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A B S T R A C T   

CO electroreduction (COR), powered by renewable electricity, shows promise for producing green chemicals at 
the industrial scale. Here, we aim to understand why amongst C2 products, acetate is formed with relatively 
greater selectivity on Cu catalysts mounted in flow cells, as compared to in H-cells. We attribute this to improved 
CO transport in flow cells, which increases local pH and *CO coverage (θ∗CO). The effect of local pH was verified 
through COR in different electrolytes, which shows a significant increase in the Faradaic efficiency (FE) of acetate 
as local pH rose. Higher CO concentrations in flow cells under similar local pH also substantially increased the 
FEacetate, as compared to FEethylene and FEethanol. This suggests that acetate formation is most sensitive to θ∗CO. DFT 
calculations emphasize the importance of θ∗CO in favoring acetate formation from the *CHCO intermediate, and 
reveals the role of lateral interactions in the production of C2 molecules.   

1. Introduction 

Electrocatalysis offers an appealing route for valorizing green elec-
tricity and CO2 into valuable chemicals and fuels [1]. Among all CO2 
reduction (CO2R) products, CO can be selectively produced on metal 
catalysts such as silver, gold and zinc [2–4]. The generated CO can then 
be further reduced on copper (Cu) into multi-carbon products such as 
ethylene, ethanol, acetate and n-propanol [5,6]. In recent years, there 
has been a growing interest in replacing CO2 with CO for electro-
reduction, as CO is a neutral gas and does not react with alkaline elec-
trolytes to give (bi)carbonates [7]. However, CO solubility in water at 20 
◦C and 1 atm is only 1 mM [8]. Thus, severe CO mass-transport limita-
tions are encountered when CO electroreduction (COR) is performed in 
traditional H-cells [5,9–13]. This has restricted the current density (j) of 
COR to ~1 mA cm–2. To get a larger jCOR, flow cells equipped with gas 
diffusion electrodes (GDEs) have been widely adopted [6,14–16]. When 
COR was conducted on Cu catalysts in flow cells, the Faradaic efficiency 
(FE) of acetate surpassed 30 % and even reached 91 % [16–21]. Such 

high selectivity for acetate is, in contrast, not commonly seen in H-cell 
studies of COR (FEacetate < 3 %) [5,10–12,22], except for the work of Li 
et al.[9] and Wang et al. [13], which reported FEacetate of 61 and 56 %, 
respectively. More interestingly, the gaps in the FEs of ethylene (or 
ethanol) produced in H-cells and flow cells are not as large as those of 
acetate [5,10–12,16–22]. This suggests that FEacetate is more sensitive to 
cell configurations than FEethylene and FEethanol. Given that the differences 
of catalysts, potentials, CO pressure and electrolytes, etc., used in these 
studies could also affect product selectivities, it is important to examine 
FEacetate, FEethylene and FEethanol obtained in H-cells and flow cells under 
similar experimental conditions. Based on these results, we can then 
properly ascertain the underlying causes of the markedly higher sensi-
tivity of FEacetate to cell configurations. 

To explain the aforementioned gap between the FEs of acetate pro-
duced in H-cells and flow cells, we note that the major differences be-
tween these two cell configurations are: (i) local pH, which is affected by 
electrolytes, types of products formed, and current densities [20,23]; 
and (ii) mass transport of CO to the catalyst surface which can be 
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described by *CO coverage (θ∗CO); see Eq. (1) and Fig. 1a. 

θ∗CO = θ∗ × pCO × e−
ΔG∗CO

kB T (1) 

θ∗ is the coverage of free surface sites, pCO is the CO partial pressure, 
ΔG∗CO is the CO adsorption energy on the surface (in eV), kB is the 
Boltzmann constant (in eV K–1) and T is the absolute temperature [24]. 
The two factors, i.e., local pH and θ∗CO, have been shown to influence the 
formation of acetate during CO2R and COR [17,20,25,26]. Local pH is 
important because it is generally accepted that acetate is produced by 
the reaction of a hydroxide anion (OH–) with ethenone (CH2CO) [9,17, 
18,25,27]. θ∗CO is, in turn, important as it affects CH2CO formation by 
promoting *CO dimerization and reducing C binding strength on the Cu 
surface [19,20,26]. 

