface at negative potentials, it is 

likely that [DCA]– anions still remain in the proximity of the electrode, next to the adsorbed 

cations, impacting the transport of H2O and CO2, and altering the product selectivity. COMSOL 

calculations showed that the local pH is directly proportional to the H2 evolution activity. Also, 

hydrophilic salts such as those with the [DCA]– anion had a more alkaline local pH which leads to 

a lower CO2 concentration in the vicinity of the catalyst.   

Keywords: CO2 reduction, Cu electrodes, Ionic liquids, Electrocatalysis, COMSOL. 

 

1. INTRODUCTION 

The use of fossil fuels as the primary energy source has increased the CO2 concentration in the 

atmosphere leading to global warming1. CO2 electroreduction (CO2ER) is a promising approach 

to mitigate the CO2 level in the atmosphere which can simultaneously produce valuable chemicals 

and fuels2, 3. Besides catalyst4-6 and reactor design7-9, electrolyte also plays a key role in CO2ER10-

12. Among different electrolytes, aqueous solutions are the most common electrolytes for CO2ER 

due to their low cost, abundance, and eco-friendliness13-16. However, the product selectivity and 

activity in aqueous electrolytes are poor due to their low CO2 solubility and the presence of the 

competing hydrogen evolution reaction (HER). Using additives in aqueous electrolytes can be a 

promising method to tune the properties of the electrolyte and enhance CO2ER10, 14, 17-38. The local 

environment at electrode-electrolyte interface is significantly impacted by the electrolyte. The 

molecules/ions in the electrolyte can impact CO2ER by blocking the active sites on the electrode, 

interacting with reactants and intermediates, altering the local electric filed and pH around the 

electrode12, 39, 40. Varela et al. reported that adding 0.3 M KI to an aqueous electrolyte can enhance 

faradaic efficiency for methane (FECH4) on Cu10. They suggested that I– anions are adsorbed on 

the surface and could facilitate the protonation of CO which is needed for CH4 formation10. Verma 

et al. also showed that CO2ER on Ag is suppressed in the presence of large anions such as Cl– 

which directly adsorb on the surface and destabilize the intermediates11. In another study, Singh et 

al. also showed that the size of cation impacts the local pH12. They reported that large cations at 

interface undergo hydrolysis and lower the local pH. This results in enhanced C2 and CO formation 

on Cu and Ag electrodes, respectively12.  
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We previously showed that the anion choice has a significant impact on CO2ER activity and 

selectivity with copper when using dilute ionic liquid (IL) additives in aqueous electrolytes18. We 

investigated 10mM of 1-butyl-3-methylimidazolium ([BMIM]+) cation-based ILs with five 

different anions as additives in 0.1M potassium bicarbonate (KHCO3) electrolytes. The 

imidazolium cation was selected for reported stabilization of the CO2•
– intermediates20, 24, 30, and 

anions were selected for their different CO2 affinities and hydrophobicities. We observed that the 

CO2ER towards formate could be significantly enhanced when using 

bis(trifluoromethylsulfonyl)imide ([NTF2]-) as the anion (FEformate 38.7% at -0.92V vs. RHE)18. 

HER could be substantially promoted when using dicyanamide ([DCA]-) as the anion (FEH2 92.9% 

at -0.92V vs. RHE). Our observations showed that partial current densities towards CO2ER 

products increased as the hydrophobicity and CO2 affinity of the anion increased. More 

specifically, the highest and lowest CO2ER activity was observed for [BMIM][NTF2] (most 

hydrophobic) and [BMIM][DCA] (least hydrophobic), respectively18. We hypothesized that the 

CO2 affinity towards the IL additives and hydrophobicity of the IL, both of which are dictated by 

the anion choice, had the most significant roles in the interplay between CO2ER and its products, 

and the competing HER. 

In this study, the local environment around Cu catalyst in the presence of ionic additives with 

10 mM concentration was investigated to gain a deeper insight into the role of ions in the 

electrolyte. By minimizing the additive concentration to 10 mM, the negative impacts caused by 

viscosity increase such as mass transfer limitations are reduced. Additionally, with a small 

concentration of IL, the IL solubility limit in the aqueous electrolyte is not reached, especially for 

hydrophobic [NTF2]– anion. The diluted IL/water electrolytes also ensure enough water is available 

to produce hydrogen-containing CO2ER products. [NTF2]–-based salts with three cations (Na+, 

K+, and [BMIM]+), and [DCA]–-based salts with two cations (Na+ and [BMIM]+) were used. 

Inorganic cations (Na+ and K+) are hydrated in the aqueous electrolytes due to their small size and 

their high charge density41, 42. The hydration shell around the inorganic cations does not allow the 

cations to be specifically adsorbed on the electrode surface. However, bulky organic cations such 

as [BMIM]+ do not have the hydration shell due to their size and their hydrophobic nature. 

[BMIM]+ cations can interact with CO2 molecules due to the presence of acidic hydrogen at C2 

position of the imidazolium ring43-45. When comparing ILs, the CO2 affinity of the ILs is more 

dependent on the anion nature and cations has minimal impact on it46. In order to study the 
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adsorption of ions on the catalyst surface, electrochemical quartz crystal microbalance (EQCM), 

XPS, and in situ-FTIR were utilized. COMSOL Multiphysics studies were also used to deeper 

probe the influence of ionic additives on the electrode-electrolyte interface observed 

experimentally.  

