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                                  Selective and efficient CO2 electroreduction on nanostructured catalysts 

Abstract The electrochemical reduction of CO2 on copper is an intensively 

studied reaction. However, there has not been much attention for CO2 reduction 

on copper in alkaline electrolytes, because this creates a carbonate buffer in 

which CO2 is converted in HCO3
- and the pH of the electrolyte decreases. Here we 

show that electrolytes with phosphate buffers which start off in the alkaline 

region and, after saturation with CO2, end up in the neutral region, behave 

differently compared to CO2 reduction in phosphate buffers which start off in the 

neutral region. In initially alkaline buffers a reduction peak is observed, which is 

not seen in neutral buffer solutions. In contrast with earlier literature reports we 

show that this peak is not due to the formation of a CO ad-layer on the electrode 

surface but due to the production of formate via direct bicarbonate reduction. 

The intensity of the reduction peak is influenced by electrode morphology and the 

identity of the cations and anions in solution. It is found that a copper 

nanoparticle covered electrode gives a rise in intensity in comparison with 

mechanically polished and electropolished electrodes.  The peak is observed in 

SO4
2-, ClO4

- and Cl- containing electrolyte, but the formate-forming peak is not 

seen with Br- and I-.  

3.1 Introduction 

The emission of CO2 into the atmosphere, causing a green-house effect, has led to 

increasing interest in developing new energy sources. Closing the anthropogenic 

carbon cycle by using renewable energy to electrochemically reduce CO2 into 

fuels is one of the options.1,2 

Ever since Hori’s discovery3 in 1985 that copper can electrochemically 

reduce CO2 to hydrocarbons, there has been a lot of research to further 

investigate the possibilities of this reaction.4-7 However, these studies were mostly 

limited to acidic and neutral aqueous electrolytes, while alkaline electrolytes were 

neglected. The reason for this is that once an alkaline electrolyte is purged with 

CO2, a carbonate buffer is created lowering the pH value of the solution via the 

following equilibria:  
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CO2  +  H2O  ⇆  H2CO3                                                     (1)                                                    

H2CO3  ⇆  HCO3
-   +   H+                                       pKa2 = 6.35 (25 oC)                        (2) 

HCO3
-  ⇆  CO3

2-   +   H+                                         pKa3 = 10.33 (25 oC)                       (3) 

These equilibria show that the total amount of carbonaceous species that can be 

dissolved in water increases with pH from ca. pH = 5.5. More interesting from the 

catalytic point-of-view, the selectivity of CO2 reduction might depend on pH. 

Recently, our group showed that for CO reduction, which is a key step in CO2 

reduction, the onset potential for ethylene formation was dependent on the pH of 

the electrolyte: for an alkaline electrolyte the onset potential for ethylene 

formation was significantly lower than for a neutral electrolyte.8 Furthermore, 

experiments by Hori et al. have shown that the formation of methane is 

dependent on pH, since it requires the simultaneous transfer of a proton and an 

electron in the rate-determining step. The formation of ethylene however is 

independent of pH, since its rate-determining step only requires the transfer of an 

electron.9 Therefore one can expect that product selectivities in weakly alkaline 

media will differ from neutral and acidic media.  

In this chapter, electrochemical CO2 reduction on copper in neutral 

phosphate buffers will be compared to CO2 reduction in phosphate buffers that 

started at an alkaline pH before bubbling CO2 through the electrolyte. In addition, 

the influence of different cations and anions on the reduction of CO2 in phosphate 

buffers was investigated. The electrochemical reactions were studied using cyclic 

voltammetry, online mass spectroscopy (OLEMS) and online high-performance 

liquid chromatography (HPLC).  

 

3.2 Experimental 

All electrochemical experiments were carried out in an electrochemical cell using 

a three-electrode assembly at room temperature. The cell and all other glassware 

were first cleaned by boiling in a 1:1 mixture of concentrated sulfuric and nitric 

acid and were cleaned before every experiment by boiling in ultra-pure water 
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(Millipore MilliQ gradient A10 system, 18.2 MΩ cm). A coiled gold wire was used 

as counter electrode. All potentials are reported versus the reversible hydrogen 

electrode (RHE) as reference electrode in a separate compartment filled with the 

same electrolyte, at the same pH as the electrolyte in the electrochemical cell. 