With the above in mind, we provide in this work a rationale for how 
cell configurations influence CO reduction to acetate and insights into 
the effect of θ∗CO on C2 selectivities. COR experiments were performed in 
1 M KOH electrolyte using Cu catalysts thermally deposited on carbon 
paper. We first show that a flow cell delivers higher FEacetate compared to 
an H-cell (37 vs. 4 %). The larger average current density in the flow cell 
compared to that in the H-cell further indicates that the local pH and θ∗CO 

are presumably higher in the former than in the latter, both of which 
could increase FEacetate. To assess the effect of local pH on FEacetate, we 
reduced CO in a flow cell using 1 M KH2PO4, 0.5 M K2HPO4 and 1 M 
KOH electrolyte. We further studied the effect of θ∗CO on FEacetate under 
similar local pH values by reducing different concentrations of CO at 
–300 mA cm–2. FEacetate was found to be most sensitive to θ∗CO, as 
compared to FEethylene and FEethanol. Co-electrolysis of 13CH2I2 and 12CO 
formed little 13CH3

12COO–, suggesting that an increased θ∗CO is unlikely 
to increase FEacetate via the coupling of *CH2 and CO. Density functional 
theory (DFT) calculations show that high θ∗CO destabilizes the hydro-
genation of *CHCO to *CHCHO, which is a key step for ethylene/ethanol 
production. In contrast, a high θ∗CO strengthens the formation of ethe-
none, which is an important precursor of acetate. In other words, a high 

θ∗CO enhances acetate production over ethylene and ethanol production. 

2. Experimental 

2.1. Preparation and characterization of thermally deposited Cu GDEs 

An ~30 nm thick Cu (99.999 %, Kurt Lesker) film was thermally 
evaporated onto a carbon gas diffusion layer (GDL, Sigracet 38 BC) 
(Figure S1). The Cu layer was then coated with two carbon layers to 
increase its stability during electrolysis [28]. Specifically, a 3 cm × 4 cm 
Cu-deposited GDL was air-brushed with 12 mg carbon nanoparticles 
(Vulcan XC72) dispersed in an ink of 1.2 mL water (18.2 MΩ, Sartorius), 
3.6 mL ethanol (≥ 99.8 %, VWR) and 12 μL Nafion 117 (5 wt.%, 
Sigma-Aldrich). It was then painted with an ink containing 72 mg 
graphite flakes (100 mesh, Ted Pella), 0.6 mL water, 0.6 mL ethanol and 
24 μL Nafion 117. The electrode was dried using a hotplate heated at 60 
◦C, and will be referred to as Cu GDE. 

The morphologies of the Cu surfaces before, during (represented by 
samples used for 30 min COR electrolysis) and after 1 h COR were 
characterized by scanning electron microscopy (SEM, JOEL JSM 6710 F; 
1.91 × 10–5 Pa; accelerating voltage of 20.0 kV; probe current of 8 pA; 
working distance of 6.4 mm; electrodes without carbon coatings were 
studied; Fig. 1b – c and S2). Energy-dispersive X-ray spectroscopy (EDS, 
JOEL JED-2300; 1.91 × 10–5 Pa; accelerating voltage of 15.0 kV; probe 
current of 15 pA; working distance of 15 mm) was used to analyze the 
elements on the electrode surfaces (Fig. 1d and S3). 

The surfaces of the Cu GDEs were characterized after their use for 
COR by cyclic voltammetry (CV) performed in N2-saturated 1 M KOH in 
an H-cell (Fig. 1e). Before scanning CV, a potential of –1.03 V vs. stan-
dard hydrogen electrode (SHE) was applied for 5 min to remove residual 
oxygen. CV was scanned at 50 mV s–1. 

Fig. 1. (a) Comparison of CO electroreduction (COR) in H-cell and flow cell. Scanning electron microscopy images of Cu gas diffusion electrodes (Cu GDEs) (b) 
before, and (c) after their use for COR. (d) Energy-dispersive X-ray spectrum of as-prepared Cu GDE. The C and F signals originate from the carbon nanoparticles and 
polytetrafluoroethylene binder in the GDL. The O signal possibly originates from surface oxides on the Cu layer. (e) Cyclic voltammetry of carbon GDL and Cu GDE 
after COR. Cu GDEs without carbon coatings were characterized. COR was performed at –1.58 V in 1 M KOH electrolyte for 1 h. 
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2.2. Electrolysis 

An H-cell and a flow cell custom-made using polyvinylidene 
difluoride (PVDF) were employed (Figures S4 – S5). The anodic and 
cathodic compartments of each cell were separated by an anion ex-
change membrane (AMV, AGC Asahi Glass). CO (99.97 %, Linde) was 
introduced into both cells at 5 SCCM using mass flow controllers (MFCs, 
Alicat, MC-100SCCM-D/5 M). The H-cell was equipped with a frit to 
improve CO transport to the catalyst. A flowmeter (Alicat, M-100SCCM- 
D/5 M) was used to measure the flow rate of gas exiting the cells. 