 

2. EXPERIMENTAL SECTION 

2.1. Electrode preparation 

Polycrystalline Cu electrodes with 0.9 cm2 geometric surface area were constructed of a 0.5 cm 

× 0.7 cm × 0.01 cm Cu foil (99.999%) connected to a 1.25 cm length by 0.5 mm diameter twisted 

Cu wire (99.999%). Electrodes were first electropolished in 1 M phosphoric acid (H3PO4) at 1.8 

V in a two-electrode setup for 300 s. A Pt mesh electrode was used as counter electrode.  

2.2. Electrochemical measurements 

Electrochemical experiments such as cyclic voltammetry (CV), electrochemical impedance 

spectroscopy (EIS), and CO2ER were conducted in an H-type cell with a Nafion-212 membrane 

between the anodic and cathodic chambers. A Gamry Interface 1000 potentiostat was used for all 

electrochemical measurements. Cu electrode (0.9 cm2) was used as the working electrode. A 

platinum mesh and a BASi Ag/AgCl (3 M NaCl) were used as counter and reference electrodes, 

respectively. All experiments have been performed with same anolyte which was 0.1 M potassium 

bicarbonate (KHCO3, Fisher Chemical, Certified ACS). The catholyte was a solution of 0.1 M 

KHCO3 with or without 10 mM of an IL or inorganic salt. Since the concentration of salt is very 

low (10 mM), these electrolytes are still considered as aqueous electrolytes and water was the main 

solvent in this study. It needs to be mentioned that minimizing the additive concentration to 10 

mM helps reduce the mass transfer limitations, avoid the IL solubility limits especially for the 

hydrophobic [NTF2]– anion, and also provide enough water available to produce hydrogen-

containing products in CO2ER. The ionic liquids (ILs) used in this study, [BMIM][NTF2] and 

[BMIM][DCA], were purchased from Ionic Liquid Technologies (Io-Li-Tec) Inc. The inorganic 

salts, Na[NTF2], K[NTF2] and Na[DCA], were purchased from Alfa Aesar. Figure 1 shows the 

chemical structure of different anions and cations used in this study.  

Cyclic voltammetry was performed in N2 and CO2- saturated electrolytes with a scan rate of 50 

mV/s for 8 cycles from -1.0 V to -1.8 V vs. Ag/AgCl. Before each experiment, the electrolyte was 
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saturated by bubbling N2 or CO2 gas for 30 min. pH values of N2-saturated and CO2-saturated 

electrolytes were 9.3 and 6.8, respectively. Additives did not impact the electrolyte pH, since they 

were used at low concentrations (10 mM). EIS was also performed in CO2 saturated electrolytes 

with the frequency range of 10 KHz to 0.1 Hz, 10 mV AC amplitude at -0.82 V and -1.09 V versus 

RHE. In order to reduce the oxides on the electrode surface, a pre-electrolysis at -1.02 V in CO2-

saturated electrolyte was performed prior to the CO2ER experiments. CO2ER experiments were 

then performed on Cu electrodes at different potentials (-0.92 V, -1.02 V, and -1.12 V vs. RHE) 

for 30 mins. In addition to saturating the electrolyte with CO2 before CO2ER, CO2 gas with a flow 

rate of 35 ml/min was bubbled in the catholyte during CO2ER experiments. The potentials were 

corrected to reversible hydrogen electrode (RHE) by the equation Vvs. RHE = Vmeasuredvs.Ag/AgCl + 

0.209 +0.059 pHsolution. The potentials mentioned in this article are versus RHE, unless otherwise 

noted. Current-interrupt iR compensation was used to correct for the ohmic resistance during the 

CO2ER experiments. All measurements were repeated at least three times to evaluate the 

reproducibility. Gaseous and liquid products were detected using MicroGC and NMR, 

respectively, according to the methods mentioned in our previous paper18.  

 

 
Figure 1. Chemical structure of the cations and anions used in this study. 

 

2.3. Electrochemical quartz crystal microbalance (EQCM) 

In order to study the adsorption of the additives on the catalyst, LSV-EQCM experiments were 

performed in a EQCM static Teflon cell (purchased from GAMRY) which is connected to a 

GAMRY eQCM 10M quartz crystal microbalance paired with a GAMRY Interface 1000 

potentiostat (Figure S3). A Cu-deposited quartz crystal, a platinum wire and Ag/AgCl (3M NaCl) 
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were used as the working, counter and reference electrodes, respectively. More information 

regarding EQCM experiments can be found in the Supporting Information (Figures S4, S5, and 

S6). The potential range was -0.5 to -1.8 V vs. Ag/AgCl with a scan rate of 20 mV/s. The frequency 

shift during LSV was recorded by EQCM instrument. The mass change was then calculated by 

Sauerbrey’s equation (Eq. S1). 