Since the pH of the electrolyte, including that of the reference compartment, can 

change, all voltammetric measurements were scanned to values where the 

copper oxidation and copper oxide reduction peaks are included in the scan, so as 

to provide an extra reference point for the electrode potential. 

A cylindrical polycrystalline copper electrode (99.999% Cu, purchased at 

Mateck GmbH) with a diameter of 5 mm embedded in teflon was used as working 

electrode. Prior to every experiment the work electrode was polished 

mechanically to a mirrorlike finish using alumina pastes. After this, the electrode 

was sonicated in ultra-pure water. If mentioned, electrodes were electropolished 

in a 65% solution of H3PO4 in ultra-pure water at 3 V for 10 s. Cyclic 

voltammograms at a scan rate of 20 mV s-1 were recorded on an Ivium A06075 

potentiostat. Single crystal experiments were performed with bead single crystal 

copper electrodes, purchased from icryst, in a hanging meniscus setup. Before use 

the single crystals were electropolished in the same manner as mentioned above. 

A blank cyclic voltammogram in 0.1 M NaOH was recorded to characterize the 

single-crystal electrode surface and the blank voltammograms were compared 

with published voltammograms.8,10 

Electrolytes were made from ultra-pure water and high purity reagents 

(Merck Suprapur, Sigma Aldrich TraceSelect). Before each experiment the 

electrolytes were first purged with Argon (Air Products, 5.0) for 15 minutes to 

remove air from the solution, after which they were purged with CO2 (Linde, 4.5) 

for 30 minutes to saturate the solutions.  

Online Electrochemical Mass Spectrometry (OLEMS) was used to detect 

gaseous products of the reactions. The products were collected with a small 

hydrophobic tip which was positioned close (about 10 μm) to the electrode with 

the aid of a camera.11 The tip was constructed as a porous Teflon cylinder with a 

diameter of 0.5 mm and an average pore size of 10-14 μm in a Kel-F holder. The 

tip is connected to a mass spectrometer with a PEEK capillary. Before use the tip 
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was cleaned in a solution of 0.2 M K2Cr2O7 in 2 M H2SO4 and rinsed thoroughly 

with Millipore water. A secondary electron multiplier (SEM) voltage of 2400 V was 

used for detection in a Balzers Quadrupole mass spectrometer, except for 

hydrogen (m/z = 2) where a SEM voltage of 1200 V was used. The products were 

measured while changing the potential of the electrode from 0.0 V to -1.0 V and 

back at 1 mV s-1. 

Products dissolved in the electrolyte were detected using online High 

Performance Liquid Chromatography (HPLC).12 While changing the potential from 

0.0 V to -1.0 V, samples were collected with an open tip positioned close (~10 μm) 

to the electrode. Sampling was done at a rate of 60 μL min-1 and each sample had 

a volume of 60 μL. Since the potential was changed at 1 mV s-1, each sample 

contained the average products of a potential change of 60 mV. After the 

voltammetry, these samples were analyzed by HPLC (Prominence HPLC, 

Shimadzu; Aminex HPX 87-H column, Biorad). 

 

3.3 Results and discussion 

3.3.1 Observation of a reduction peak in electrolytes starting at  

alkaline pH   

 

When CO2 reduction on a polycrystalline copper electrode in different pH buffers 

was studied with cyclic voltammetry, we saw a difference in the voltammograms 

of phosphate buffer solutions starting at different pH’s (Figure 3.1). In the 

voltammogram corresponding to a phosphate buffer starting at pH 11.6 a 

reduction peak is seen at -0.6 ─ -0.7 V vs. RHE while in the other voltammograms, 

corresponding to phosphate buffers starting at pH 2 and at pH 6.7, no such peak is 

observed. This peak was also observed if 0.1 M KOH (with a start pH 12, which 

shifted to pH 7.5 after purging with CO2 for 30 min.) was used as electrolyte, but 

in that electrolyte the peak had a lower intensity. The reduction peak is thus not 

due to the  phosphate species in the  electrolyte,  but  clearly  dependent on  the  
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A similar reduction peak was observed by Hori et al.,13,14 and has  
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Figure 3.1 Comparison of cyclic voltammograms of CO2 reduction on 

polycrystalline copper with different phosphate buffers as electrolyte at a scan 

rate of 20 mV s
-1

. a) 0.1 M KH2PO4 / 0.1 M H3PO4 (pH = 2.0), b) 0.1 M KH2PO4 / 

0.1 M K2HPO4 (pH = 6.7), c) 0.1 M K2HPO4 / 0.1 M K3PO4 (pH = 11.6). 

 

a) 

b) 

c) 
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starting pH of the electrolyte. We also note that the cathodic current in Fig. 3.1a-c 

is mainly due to H2 evolution, as the difference between the reduction current 

between the blank and the solution with CO2 is very small (as is well known6). 