In the H-cell, 1 M KOH (99.99 %, Sigma-Aldrich) was used as both 
catholyte (10 mL) and anolyte (8 mL). The reference electrode (RE) was 
Hg/HgO (1 M KOH, CHI) and the counter electrode (CE) was a graphite 
rod (OD 6 mm, Ted Pella). In the flow cell, 12 mL of catholyte was 
cycled by a peristaltic pump and separated from the 15 mL anolyte by an 
anion exchange membrane. Three types of electrolytes were used: 1 M 
KOH, 1 M potassium phosphate monobasic (KH2PO4, 99.8 %, Sigma- 
Aldrich) and 0.5 M potassium phosphate dibasic (K2HPO4 • 3 H2O, 
99.8 %, Sigma-Aldrich). When 1 M KOH was used as the electrolyte, the 
RE was an Hg/HgO (1 M KOH, CHI), and the CE was a nickel foam 
(TMAX, diameter of 2 cm, thickness of 2 mm). When 1 M KH2PO4 or 
0.5 M K2HPO4 was used as the electrolyte, the RE and CE were an Ag/ 
AgCl (saturated KCl, Pine) and a graphite rod, respectively. 

Cu GDEs of 1 cm in diameter (Figures S4c and S5c) were used for 
constant-potential electrolysis (Gamry Reference 600) in the H-cell and 
flow cell. The exposed geometric surface areas of GDE in the H-cell and 
flow cell were 0.38 and 0.20 cm2, with diameters of 7 and 5 mm, 
respectively. Each electrolysis was performed for 1 h at different po-
tentials with the iR drop compensated using the current interrupt mode. 
The working potentials were converted to potentials (V) vs. SHE ac-
cording to Eqs. (2)–(3): 

ESHE = EHg/HgO + 0.098 (2)  

ESHE = EAg/AgCl + 0.197 (3) 

For constant current electrolysis in the flow cell, the applied current 
density was fixed at –300 mA cm–2 for 1 h in 1 M KOH. The CO con-
centration in the feed gas was adjusted by mixing it with N2 (99.999 %, 
Chem-gas) with the total gas flow maintained at 5 SCCM. 

The co-electrolysis of 13C-labelled diiodomethane (13CH2I2, ≥ 98 
atom% 13C, Sigma-Aldrich) and 10 vol.% CO was performed on Cu GDE 
at –300 mA cm–2 for 1 h in 1 M KOH. 0.5 SCCM CO and 4.5 SCCM N2 
were first mixed and then bubbled into the 13CH2I2 liquid to transfer the 
13CH2I2 vapor into the flow cell for electrolysis. For 13CH2I2 electrolysis, 
5 SCCM N2 was used as feed gas instead, while maintaining the other 
conditions. Each electrolysis experiment was repeated three times. 

2.3. Quantification of products 

COR gaseous products were quantified during electrolysis by a gas 
chromatograph (GC, Agilent 7890 A) equipped with two flammable 
ionization detectors (FID) and a thermal conduction detector (TCD) 
(Figure S6a–b). For each electrochemical measurement, five injections 
were obtained at an interval of 830 s, but only the last four were used for 
the quantitative analysis of products. The catholytes and anolytes were 
analyzed for acetate (Figure S6c) using a high-performance liquid 
chromatograph (HPLC, Agilent 1260 Infinity), with a variable wave-
length detector. Electrolytes of 1 M KOH were neutralized and diluted 
ten-fold using 0.06 M sulfuric acid (H2SO4, 98 wt.%, Fisher Chemical) 
before HPLC analysis. Electrolytes of 1 M KH2PO4 and 0.5 M K2HPO4 
were diluted ten-fold using ultrapure water before HPLC analysis. The 
catholytes were also analyzed by a headspace gas chromatograph with 
an FID (Headspace GC, Agilent 7890B and 7697 A) (Figure S6d). 

2.4. Local pH modelling 

The local pH within the boundary layer during COR was modeled 
according to the method introduced by Ma et al. in a flow cell [20] with 
details provided in Section S1.6 of the Supporting Information. The 
boundary layer between the electrode surface and the bulk electrolyte is 
a thin film where a pH gradient exists. The boundary layer thickness was 
determined using Eq. (4) by measuring the diffusion-limited current of 
ferricyanide reduction [20,29]: 

δ =
DFe(CN)3–

6
× cFe(CN)3–

6
× F

j
(4) 

δ is the boundary layer thickness; DFe(CN)3–
6 

is the diffusion coefficient 
of Fe(CN)6

3–, 7.26 × 10–6 cm2 s–1 [30]; cFe(CN)
3–
6 

is the concentration of Fe 
(CN)6

3–; F is the Faraday constant, 96,485 C mol–1 [31]; j is the current 
density of ferricyanide reduction. 

10 mM potassium ferricyanide (K3Fe(CN)6, 99.98 %, Sigma-Aldrich) 
was dissolved in 1 M KH2PO4, 0.5 M K2HPO4 and 1 M KOH, and reduced 
on a carbon GDL in the flow cell using the same procedures as COR 
except that 5 SCCM N2 were used as feed gas (Figure S7). A carbon GDL 
(Sigracet 38 BC) was used as the inert electrode instead of Cu GDE so as 
to avoid reducing ferricyanide via galvanic exchange with Cu without 
electrolysis, as ferricyanide is an oxidant [20]. After the boundary layer 
thickness in each electrolyte was determined, local pH was modelled 
based on it (Figures S8 – S9). 