2.4. X-ray photoelectron spectroscopy (XPS)  

The surface analysis of the catalysts after submerging in the additive-free and additive-

containing electrolytes for 4 hrs with CO2 sparging to reach saturation (with no potential applied), 

and also after CO2ER experiments at different potentials was performed by XPS using a Physical 

Electronics PHI 5000 VersaProbe II spectrometer with an Al Kα X-ray source (1486.6 eV). Before 

XPS experiments, electrodes were rinsed with DI water followed by drying at 40 °C in vacuum 

oven overnight. The binding energy of all spectra was calibrated with C1s peak at 284.8 eV. 

2.5. Fourier-transform infrared spectroscopy (FTIR) 

A VeeMAX III ATR (attenuated total reflection) from PIKE Technologies with 60° angled Si 

ATR crystals with a lab-built Teflon electrochemical cell were used to conduct the FTIR 

experiments on a ThermoScientific Nicolet is50 FTIR bench. Thin Cu films were prepared on the 

Si ATR crystals via an electroless plating procedure similar to that done Gunathunge et al.47. The 

ATR crystal reflecting surfaces were polished using a 0.05 micron alumina slurry followed by 

alternating sonication bathes in deionized (DI) water and acetone for 5 minutes. The crystals were 

submerged subsequently into 1 M ammonium fluoride for 60 seconds, a seed solution for 2 

minutes, and a plating solution for 5 minutes. The seed solution consisted of 0.5 wt% hydrofluoric 

acid (HF) and 0.75 mM copper sulfate (CuSO4) in DI water. The plating solution consisted of 250 

mM formaldehyde (CH2O), 20 mM CuSO4, 20 mM disodium ethylenediaminetetraacetic acid 

(Na2EDTA), 0.3 mM 2,2-bipyridine (C10H8N2), adjusted to pH 12 using potassium hydroxide 

(KOH), all in DI water and heated to 55 °C for use. For electrochemical experiments, 7mL of 

electrolyte was placed into the electrochemical cell with Cu coated ATR crystal. CO2 was bubbled 

into the cell until saturated and remained bubbling during the remainder of experiments. The 

counter electrode was a graphite rod placed into a capillary tube filled with 0.1M KHCO3 with 

glass frit to separate from the working electrode. The reference electrode was an Ag/AgCl 

electrode from BASi. Background spectra were taken with the cell open to air before electrolyte 
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was added, with 64 co-added scans at a 4cm-1 resolution. Spectra during LSV were taken with 16 

co-added scans at a 4cm-1 resolution. A liquid nitrogen cooled MCT detector was used for all 

spectra. 

Safety Note for use of hydrofluoric acid (HF): Extra safety precautions were taken when using 

HF including working in an HF-designated chemical hood, and wearing butyl rubber gloves, 

rubberized apron and face shield. An HF safety and spill kit was readily available whenever HF 

was utilized. Researchers had to be specifically trained and approved for handling HF. 

 

2.6. Modeling CO2 electroreduction by COMSOL 

In order to study the interfacial properties such as pH and concentration of species at the electrode-

electrolyte interface, the boundary layer in vicinity of the cathode was simulated by the method 

proposed by Hashiba et al.48. More details regarding the COMSOL simulation have been provided 

in the SI (Figure S7, TableS2, and TableS3).   

3. RESULTS AND DISCUSSION 

3.1. Effect of ionic additives on the activity and selectivity of Cu catalysts 

In order to obtain an insight into the role of additive ions in CO2ER, Na[NTF2], K[NTF2], and 

Na[DCA] were used as additive in 0.1 M KHCO3, and the results were compared with 

[BMIM][NTF2] and [BMIM][DCA] additives which were studied in our previous work18. Prior to 

CO2 electroreduction experiments, cyclic voltammetry measurements in N2- and CO2-saturated 

electrolytes were performed to evaluate the general activity of the Cu electrodes in different 

electrolytes. Figure 2 shows the CVs in N2- and CO2-saturated electrolytes containing [NTF2]–- 

and [DCA]–-based additives. CVs in N2-saturated electrolytes (Figure 2a-e) can provide an insight 

into the activity toward HER, as no CO2 is present in the electrolyte. According to Figure 2a-c, all 

[NTF2]–-based additives had a minimal impact on the HER onset potential and HER activity. 

However, [BMIM][NTF2] showed a lower HER activity compared to the inorganic salts 

(Na[NTF2] and K[NTF2]) at more negative potentials (<-0.9 V vs. RHE). This observation can be 

due to the competition between large cations and water molecules for an adsorption site on the 

electrode surface at high overpotentials49-51. In contrast to [NTF2]– salts, [DCA]– salts significantly 

enhanced the HER activity (Figure 2d-e). Compared to the additive-free electrolyte and 

electrolytes containing [NTF2]– additives, [DCA]– salts (regardless of the cation nature) had a 
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much higher current density and a more positive onset potential in N2-saturated electrolytes. 

Changing the cation did not impact the HER onset potential and the activity in less negative 

potentials (>-0.83 V vs. RHE) in [DCA]– electrolytes. The impact of the cation at more negative 

potentials was also minimal. This observation can be indicative of the dominant role of the [DCA]– 

anion in the electrolyte.  