However, the peak is not observed without CO2 in solution. 

A similar reduction peak was observed by Hori et al.,14,15 and has also 

been described in later as well as more recent voltammetric studies.15,16 These 

authors observed this peak in a phosphate buffer (0.05 M KH2PO4 + 0.15 M 

K2HPO4) and in 0.5 M KHCO3 respectively. Since the phosphate buffers used by us 

and also by Hori et al. are alkaline, a carbonate buffer will form in the electrolyte 

as explained in the Introduction. This results in a decrease of the pH of the 

solution, from pH 11.6 to approximately pH 7.6 measured after CO2 purging and 

subsequent reduction. The reduction peak was ascribed to the formation of a 

layer of adsorbed CO  in the  literature,13 which is  an  intermediate  product  of 

CO2 reduction on copper. This CO ad-layer would suppress the hydrogen evolution 

reaction that competes with CO2 reduction for adsorption spots on the surface of 

the catalyst. On the other hand, reported faradaic efficiencies (and thus 

production rates) of the formation of hydrogen in a K2HPO4 solution are 

significantly higher than for other electrolytes as K2SO4, KClO4 and KCl (72.4% vs. 
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Figure 3.2 Cyclic voltammogram of a polycrystalline copper electrode in a 1.0 M KHCO3 

electrolyte at a scan rate of 20 mV s
-1

. 
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8.7%, 6.7% and 5.9% respectively),13 suggesting that CO adsorption does not play 

a major role. 

The difference between the two buffer solutions does not lie so much in 

the values of the pH after purging CO2 through the respective solutions, but rather 

in the amount of CO2 converted into HCO3
-, that is related to the initial pH of the 

electrolyte. To investigate if the peak was due to direct bicarbonate reduction, as 

has been observed earlier on palladium electrodes,17,18 a cyclic voltammogram 

was recorded in a 1.0 M KHCO3 electrolyte (Figure 3.2). A similar reduction peak 

as to the electrolyte in Figure 3.1c is observed. This implies that bicarbonate can 

be readily reduced on copper, like on palladium. Previous studies often stated 

that CO2 and not HCO3
- is the reducible species,19 Hori and Suzuki concluded that 

the electrochemical reduction of HCO3
- is a very slow process, due to the slow 

dissociation of HCO3
-:20 

HCO3
-  →  CO2  +  OH-        (5) 

However, on palladium it has been claimed that bicarbonate is reduced via a 

direct reduction.21 This pathway would directly reduce bicarbonate to formate 

without the need for bicarbonate to dissociate to CO2 in solution: 

HCO3
-  +  H2O  + 2 e-  →  HCOO-  +  2 OH-     (6) 

To confirm that bicarbonate is reduced, and to also rule out the possibility that 

the reduction peak is due to the reduction of a copper carbonate layer that has 

formed in the anodic region of the voltammogram,22,23 further analysis of the 

products formed at the reduction peak needs to be done, and this is reported in 

the next section. 

 

3.3.2 Products formed at the reduction peak  

To determine the products formed at the observed reduction peak, 

measurements with online electrochemical mass spectroscopy (OLEMS) and 

online HPLC were performed. For both types of experiment, phosphate buffers 

starting at pH 6.7 and at pH 11.6 were used. In Figures 3.3 and 3.4 the results of  
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Figure 3.3 Spectra of mass fragments associated with volatile products from CO2 

reduction in a phosphate buffer starting at pH 6.7. Hydrogen production, methane 

production and ethylene production were measured versus potential by scanning at a 

scan rate of 1 mV s
-1

 and constant sampling from the surface of the electrode.  
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Figure 3.4 Spectra of mass fragments associated with volatile products from CO2 