2.5. Nuclear magnetic resonance spectroscopic analysis 

1-D 1H nuclear magnetic resonance (NMR) spectra with water sup-
pression were recorded on a Bruker Avance III HD 500 MHz mounted 
with a 5 mm BBO Prodigy (at 20 ◦C). Phenol (7.2 ppm, 99.1 %, VWR) 
and dimethylsulfoxide (2.6 ppm, Analytical Reagent, QRec) dissolved in 
D2O (4.8 ppm, 99.9 %, Cambridge Isotope Laboratories) were used as 
internal standards. For the 1-D 1H NMR analysis, one pulse experiment 
was pre-saturated on the water resonance with a π/2 pulse of 12 μs, and 
a recycle delay of 5 s was implemented while co-adding 256 scans per 
experiment. 

2.6. Gas chromatography-mass spectrometry analysis 

Gas samples from the co-electrolysis of 13CH2I2 and CO were 
analyzed using gas chromatography-mass spectrometry (GC-MS, Agilent 
7890A-5975 C). The GC was equipped with a capillary column (HP-AL/ 
S, Agilent) to separate the hydrocarbons. Manual injections with vol-
umes of 250 μL at a split ratio of 1:500 were performed for gas samples. 
The GC temperature was held at 50 ◦C for 2 min, then ramped to 180 ◦C 
at 30 ◦C min–1, and held at 180 ◦C for 19 min. The scanned mass range 
was 10 – 100 amu at positive polarity. 13CH4 (99 atom%, Cambridge 
Isotopes) was mixed with 12CH4 (99.99 vol%, Chem-gas) at different 
volume ratios to analyze the ion intensities at m/z of 15 and 17 
(Figure S10a – b). A calibration curve (Figure S10c) was established on 
the ion ratio of 13CH4

+ (Rion) over the volume ratio of 13CH4 in methane. 
Rion was calculated by Eq. (5): 

Rion =
Im/z=17

Im/z=15 + Im/z=17
(5) 

Im/z=15 and Im/z=17 are the intensity of signals at m/z of 15 and 17, 
respectively. These intensities were baseline corrected, before they were 
used for further analysis. 

2.7. DFT calculations 

DFT calculations were performed using the PBE exchange- 
correlation functional [32] and the VASP code using the projector 
augmented wave (PAW) method to describe ion-electron interactions 
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[33,34]. Cu surfaces were modelled using (4 × 4) slabs with four atomic 
layers each. The calculated lattice constant of Cu was 3.64 Å, typical of 
the PBE functional. The relaxations of the atoms were carried out using 
the conjugate gradient algorithm as implemented in VASP. For the 
relaxation of the slabs, the two top layers and the adsorbates were 
allowed to move, while the bottom layers were kept at the 
PBE-optimized bulk distances. The free atoms were allowed to relax 
until all the forces between the atoms were below 0.05 eV/Å (0.01 eV/Å 
for the molecules). A plane-wave energy cutoff of 450 eV was used in all 
calculations. The Fermi level was smeared using the Methfessel-Paxton 
method [35] with kBT = 0.2 eV for the slab calculations, and 0.001 eV 
for the free molecules, and all energies were extrapolated to 0 K. The 
reciprocal space was sampled using Monkhorst-Pack meshes [36] of (3 
× 3 × 1) for the slabs, and only the Γ-point for the gas-phase compounds. 
All calculations were spin restricted. Further details are provided in the 
Section S3 of the Supporting Information. 

3. Results and discussion 

3.1. Characterization of Cu GDEs 

The as-prepared Cu GDE contained < 100 nm sized Cu particles, 
which agglomerated after 1 h COR (Fig. 1b – d). The Cu layer after COR 
showed redox peaks at –0.53 and –0.22 V vs. SHE in its cyclic voltam-
mogram (Fig. 1e), which coincides with that of polycrystalline Cu [37]. 
All potentials hereafter are referenced to SHE to better compare the 
selectivities of C2 products across different electrolytes. This is because 
the formation rates of C2 products are dependent on potentials refer-
enced to SHE [5,38,39]. 

3.2. COR on Cu GDEs using an H-cell and a flow cell 

We first illustrate the effect of cell configurations on C2 selectivities 
by comparing the COR performances in an H-cell and a flow cell. The 
electrodes, electrolytes and CO flow rates at atmospheric pressure and 
room temperature (23 ◦C) were kept the same in both cells. Constant- 
potential COR was carried out on Cu GDEs in 1 M KOH for 1 h to 
establish the distributions of the COR products (Tables S1–S4). To 
minimize the Cannizzaro disproportionation of acetaldehyde [40] 
(selectively formed at –1.0 V on rough Cu electrodes [13]) to acetate and 
ethanol, potentials were applied from –1.43 to –1.68 V. 