The general activity toward both CO2ER and HER reactions was also studied in CO2-saturated 

electrolytes (Figure 2f-j). All of the [NTF2]–-containing electrolytes had a more positive onset 

potential and a higher activity for CO2ER at less negative potentials (>-1.07 V vs. RHE) compared 

to the additive-free electrolyte. Similar to what was observed in N2-saturated electrolytes, the 

CO2ER activity for [BMIM][NTF2] was lessened at higher potentials (<-1.07 V vs. RHE), likely 

due to the competition of the large IL, water and CO2 for a position on the surface. In CO2-saturated 

electrolytes containing [DCA]– salts (Figure 2i-j), a more positive onset potential and a higher 

activity were observed compared to the additive free electrolyte. Moreover, it was found that 

[BMIM][DCA] additive had a more negative onset potential and a lower activity in CO2-saturated 

electrolytes compared to Na[DCA]. This could be also due to the competition of CO2 and water 

molecules with large organic cations to access the electrode surface. The higher activity in [DCA]– 

salts compared to [NTF2]– salts and additive-free electrolytes in both N2- and CO2- saturated is 

most probably due to the enhanced HER rather than CO2ER.  
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Figure 2. Comparison of the CVs for HER (a-e) and CO2ER (f-j) on Cu in electrolytes with and 

without 10 mM [NTF2]– and [DCA]–-based additives in 0.1 M KHCO3. The electrolyte was 

saturated with N2 (a-e) and CO2 (f-j) for 30 mins before CVs measurements. Figures c, h, e, and j 

were reprinted with permission from Elsevier18. 

 

In order to evaluate the product selectivity of the Cu catalyst in salt/KHCO3 mixtures, CO2ER 

experiments were carried out at different potentials (-0.92 V, -1.02 V, and -1.12 V) for 30 mins on 

electropolished Cu electrodes. FE for the main gaseous and liquid products produced during 

CO2ER are shown in Figure 3a-c. It needs to be mentioned that there was also detection of 

methanol, n-propanol, and glycolaldehyde produced with less than 3% FE. For simplicity, only 

main products with higher concentrations are discussed in this article. At less negative potential (-
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0.92 V), H2, CO and formate were the main products regardless of the nature of the additives. 

However, at more negative potentials (-1.02 V and -1.12 V), hydrocarbons and alcohols were also 

produced in some electrolytes. The [DCA]– electrolytes had similar product selectivity regardless 

of the type of cation. Both Na[DCA] and [BMIM][DCA] produced H2 with >90% FE at -0.92 V. 

No C2 products (ethylene or ethanol) were observed in Na[DCA] and [BMIM][DCA] even at the 

more negative potentials. Methane was the only hydrocarbon which was observed in Na[DCA] 

and [BMIM][DCA] at -1.12 V. In particular, FE for methane in Na[DCA] and [BMIM][DCA] 

were 15.5% and 6.9%, respectively. In all [NTF2]–-based electrolytes, the FE for formate was 

higher compared to additive-free and [DCA]–-based electrolytes. Among them, [BMIM][NTF2] 

had the highest FE for formate (38.7% at -0.92 V) likely due to the presence of imidazolium cation 

which has been previously reported to enhance the formation and stability of the CO2•
– radicals on 

the surface and enhance CO2ER30. No C2 products were observed for [BMIM][NTF2] and 

K[NTF2] before -1.12 V, while Na[NTF2] produced ethylene and ethanol with 19.2% FE and 6.7% 

FE, respectively, at -1.02 V. Therefore, the onset potential for C2 products was more negative in 

[BMIM][NTF2] and K[NTF2] compared to additive-free electrolyte and Na[NTF2], which has a 

smaller cation. This can be due to accumulation of [BMIM]+ and K+ cations at high potentials 

which can hinder the CO dimerization on the surface which is needed for formation of C2 products. 

It has been reported that the rate-determining step (RDS) for C2 products is C-C bond formation 

which occur via *CO dimerization52, 53. In order to lower the CO* dimerization barrier, high 

coverage of *CO on catalyst surface is needed, and *CO molecules need to be close to each other52, 

53. If the *CO coverage is low or something hinders the approach of CO molecules, *CO will be 

converted to C1 products52, 53. 

Figure 3d-f shows the partial current density for the main products in different electrolytes. The 

partial current density for formate increased by adding the additives in the buffer electrolytes. Both 

[DCA]–-based electrolytes had a high jH2 at all potentials. In particular, jH2 were 24.9 and 22.7 

mA/cm2 in [BMIM][DCA] and Na[DCA], respectively. FE% and partial current density values 

are also provided in Table S1 and S2. 
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Figure 3. Faradaic efficiency (a-c) and partial current density (d-f) of the main products produced 

in 0.1M KHCO3 electrolytes containing 10 mM [NTF2]– and [DCA]–-based additives (left and 

right vertical axes for each chart correspond to the products produced in CO2ER and HER 

reactions, respectively). Data for no additive, [BMIM][NTF2] and [BMIM][DCA] electrolytes 

were adapted from our previous publication. 