reduction in a phosphate buffer starting at pH 11.6. Hydrogen production, methane 

production and ethylene production were measured versus potential by scanning at a 

scan rate of 1 mV s
-1

 and constant sampling from the surface of the electrode.  
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the OLEMS measurements are shown. The intensities of the peaks differ due to 

the position of the OLEMS tip with respect to the electrode, making it difficult to 

make quantitative conclusions. However, some semi-quantitative differences can 

be observed from the results in Figures 3.3 and 3.4.  Most importantly, the CO2 

reduction from the pH 6.7 phosphate buffer as electrolyte yields no significant 

amount of methane, while in the electrolyte with a phosphate buffer starting at 

pH 11.6, methane  is   the   dominant  gaseous  product  with  an  onset  potential  

of -0.9 V. In both electrolytes ethylene is detected as reduction product, at 

roughly the same onset potential. Almost no volatile products were detected in 

the potential range of the low-potential reduction peak (-0.6 V – -0.7 V). However, 

it should be mentioned that with the OLEMS setup we were unable to measure 

CO production, since CO2 fragments into CO in the ion  chamber  of  the  mass  

spectrometer   forming    CO.    Therefore,  it  is impossible to accurately 

determine the CO production, though we do assume that CO is formed as an 

intermediate at the potentials at which methane and ethylene are observed. 

Earlier literature reports state that in K2HPO4 solutions and relatively 

concentrated HCO3
- solutions methane is produced preferentially while in dilute 

HCO3
- solutions ethylene is produced preferentially.14 This is consistent with our  

 

 

 

 

 

 

 

Figure 3.5 Formation of formic acid detected with online HPLC using a phosphate 

buffer at pH 6.7 (0.1 M KH2PO4 + 0.1 M K2HPO4) (■) and a phosphate buffer at pH 11.6 

(0.1 M K2HPO4 + 0.1 M K3PO4) (●). 
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result in terms of the enhanced production of methane in the electrolyte starting 

at pH 11.6, since this electrolyte contains a relatively high concentration of HCO3
-. 

The results of online HPLC measurements are depicted in Figure 3.5. As 

can be seen formic acid is detected, but since our eluens used for analysis 

consisted of a low concentration of sulfuric acid, the actual product formed in the 

electrochemical cell is not formic acid but formate, which is the preferred form at 

these pH values. The concentration of detected formate follows the low-potential 

reduction peak observed in the  cyclic voltammetry (Figure 3.1). However, there is 

not much difference in the onset potential of formate formation between the 

electrolyte with a phosphate buffer starting at pH 11.6 and a phosphate buffer 

starting at pH 6.7. The main difference between both buffers is that the 

production of formate is a little higher in the phosphate buffer starting at pH 11.6. 

The concentration of formate peaks at a potential at which almost no ethylene or 

methane is formed. Furthermore, the potential at which formate production 

peaks agrees well with maximum of the current peak observed in Figure 3.1c. This 

indicates that the current peak can be ascribed to the selective reduction of CO2 

or bicarbonate to formate and also it indicates that   this   process  could   be   

Figure 3.6 Formation of formic acid detected with online HPLC using a 1.0 M KHCO3 

electrolyte without purging CO2. 



Electrochemical CO2 and HCO3 reduction on copper in weakly alkaline media │ 55 

 

Selective and efficient CO2 electroreduction on nanostructured catalysts                                          

selective   if   hydrogen   evolution  could  be  suppressed, without formation of 

CO, which is the precursor for making ethylene and methane.6,24  

To study if either CO2 or bicarbonate is the species that is reduced, an 

online HPLC experiment with a 1.0 M KHCO3 electrolyte without purging CO2 was 

performed (Figure 3.6). A cyclic voltammogram of this electrolyte is shown in 

Figure 3.2. Interestingly, the detection of formic acid, and thus the production of 

formate, in the electrolyte peaks at approximately the same potential as where 

the reduction peak in the voltammogram is seen. This experiment implies that 

bicarbonate and not CO2 is reduced to formate, similar to what has been 

suggested for bicarbonate reduction on palladium.21  

 

3.3.3. The influence of electrode morphology  

Different electrode preparations were tried, to see if they had an influence on the 

outcome of the reaction. Instead of mechanically polishing the electrode, as was 

done for the electrodes studied in Figures 3.1-5, the electrode was cleaned with 

an electropolishing method. The results of cyclic voltammetric measurements 

with electropolished electrodes were the same as with the mechanically polished 

electrode.  