When CO was reduced in the H-cell, ethylene was the most selec-
tively formed C2 product, with the highest FE of 8.4 % at –1.53 V 
(Fig. 2a). Acetate was not detected until the potential became more 
negative than –1.48 V and achieved its highest FE of 4.2 % at –1.53 V. 
Ethanol was detected at all potentials, with the highest FE of 2.3 % at 
–1.48 V. Methane evolved at –1.48 V and reached its highest FE of 4.2 % 
at –1.58 V, but this increasing trend was interrupted by a slight drop at 
–1.63 V, indicating a CO mass-transport limit. It is noteworthy that 
FEethylene was higher than FEacetate at all potentials, which agrees with the 
work by Wang et al. [5]. In the region of potentials where acetate was 
detected, the FE of acetate was higher than that of ethanol. 

For COR performed in the flow-cell, the selectivity trends of all major 
C2 products contrast with that of H2 (Fig. 2b). While FEH2 decreased in 
the range of –1.43 to –1.58 V, reaching a minimum of 11 % at –1.58 V, 
FEacetate, FEethylene, and FEethanol reached their highest values of 37 % at 
–1.58 V, 29 % at –1.53 V, and 8.4 % at –1.58 V, respectively (Table S3). 
The average current density (javerage) also increased, for example, from 
–46 (in the H-cell) to –296 (in the flow-cell) mA cm–2 at –1.58 V 
(Tables S2 and S4). We note that among the C2 products, acetate and 
ethylene were always more selectively produced than ethanol over the 
investigated potential region. More specifically, ethylene was the most 
selectively produced C2 species at –1.43 and –1.48 V, while acetate was 
the most selectively produced C2 species from –1.53 to –1.68 V. These 
results are in line with the COR work of Jouny et al., which reported that 
the FEacetate can surpass FEethylene and FEethanol at –1.43 V, where ethylene 

and ethanol were both selectively produced [6]. Overall, these results 
show that a flow cell can deliver a markedly higher FEacetate than that in 
an H-cell under the analyzed conditions (37 vs. 4.2 %, which represents a 
9× change). Such sensitivity to cell configurations was, in contrast, less 
observed for FEethylene (29 vs. 8.4 %, which represents a 3× change) and 
FEethanol (8.4 vs. 2.3 %, which represents a 4× change). 

To assess the effect of local pH on the selectivities of C2 products, we 
created different local pH values for COR in the flow cell by changing the 
electrolyte from 1 M KOH (bulk pH 13.9) to 1 M KH2PO4 (bulk pH 4.1) 
and 0.5 M K2HPO4 (bulk pH 9.1). We first observed that the formation 
rates of C2 products from COR in three electrolytes are dependent on the 
potentials referenced to SHE (Tables S3 – S8), which corroborates with 
existing studies [5,38,39]. As a result, the selectivities of C2 products 
mainly distribute over a potential range centered at around –1.6 V vs. 
SHE (Fig. 2b – d). More importantly, the FEethylene, FEacetate and FEethanol 
increased alongside the bulk pH of the electrolyte, with the increment of 
FEacetate being the most significant (Fig. 2b – d). To exemplify the effect 
of local pH on the selectivities of C2 products, we simulated the local pH 
during COR in 1 M KH2PO4, 0.5 M K2HPO4 and 1 M KOH at a repre-
sentative potential of –1.58 or –1.59 V, where FEacetate was the highest in 
all three electrolytes (Figures S7 – S8). As the local pH near the electrode 
increased from 12.5 (in 1 M KH2PO4,) to 13.2 (in 0.5 M K2HPO4) and 
14.0 (in 1 M KOH), FEacetate increased from 18 to 25 and 37 %, respec-
tively (Fig. 2e). Interestingly, such a significant effect of local pH was not 
observed on the other C2 products: FEethylene only increased from 20 to 23 
and 28 %, respectively, whereas FEethanol increased from 5.2 to 6.4 and 
8.4 %, respectively. This indicates that a high local pH improves the 
selectivity of acetate more significantly than that of ethylene and 
ethanol. We therefore conclude that similar local pH environments 
should be maintained when investigating other factors on acetate 
selectivity. 