 

The effect of additive ions on the interfacial properties such as charge transfer resistance was 

also studied by performing EIS in the electrolytes containing [NTF2]– and [DCA]– additives with 

different cations. Figure 4 shows the EIS results at a low (-0.82 V) and a high negative potential 

(-1.09 V) in CO2-saturated electrolytes. Nyquist plots (Figure 4a-b) were fitted by using the 

equivalent electric circuits illustrated in Figure S1. Charge transfer and solution resistance values 

were then plotted in Figure 4c-d. 
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Figure 4. Nyquist plots (a-b), solution and charge transfer resistance (c-d) for the CO2- 

saturated electrolytes containing 10 mM [NTF2]– and [DCA]–-based additives in 0.1 M KHCO3 

at -0.82 V and -1.09 V. Solid lines in a and b are the fitted curves according to the equivalent 

circuits in Figure S1.  

 

According to Figure 4, the cation has a more significant impact on the interface in [NTF2]–-

based electrolytes compared to [DCA]–-based electrolytes. In [NTF2]– electrolytes, the shape of 

the Nyquist plot in [BMIM][NTF2] is different from that in Na[NTF2] and K[NTF2] at both 

potentials of -0.82 V and -1.09 V. The inductive loop at low frequency which had been observed 

for [BMIM][NTF2] was not observed for K[NTF2] and Na[NTF2] at any potential (Figure 4a-b). It 

has been reported that the low frequency inductive loop can be associated to the 

adsorption/desorption of the species at the surface54. Since the inductive loop was only observed 

for [BMIM][NTF2] electrolytes, this loop can be due to the adsorption and desorption of the 

imidazolium on the surface and its interaction with CO2 molecules on the surface during CO2ER. 

In [DCA]– electrolytes, the shapes of the Nyquist plots were similar at both potentials, and no 

inductive loop was observed for [DCA]– salts even with [BMIM]+ cation. This observation can 
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show the dominant role of the [DCA]– anions at the interface compared to the cations. Figure 4c-

d show the solution (Rs) and charge transfer resistance (Rct) in the CO2- saturated electrolytes 

containing [NTF2]–- and [DCA]–-based additives at -0.82 V and -1.09 V. Rs depends on several 

factors such as electrode geometry and size, the distance between the electrodes, and also the 

electrolyte conductivity55. According to Figure 4c-d, similar Rs were obtained in the electrolytes 

with different additives. Conductivity measurements (Figure S2) also showed that the conductivity 

values for all electrolytes studied here are almost similar ranging from 9600 to 11107 μS/cm.  

Although the additives had a minimal influence on Rs, they had a prominent impact on the Rct 

especially at low potentials. Electrolytes containing [DCA]– salts showed a lower Rct compared to 

the [NTF2]– salts at both potentials. In particular, Rct in Na[DCA] and Na[NTF2] are 33.5 and 116.5 

ohms, respectively. Moreover, it was observed that both Na[NTF2] and K[NTF2] have a higher Rct 

compared to [BMIM][NTF2] at less negative potential (-0.82 V). However, [BMIM][NTF2] 

showed a higher Rct compared to inorganic salts at more negative potential (-1.09 V) likely due to 

the accumulation of large imidazolium cations at high overpotential which can impede diffusion 

of the species from bulk to the electrode surface. 

In order to study the surface chemical change, XPS surface analysis was performed on the 

catalysts after submerging in the additive-free and additive-containing electrolytes for 4 hrs with 

CO2 sparging to reach saturation with no potential applied, and also after CO2ER experiments. 

Carbon, oxygen, copper, and nitrogen were the only elements detected on the surface after CO2ER 

in electrolytes containing [NTF2]–- and [DCA]–-based additives. The presence of the nitrogen on 

the surface is indicative of the strong interaction of the additives with Cu surface (Figures S7 and 

S8). Both [BMIM][DCA] and Na[DCA] had a higher amount of nitrogen on the surface (4.6 at.% 

and 10.65 at.%, respectively) compared to [NTF2]–-based additives which had less than 1% 

nitrogen on the surface (Figure 5a). While it may be expected that [DCA]—containing electrolytes 

would result in more nitrogen on the surface because there are three nitrogen atoms in a [DCA]- 

anion and only one nitrogen atom in a [NTF2]- anion (and two nitrogen atoms in the [BMIM]+ 

cation), even after normalization to the number of nitrogen atoms in the additives (Figure 5b), a 

higher amount of additive was present on the copper electrode surface in the case of 

[BMIM][DCA] and Na[DCA] compared to [NTF2]–-based additives. The results also show that 

there are higher amount of N adsorbed on the surface in Na[DCA] compared to [BMIM][DCA]. 

This can show that [BMIM]+ cations and [DCA]– anions compete to access the active sites on the 
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surface. The XPS results confirmed the strong adsorption of the [DCA]–-based additives on Cu 

surface likely due to their hydrophilic nature. Strong adsorption of the additives on the surface can 

suppress CO2ER by occupying sites of the surface and changing the microenvironment around the 

surface hindering CO2 diffusion to the surface.  