The electrode was also subjected to a literature procedure described by 

Chorkendorff et al.25 to cover the electrode with nanoparticles. As can be seen in 

Figure 3.7, a significant enhancement of the peak was observed.  

Online HPLC measurements indicated that the production of formate 

increased by a factor of approximately 6.  This enhancement can be ascribed to 

the increased area of the electrode, as it  has  been reported 

that the area increased by a factor of 2-3, estimated from scanning electron 

microscopy (SEM) images.25 Rough surfaces, with kinks and steps, can exhibit 

different selectivities towards products and different efficiencies in CO2 reduction 

compared to flat surfaces.26,27 Since electropolishing generally creates flat 
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surfaces and a rough surface is created with the procedure used, this may also 

account for the observed difference in the reduction peak.  

         To see if the morphology of the flat surfaces, created by electropolishing, 

and the morphology of the roughened surface, created by the roughening 

procedure, influences the reduction, and thus the formation of formate, a study 

using single crystal electrodes was performed. The electrochemical response of 

the low-index surfaces, Cu(100), Cu(110) and Cu(111), is shown in Figure 3.8a. On 

the Cu(100) surface the current response is higher than on the Cu(110) and 

Cu(111) single crystal electrodes, but the formate-related reduction peak is less 

prominent than on the other two single crystal electrodes. Both observations are 

explained by a higher activity for the HER at relatively high potentials (> -0.6 V vs. 

RHE) on the Cu(100) surface as compared to the Cu(110) and Cu(111) surfaces.28 

The surface that exhibits a clear reduction peak is the Cu(110) surface, whereas 

Cu(100) and Cu(111) exhibit a reduction plateau instead of a reduction peak.  This 

is in accordance with the enhancement of the reduction peak on roughened 

surfaces, since it is expected that on these surfaces the amount of 

undercoordinated   sites  is   higher  than  on  the   polycrystalline   electrodes  and  

Figure 3.7  Cyclic voltammogram of CO2 reduction in a phosphate buffer starting at 

pH 11.6 on a modified Cu electrode at a scan rate of 20 mV s
-1
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Figure 3.8 Cyclic voltammograms CO2 reduction in a phosphate buffer starting 

at pH 11.6 on single crystal electrodes at a scan rate of 20 mV s
-1

. a) Cyclic 

voltammograms on Cu(111) (green), Cu(100) (blue) and Cu(110) (orange), b) 

Cyclic voltammograms on Cu(644) (green) and Cu(911) (blue). 
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Cu(110) is the most undercoordinated surface of the three basal surface 

structures Cu(100), Cu(110) and Cu(111). 

To study if steps play a role as undercoordinated sites in the reduction 

reaction, experiments with stepped surfaces were performed (Figure 3.8b). The 

Cu(911) [= 4(100) × (111)] surface shows a lower overall activity than the Cu(100) 

surface. Also it shows an elongated reduction plateau in comparison with Cu(100), 

however no reduction peak as seen with Cu(110) is observed. For Cu(644) [= 

4(111) × (100)] a small reduction peak was observed. 

 

3.3.4 Cation and anion effects on the reduction peak 

To investigate the influence of the composition of the electrolyte, different 

cations and anions were tested in the phosphate buffer system. Different cationic 

and anionic species have been long known to have an effect on electrochemical 

processes.29,30 Earlier studies with different alkaline cations in 0.1 M hydrogen 

carbonate solutions showed that the current efficiency towards formate 

increased significantly with Cs+, while Na+ and K+ gave nearly the same current 

efficiency.31  

The influence of cations was tested by employing phosphate buffers 

starting at pH 11.6 with different cations. The resulting voltammetry is shown in 

Figure 3.9. Unfortunately, Li+ could not be included since Li2HPO4 / Li3PO4 is not 

soluble in water. Figure 3.10 shows that the Na+ containing buffer shows similar 

behavior as the K+ containing buffer. Cs+ and Rb+ buffers, however, behave 

somewhat differently. Both buffers show a reduction peak, but the peak current 

for Rb+ is lower than for the other alkali cations.  