To understand the effect of θ∗CO on product formation while mini-
mizing interferences due to local pH changes, we performed constant- 
current electrolysis in the flow cell with different CO concentrations. 
The javerage of 1 h electrolysis was –296 mA cm–2 at –1.58 V where ace-
tate was most selectively produced. Therefore, a similar j of 
–300 mA cm–2 was applied to the same catalyst using the same elec-
trolyte and electrolysis time to study the effect of θ∗CO. Increasing the CO 
concentration led to an increase of FECOR and decrease of FEH2 (Fig. 2f), 
pointing to a higher θ∗CO. We note that the morphologies of the Cu 
catalysts throughout 1 h electrolyses were similar, regardless of the 
concentrations of the CO feed (Figure S2). As the CO concentration 
increased from 10 to 100 vol.%, the FEs of acetate, ethylene and ethanol 
increased to different extents: FEacetate increased the most (from 1.6 to 
35 %), followed by FEethylene (from 3.2 to 24 %) and FEethanol (from 1.0 to 
5.8 %) (Fig. 2g and Tables S9 – S10). The trend is clearer after 
normalizing the FEs of the products measured at different CO concen-
trations with respect to those measured at 10 vol.% CO: When CO 
concentration increased from 10 to 100 vol.%, the FEacetate increased by 
21 folds, while the FEethylene and FEethanol only increased by 7 and 5 folds, 
respectively. This indicates that the selectivity of acetate is more sensi-
tive to θ∗CO, as compared to that of ethylene and ethanol. We also 
modeled the local pH during the constant-current electrolysis of 10 – 
100 vol.% CO concentrations (Fig. 2h and S9) noting that, as the CO 
concentration increases, more CH2CO intermediates are formed that 
react with OH– to give acetate, which slightly decreases the local pH. 
Nonetheless, the local pH values obtained during the electrolysis for the 
different CO concentrations are still close to each other, with values 
between 14.0 – 14.1. Hence, increasing θ∗CO could affect factors other 
than local pH to promote acetate selectivity. Such an effect on promoting 
acetate selectivity is also much greater than that of promoting the se-
lectivities of ethylene and ethanol. 

3.3. Co-electrolysis of CO and 13CH2I2 on Cu GDEs 

The C-C coupling step that leads to the formation of ethylene and 
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Fig. 2. Faradaic efficiencies (FEs) of major products and the average current density (javerage) during 1 h COR on Cu GDEs at different potentials in (a) H-cell and 1 M 
KOH electrolyte, (b) flow cell and 1 M KOH electrolyte, (c) flow cell and 1 M KH2PO4 electrolyte, and (d) flow cell and 0.5 M K2HPO4 electrolyte. (e) FEs of C2 
products during 1 h COR in flow cell at –1.58 or –1.59 V under different local pH conditions. (f) FEs of all COR products and H2, (g) FEs of major COR products, and 
(h) simulated local pH during 1 h electrolysis of different CO concentrations on Cu GDEs in a flow cell at –300 mA cm–2. 1 M KOH electrolyte was used. 
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ethanol is widely accepted to be the dimerization of *CO [11,17,41–45]. 
Several studies have also proposed that the C-C backbone of acetate is 
formed by *CO dimerization, although others have hypothesized that it 
can be produced by asymmetric C-C coupling involving CO(g) and *CH2 
[46]. Looking at Fig. 2g, we find that as the CO concentration increases, 
FEmethane first increases and then decreases. FEmethane first increases 
because COR is facilitated by a higher θ∗CO. There are two possible ex-
planations for the decrease of FEmethane: (i) More *CH2 species (precursor 
to CH4) are consumed through coupling with CO (either gaseous or 
adsorbed) into CH2CO, thus increasing acetate formation while 
decreasing methane formation; (ii) The dominating *CO dimerization 
under high θ∗CO suppresses the formation of *CHx species as previous 
studies have shown that it is energetically more favorable to hydroge-
nate a *CO dimer than a monomer [47]. 

To assess the possibility of the C-C backbone of acetate being formed 
by the reaction of *CH2 with CO, we strategize to generate *13CH2 from 
13C-labelled diiodomethane (13CH2I2). Since diiodomethane is a water- 
insoluble liquid, spiking it into the aqueous electrolyte is inefficient 
for its electrolysis. Thus, we transferred 13CH2I2 vapor into the flow cell 
using a N2 feed gas, and then electrolyzed it at –300 mA cm–2. 13CH2I2 
electrolysis generated no acetate but produced methane at a rate of 24 
μmol cm–2 h–1 (Fig. 3a – b). 

To minimize interferences from the naturally-occurring 13CH3COO– 

from the COR (~1 % of all acetate ions produced according to the nat-
ural abundance of 13C [31]), we co-electrolyzed 13CH2I2 with only 10 
vol.% CO (Table S11). When 13CH2I2 was flowed into the reactor by 10 
vol.% CO, the acetate formation rate increased from 45 to 73 μmol cm–2 

h–1 (Fig. 3a). However, nuclear magnetic resonance (NMR) analysis 
showed that the 13CH3COO– ions were still at their natural abundance 
(Fig. 3c), which indicates that 13CH2I2 did not participate in the 

formation of the 13CH3COO–. The increased acetate (including 
12CH3COO– and 13CH3COO–) formation rate could possibly be attributed 
to iodine species at the surface of the electrodes (Figure S3), which are 
known to promote C-C coupling [27,48–50]. 