 

 

Figure 5. Atomic percentage of nitrogen detected on Cu obtained by XPS after CO2ER in 

electrolytes containing [NTF2]– and [DCA]–-based additives with different cations; a) before and 

b) after normalization to the number of N atoms in the salt 

 

While it may not be expected that anions strongly adsorb to negatively charged electrodes such 

as the conditions in CO2ER, chemical adsorption may occur without charge attraction as well.  Cu 

foils were submerged into electrolyte without any applied potential for four hours to simulate the 

duration of CO2ER experiments. The nitrogen at% for Cu foils submerged into electrolyte 

solutions for 4 hours with and without additives are shown in Figure 6. Similar trends are shown 

without an applied potential, with higher nitrogen being seen on the surface for solutions 

containing [DCA]– anions. This shows that the [DCA]– anion will adsorb to the Cu surface without 

an applied potential. Higher N at% is seen prior to CO2ER except in the case of the Na[DCA] 

additive.  

In order to further study the adsorption of ions on the charged Cu surface when applying 

potential, EQCM paired with LSV was also performed (Figure 6). Electrolytes containing 

[BMIM][NTF2], Na[NTF2], [BMIM][DCA], and Na[DCA] additives were chosen to be used in 

a b 



 16 

EQCM test. Figure 6 shows an initial mass loss during LSV for all electrolytes. This mass loss can 

be due to previously adsorbed ions or water molecules leaving the surface with decreasing 

potential. It needs to be mentioned that in EQCM, both masses of the electrode and the adjacent 

electrolyte layer are always detected56. According to Figure 6, the maximum mass loss was 

observed for [DCA]–-salts especially [BMIM][DCA] probably due to the high adsorption of this 

IL on the surface. Therefore, with decreasing potential it is suggested that [DCA]- anions leave the 

surface. These results confirm the XPS results which showed the strong adsorption of [DCA]––

based salts on the surface.  

 

Figure 6. Mass change obtained by in-situ EQCM performed during LSV in different 

electrolytes. 

 

In-situ FTIR using thin Cu films as the working electrode was done to study the CO2ER at low 

overpotentials with no additives and in the presence of additives. This technique has shown 

promise in assisting in the fundamental understanding of electrocatalytic processes and has seen 

significant use for the electroreduction of CO2
57. Figure 7a-b shows the absorbance spectra without 

IL during CO2ER in an LSV at 1mV/s scan rate between 0 V RHE and -0.7 V RHE. All spectra 

are shown with a background of 64 co-averaged scans taken before electrolyte addition (i.e. air on 

copper surface with no potential). After addition of the 0.1 M potassium bicarbonate electrolyte, 

the following bands were observed: 1640 cm-1 bending of the HOH molecule, 1480 cm-1 for the 

adsorbed CO3
2–, 2360 cm-1 from CO2, and 3450 cm-1 from OH stretch. On application of reducing 

potential, a decrease to the intensity of the adsorbed carbonate band was shown, likely due to 

electrochemical repulsion of the carbonate species. At -0.55 V RHE, a new band appeared at 2078 
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cm-1 from linear bonding of CO to the Cu surface with a 2 cm-1 downward shift when the potential 

was further decreased to -0.70 V. These bands were consistent with similar works of CO2ER on 

Cu films47, 58. More negative potentials than -0.70 V were not able to be studied due to bubble 

formation on the Cu film and delamination of the Cu film.  
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Figure 7. FTIR spectra during CO2ER over a Cu film deposited onto an ATR crystal. Solution of 

CO2 saturated 0.1M KHCO3 with (a-b) no additive, (c-d) 10mM [BMIM][NTF2], (e-f) 

[BMIM][DCA], (g-h) K[NTF2]. LSV from 0.0 V to -0.7 V at a scan rate of 1 mV/s. Spectra are 

16 co-averaged scans at a resolution of 4 cm-1. 

The addition of any IL tested in this analysis had the impact of reducing the intensity of the HOH 

bending, adsorbed CO3
2–, and OH stretching bands (Figure 7c-h). This was likely a result of 

displacement of water and carbonate from the surface of the Cu at the ATR crystal. The FTIR 

spectra for CO2ER in the presence of 10mM [BMIM][NTF2] is shown in Figure 7c-d. Similar to 

the spectra obtained with no IL, the appearance of the CO band occurred at -0.55 V RHE, however 

HOH bending and OH stretching from the water molecules were significantly lower in intensity 

compared to the IL free solution.  

Figure 7e-f shows the obtained FTIR spectra for CO2ER in the presence of 10 mM 

[BMIM][DCA]. [DCA]– anions showed an IR band at 2180 cm-1 corresponding to the symmetric 

CN triple bond stretch59. This shows that the [DCA]- anion will strongly adsorb to the Cu surface 

without an applied potential rapidly. On application of a negative applied potential, the CN triple 

bond band of the [DCA]– anion decreased in magnitude due to the electrochemical repulsion of 

the anion from the negatively-charged surface. Dissimilar to other electrolytes tested, no CO band 

appeared during LSV from 0 V to -0.7 V, further supporting the CO2ER FE% and partial current 

density observations that CO2ER was minimized when [BMIM][DCA] was present. 