Cation effects are often explained in the light of the extent of hydration of 

the cationic species. This extent of hydration determines if the cation is adsorbed 

at the electrode or not.31,32 Small cations, such as Li+ and Na+ are strongly 

hydrated and will not adsorb, while larger cations like K+, Rb+ and Cs+ will 

preferentially adsorb. This will thus influence the selectivity of the systems in CO2 

reduction. However, such an effect is not clearly visible from Figure 3.9, although  
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Figure 3.9 a) Cyclic voltammograms of CO2 reduction in 0.1 M Na2HPO4 / 0.1 M 

Na3PO4 (blue) and 0.1 M K2HPO4 / 0.1 M K3PO4 (green) at a scan rate of 20 mV s
-1

; b) 

Cyclic voltammograms of CO2 reduction in 0.1 M Rb2HPO4 / 0.1 M Rb3PO4 (blue) and 

0.1 M Cs2HPO4 / 0.1 M Cs3PO4 (green) at a scan rate of 20 mV s
-1
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Figure 3.10 a) Cyclic voltammograms of CO2 reduction in 0.1 M K2HPO4 / 0.1 M 

K3PO4 with 0.1 M KI (orange), KBr (blue) and KCl (green) at a scan rate of 20 mV s
-1

; 

b) Cyclic voltammograms of CO2 reduction in 0.1 M K2HPO4 / 0.1 M K3PO4 with 0.1 

M KClO4 (green) and KSO4 (blue) at a scan rate of 20 mV s
-1
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Rb+ seems to be somewhat different compared to the other alkali metal buffers.  

For the reduction of HCO3
- on Pd it is reported that the use of Cs+ enhances the 

faradaic efficiency significantly,21 but this is not observed in this reduction 

reaction on Cu.  

The influence of anions was studied with 0.1 M KCl, KBr, KI and 0.1 M 

KClO4 and K2SO4 in a phosphate buffer at pH 11.6 (0.1 M K2HPO4 + 0.1 M K3PO4). 

The results are depicted in Figure 3.10. A clear trend in the series with  potassium 

halide salts can be observed. While the addition of KCl to the electrolyte does not 

affect the appearance of the reduction peak, addition of KBr and KI to the 

electrolyte does. In both cases the reduction peak is not seen anymore. The 

reduction currents with KBr and KI in the electrolyte are also higher than seen in 

electrolytes with less strongly adsorbing anions, especially for potentials lower 

than -0.6 V, suggesting that the presence of strongly adsorbing anions promotes 

the activity for hydrogen evolution. The results of the reduction reaction with 0.1 

M KClO4 and KSO4 added to the electrolyte show very similar behaviour (Figure 

3.10b): both anions show the reduction peak with a similar intensity as seen 

before.  

 We conclude that there is a strong effect of the anion species in the 

electrolyte on the overall reaction. Anions that are known to be strongly adsorbed 

on electrode surfaces, such bromide and iodide, appear to block the reduction 

reaction and thus formate production, and they specifically favor hydrogen 

evolution. Surprisingly, this effect is very significant at these rather negative 

potentials, and at this moment it would be difficult to say whether the effect is 

directly attributable to specific anion adsorption. 

3.4 Conclusions 

The electrochemical reduction of CO2 on a copper electrode in alkaline phosphate 

buffers was investigated. Our specific attention was focused on a reduction peak 

at relatively low potential (-0.6 ─ -0.7 V vs. RHE, at the foot of the overall 

reduction wave) that was previously ascribed to the formation of a CO ad-layer on 

the electrode. Our online HPLC measurements show that this peak is not due to 

the formation of a CO ad-layer but rather due to the selective direct reduction of 
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bicarbonate to formate. Online mass spectrometry experiments show that volatile 

products such methane and ethylene, which require CO as an intermediate, are 

formed at more negative potentials. Furthermore, we have shown that the 

reduction of HCO3
- on a copper electrode can be influenced by anionic and 

cationic species present in the electrolyte, and the reduction can be boosted by 

roughening the surface of the electrode. Since no other products were detected, 

this process could be made selective as long as the HER is sufficiently suppressed. 

Reduction of ‘stored CO2’, i.e. HCO3
- in this case, could thus also be a step towards 

renewable energy since formic acid is a potential feedstock for fuel cells.  
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