On the other hand, the methane formation rate increased from 210 to 
228 μmol cm–2 h–1 (Fig. 3b). Gas chromatography-mass spectrometry 
(GC-MS) results showed that *13CH2 moieties were introduced into the 
flow cell by 13CH2I2 as the mass spectrum of the methane peak displays 
its signal at m/z of 17, which represent 13CH4

+ from 13CH4 (Fig. 3d). 
13CH4 corresponded to nearly 9.6 % of all methane molecules produced 
in the co-electrolysis of CO and 13CH2I2 (Fig. 3d and S10). 

Overall, the above results suggest that the added *13CH2 was mostly 
converted to methane. Hence, we consider it unlikely that the increased 
CO concentration facilitates *CH2 coupling with gaseous or adsorbed CO 
to form acetate. Instead, the significant effect of CO concentration or 
surface coverage on acetate formation should be attributed to its effect 
on the hydrogenation of key C2 intermediates formed after *CO 
dimerization. 

3.4. Hydrogenation of *CO dimers to CH2CO(g) 

Our experiments show that CO reduces to acetate more selectively in 
a flow cell than in an H-cell. Since the high θ∗CO is not likely to promote 
acetate formation by opening an alternative *CH2 + CO pathway, we 
now investigate whether it affects the hydrogenation of C2 intermediates 
after the C-C coupling step. The formation of the C-C bond on Cu elec-
trodes is generally believed to occur by *CO dimerization [11,41,44,45], 
which produces a bidentate adsorbate, as shown in Eq. (6): 

2 ∗ CO+ e− → ∗ C2O−
2 ∗ (6) 

Fig. 3. Formation rates of (a) acetate and (b) methane in the 1 h electrolysis of 13CH2I2, 10 vol.% CO, and 10 vol.% CO and 13CH2I2 on Cu GDEs at –300 mA cm–2 (‘×’ 
indicates not detected). (c) 1H NMR spectra of catholyte sampled after 1 h electrolysis of 10 vol.% CO and 1 h co-electrolysis of 10 vol.% CO and 13CH2I2 on Cu GDEs 
at –300 mA cm–2. Dimethyl sulfoxide (DMSO) is used as internal standard. Inset in (c) is the enlarged spectra of acetate peaks. (d) Mass spectrum of gas products 
sampled from 1 h co-electrolysis of 10 vol.% CO and 13CH2I2 on Cu GDEs at –300 mA cm–2. 
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An increased CO concentration should lead to a larger θ∗CO, which 
will in turn promote *CO dimerization [51], facilitating the formation of 
C2 products including ethylene, acetate, and ethanol. Since the increase 
in FEacetate observed in this work considerably exceeds that of FEethylene 
and FEethanol after increasing the CO concentration (Fig. 2g), the θ∗CO 

effect may not be merely attributed to promoting *CO dimerization, and 
the pathway from the *CO dimer to acetate ought to be investigated. 
Previous works revealed that ethylene and ethanol are formed on Cu via 
the hydrogenation of *CHCO into the oxametallacycle intermediate 
*CHCHO [41,45]. Such an intermediate is more stable than CH2CO(g), 
the widely accepted precursor of acetate [9,17,18,25,27]. Here, we 
argue that θ∗CO influences the bifurcation of *CHCO into *CHCHO or 
CH2CO(g) (Fig. 4). Alternatively, we note that Li et al. have previously 
proposed that the oxygenate-delivering reaction pathway of *CHCOH to 
*CHCHOH is favored under high θ∗CO [24]. They further showed that 
there is a positive correlation between θ∗CO and FEacetate, but, interest-
ingly, not between θ∗CO and FEethanol. In fact, their measured trend of 
FEethanol over increasing θ∗CO is more similar to that of FEethylene [24]. This 
contradiction of different FE trends between the two oxygenates, i.e., 
ethanol and acetate, could be resolved if the hydrogenation of *CHCO 
branches into CH2CO(g) and *CHCHO, the former producing acetate and 
the latter producing ethylene/ethanol. 

3.5. Computational modelling 

To evaluate the effect of θ∗CO on the reduction of *CHCO to *CHCHO 
or CH2CO(g) and its facet dependence on Cu, we used DFT to calculate 
the energies of these bifurcating pathways on the prototypical Cu(111) 
and Cu(100) surfaces (the CO reduction pathways of which are rela-
tively well-established) [41,47,52–54] at three different θ∗CO: no *CO 
present (zero θ∗CO), one co-adsorbed *CO (low θ∗CO), and *CO fully 
surrounding the adsorbates (high θ∗CO). The results are shown in Fig. 5 
by means of free-energy diagrams. Details of the calculations and the 
related adsorption energies are given in Section S3 and Tables S12 – S13, 
respectively. The converged geometries of *CHCO and *CHCHO on Cu 
(111) are presented in Figure S13, and the respective structures of 
*CHCO, *CHCHO, and *CH2CO for various θ∗CO on Cu(100) are shown in 
Figure S14. We have also accounted for hydrogen co-adsorption by 
assessing the effect of mixed coverages of *H and *CO on the electro-
catalytic reduction of *CHCO to *CHCHO or CH2CO(g) (Section S3). The 
observations and conclusions of those calculations are in line with those 
exposed herein. 