Figure 7g-h shows the FTIR spectra in the presence of 10 mM K[NTF2].  Similar trends were 

seen compared to [BMIM][NTF2], however a more rapid increase of the OH stretch and HOH 

bending with decreasing applied potential could suggest that diffusion of the water molecules to 

the surface can occur more rapidly due to less bulky ions at the Cu surface and hydration around 

the K+ cation.  

The onset of the CO band, at approximately -0.55 V vs RHE, corresponded with the onset of 

mass increase in the EQCM experiments. This suggests that the mass increase is due to CO 

adsorption. Additionally, a decrease in the mass of the electrode determined by EQCM of the 

[DCA]– anion containing electrolyte with decreasing potential could be due to the repulsion of 

[DCA]– anion from the surface with increasing negative potential. While the FTIR spectra was 

limited to -0.70 V RHE, due to delamination and bubbling at more negative potentials, EQCM 

results showed an increase to the mass of electrode with [DCA]– containing electrolytes at more 
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negative potentials then other electrolytes which could suggest a later onset of CO adsorption to 

the surface, supported by the lack of a CO band between 0 and -0.70 V RHE in the FTIR spectra.  

The onset potential for solutions not containing [DCA]–, with CO2 sparging, also appeared at -

0.55 V, which can be seen in Figure 2-f,g,h. This suggests that CO2 reduction could occur at a 

small rate at -0.55 V. With either the [BMIM][DCA] or Na[DCA] additive at 10mM, the onset 

potential was shifted to a more negative potential around -0.65 V. While the onset potential appears 

at -0.65V, there was no corresponding CO band appearing during FTIR spectra at -0.65 V which 

suggested the onset could be due to HER instead of a CO2 reduction through the CO intermediate. 

Furthermore, EQCM showed an increase in mass of the Cu surface in electrolytes not containing 

[DCA]– around -0.55 V as well, suggesting that the mass increase was due to bound CO molecules. 

For Na[DCA] electrolyte, while the mass did not further decrease beyond -0.5 V it did not increase 

suggesting no CO adsorption. The same was seen on [BMIM][DCA], although requiring a more 

negative potential to stop the mass loss. Figure 3 showed that the [DCA]–- containing electrolytes 

had a much lower Faradaic efficiency to CO at each potential tested for product analysis, with a 

higher Faradaic efficiency of HER. This is in agreement with the FTIR results showing no CO 

band within the potential range tested. Due to limitations of the Cu film delamination at more 

negative potentials, FTIR analysis could not be completed at more negative potentials to provide 

insights into other products. 

While we show that [DCA]– anions are desorbed, we see that they have an impact on the 

selectivity of products at more negative potentials. This could be due to the presence of anions in 

the vicinity of the surface which influence the transport of molecules like H2O and CO2 in the 

double layer, rather than directly at the catalyst surface. Therefore, although [DCA]– is not directly 

adsorbed to the catalyst surface when applying negative potential, they are still in the vicinity of 

the catalyst probably next to the adsorbed cations, and impact the transport of the species in the 

boundary layer. The CO2 affinity and hydrophobicity of the anion likely plays a key role in the 

influence of transport. We showed that anions with high hydrophilicity and low CO2 affinity like 

[DCA]– increased the FEH2, while [NTF2]– anions which have a high CO2 affinity and high 

hydrophobicity increased the FEformate. 

 

3.2. Effect of Additive Ions on the Local Environment of Catalyst-Electrolyte Interface 
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COMSOL Multiphysics was used to model CO2ER in the vicinity of the cathode and calculate 

the cathode-electrolyte interfacial properties such as local pH and species concentrations. Figure 

8a shows the pH profile in the boundary layer around the cathode. OH– concentration profile has 

been also provided in Figure S10 in the Supporting Information. According to Figure 8a, all 

electrolytes have a higher pH at the catalyst surface (x=0) compared to the bulk pH (x=100 µm). 

This pH rise from bulk toward cathode surface is due to formation of OH– ions in CO2ER and 

HER reactions (Rxn. S5 to Rxn. S10). Results show that [DCA]–-based electrolytes have a higher 

local pH compared to [NTF2]–-based and additive free electrolytes. A correlation between local 

pH and HER current density (obtained from Figure 3) was also observed (Figure 8b). A higher 

HER activity was observed when local pH increases. Since HER reaction is pH-independent, it 

would not be expected to see any pH dependency for HER activity. However, our study and other 

studies60, 61 showed that there is a relationship between the pH and HER activity. Although the 

reason for this observation is not fully understood yet, some researchers believe that the enhanced 

HER activity in high local pH can be attributed to the enhanced hydrogen binding energy which 

is needed for high HER rate60, 62. The CO2 concentration profile in the boundary layer was also 

calculated. According to Figure 8c, a drop in CO2 concentration from bulk to interface was 

observed for all electrolytes. Since CO2 is a reactant in CO2ER (Rxn. S5 to Rxn. S9) and also in 

buffer chemical reactions (Rxn. S2 and Rxn. S3), CO2 concentration at interface is determined by 

both CO2ER current density on the electrode surface and the buffer reactions in the vicinity of the 

electrode. Figure 8d shows that the [NTF2]– additives, which have a higher CO2ER activity, have 

a lower CO2 concentration. However, the same trend was not observed for [DCA]– additives. 

Although [DCA]– additives have a low CO2ER current, the CO2 concentrations are low at the 

interface. This observation is due to the high local pH which was observed for [DCA]–-based 

electrolytes. Increased local pH further lowers the CO2 concentration at the interface due to the 

reaction of CO2 with OH– ions which leads to the formation of bicarbonate and carbonate (Rxn. 

S2 and Rxn. S3). Figure 8e shows that the CO2 concentration at interface is inversely proportional 

to the local pH. For example, [BMIM][DCA] which has the maximum local pH (10.22), it also has 

the lowest CO2 concentration at the surface (13.6 mol/m3). Among [NTF2]– additives, 

BMIM[NTF2] has a higher pH and lower CO2 concentration due to its high CO2ER activity 

compared to Na[NTF2] and K[NTF2]. It needs to be mentioned that the difference between local 

pH and bulk pH for additive-free electrolyte is lower compared to additive-containing electrolytes 
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due to the lower activity of the catalyst in additive-free electrolyte (Figure 8a). Due to the lower 

local pH and also lower CO2ER activity, the interfacial CO2 concentration in additive-free 

electrolyte has the highest value (Figure 8d-e). Figure 9a-b display the bicarbonate and carbonate 

concentration profiles in the boundary layer. Since the reaction rate constant for bicarbonate 

formation in Rxn. S2 is much smaller than that for carbonate formation in Rxn. S3 bicarbonates 

are rapidly converted to carbonates at high pH. Therefore, [BMIM][DCA] has the lowest HCO3
– 

(Figure 9a) and the highest CO3
2– (Figure 9b) concentrations at the surface.  

  

Figure 8. COMSOL calculations for a) pH profile in the boundary layer, b) correlation of local 

pH and partial current density for hydrogen evolution reaction (jHER), c) CO2 concentration 

profile in the boundary layer, d) jCO2ER and interfacial CO2 concentration ([CO2]surface) e) 

correlation of local pH and interfacial CO2 concentration ([CO2]surface) in CO2ER at -0.92 V vs. 
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RHE in additive-free electrolyte (0.1 M KHCO3) and in electrolytes containing 10 mM [NTF2]–- 

and [DCA]–-based additives. 

 

   

Figure 9. COMSOL calculations for: a) HCO3
– concentration profile, and b) CO3

2– concentration 

profile in the boundary layer in CO2ER at -0.92 V vs. RHE in additive-free electrolyte (0.1 M 

KHCO3) and in electrolytes containing 10 mM [NTF2]–- and [DCA]–-based additives. 

 

4. CONCLUSION 

Herein, we observed that electrolyte-electrode interfacial environment significantly impacts the 

product selectivity and catalytic activity in CO2 electroreduction and in the competing hydrogen 

evolution on Cu. It was also found that the interface can be modified by using ionic additives at 

concentrations even as low as 10 mM. We showed that both anion and cation are important in 

CO2ER, with the anion having a stronger influence on the reactions. It was found that the 

hydrophobicity and CO2 affinity of the additive anion plays a key role in the local environment at 

the surface and CO2ER activity. All [NTF2]–-based additives increased the FE for formate 

compared to the additive-free electrolyte (9% FE) due to the high CO2 affinity and hydrophobicity 

of the [NTF2]–-based additives. Among [NTF2]–-based additives, [BMIM][NTF2] had a higher FE 

for formate (38.7%) compared to K[NTF2] (23.2%) and Na[NTF2] (18.5%) at -0.92 V likely due 

to the presence of imidazolium cation which can further stabilize the intermediates on the surface 

and enhance CO2ER. However, the FE for C2 products (ethylene and ethanol) at high negative 

potentials were lower for [BMIM][NTF2] and K[NTF2] compared to the additive-free and 

Na[NTF2] electrolytes. This observation can be due to the presence of large [BMIM]+ and hydrated 



 24 

K+ cations on the surface and inhibiting the *CO dimerization which is needed for the formation 

of C2 products. Electrolytes containing [DCA]-based additives had a very high HER activity 

(>90% FEH2) and low CO2ER activity regardless of the cation nature. This observation is 

attributed to the presence of [BMIM][DCA] in the vicinity of the catalyst which impacts the 

microenvironment around the catalyst. Results showed that [DCA]– anions have a high affinity to 

adsorb on Cu catalysts when no external potential is applied. Although it was shown that [DCA]– 

anions desorb from the surface at negative potentials, we believe that [DCA]– anions still remain 

in the vicinity of the electrode, next to the adsorbed cations. The presence of [DCA]– anions in the 

boundary layer impacts the transport of H2O and CO2 and alter the product selectivity. COMSOL 

calculations showed that that the local pH is directly proportional to the H2 evolution activity. 

Also, hydrophilic salts such as [DCA]-based salts were found to have a more alkaline local pH 

which leads to a lower CO2 concentration in the vicinity of the catalyst.   

 

Supporting Information 

Equivalent circuit for EIS, conductivity values of electrolytes, EQCM setup, information for 

building COMSOL simulation, XPS with and without externally applied potential, Faradaic 

efficiency and current density data for different potential.  
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