We present first the results for Cu(111). In Fig. 5a, CH2CO(g) is shown 
instead of *CH2CO, as the chemical potential of the former in the gas 
phase is more negative than that of the latter in the adsorbed state at all 

θ∗CO on this surface. Fig. 5a also shows that the free energies of *CHCO 
and *CHCHO are virtually the same in the zero- and low-coverage re-
gimes, as can be noted from the small differences between the green and 
orange steps. From the zero- to low-coverage regimes, the adsorption of 
*CHCO and *CHCHO are weakened by 0.04 and 0.02 eV, respectively. In 
contrast, in the high-coverage regime, the adsorption energies of *CHCO 
and *CHCHO are sizably weakened by the repulsive interactions (i.e., 
lateral interactions) between them and *CO. Specifically, the weakening 
of *CHCO and *CHCHO on Cu(111) from low θ∗CO to high θ∗CO amounts 
to 0.10 and 0.14 eV respectively. 

Furthermore, the free energies of *CHCHO on Cu(111) for zero and 
low θ∗CO are similar to that of CH2CO(g) (corresponding to small energy 
differences of 0.01 and 0.03 eV, respectively; inset of Fig. 5a). However, 
at a high θ∗CO, the free energy of *CHCHO is weakened such that 
CH2CO(g) is more favorable by 0.18 eV. Indeed, as shown in the inset of 
Fig. 5a, this implies that a high θ∗CO weakens *CHCHO adsorption by no 
less than 0.15 eV, as compared to zero and low θ∗CO. 

The results of Cu(100) are presented in Fig. 5b, where the free en-
ergies of *CH2CO are now depicted at zero and low θ∗CO, as under these 
conditions, *CH2CO is more stable than CH2CO(g). Analogous to Cu 
(111), the free energies of the adsorbed species remain practically un-
changed in the low-coverage condition for Cu(100) compared to the 
zero-coverage condition: *CHCO is weakened by 0.01 eV, and *CHCHO 
and *CH2CO are strengthened by 0.02 eV. Only a high θ∗CO induces a 
substantial change, as *CHCO and *CHCHO are weakened by 0.24 and 
0.36 eV as θ∗CO increases (from the zero- to the high-coverage condi-
tion). Contrary to the zero and low θ∗CO, CH2CO(g) is more stable than 
*CH2CO by 0.09 eV at high θ∗CO (i.e., the free energy of *CH2CO is 
–0.03 eV, not shown in Fig. 5). Importantly, on both Cu facets, high θ∗CO 
tends to destabilize *CHCHO to a greater extent compared to *CHCO 
and *CH2CO, such that the reduction to CH2CO(g) is favored. 

The aforementioned energy shifts on Cu(100) at zero and low θ∗CO 
caused a more favorable reduction of *CHCO to *CHCHO, as compared 
to the reduction to *CH2CO by 0.18 – 0.19 eV (vertical arrows in 
Fig. 5b). However, at high θ∗CO the two pathways of *CHCO to *CHCHO 
and CH2CO(g) are comparable. The inset in Fig. 5b illustrates the effect of 
θ∗CO on the stability of *CHCHO on Cu(100): For zero and low θ∗CO, 
*CHCHO is more stable than CH2CO(g) by about 0.35 eV, but lateral 
interactions with *CO in the high-coverage regime destabilize *CHCHO 
such that it lies above CH2CO(g) by 0.02 eV. 

All in all, Fig. 5 shows that a high θ∗CO promotes the formation of 
CH2CO(g) over *CHCHO. While the reduction of the latter leads to the C2 
products ethylene, acetaldehyde, and ethanol [41,55], acetate is formed 
from CH2CO(g) in a pathway opened at a high θ∗CO. 

Our experiments and DFT calculations have shown that the high 

Fig. 4. Proposed hydrogenation pathways of the *CO dimer to acetate (CH3COO–), ethylene (CH2CH2) and ethanol (CH3CH2OH) on Cu under different *CO coverage 
regimes. Brown, red, cyan, and white spheres represent Cu, O, C, and H atoms, respectively. 
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selectivity of acetate in the flow cell is caused by both high local pH and 
θ∗CO, and pinpointed the effect of θ∗CO on the hydrogenation of the 
*CHCO intermediate towards acetate. We have also gained insights on 
the formation pathways of major C2 products on Cu surfaces during 
COR: Our DFT calculations support the notion that ethylene and ethanol 
are formed via the *CHCHO intermediate, while acetate is formed via 
the CH2CO(g) intermediate, the production of which is favored upon the 
*CHCHO destabilization by *CO repulsive lateral interactions. These 
results help understand different cell performances based on their ar-
chitecture, and provide guidance to tuning product selectivities during 
COR. 

4. Conclusion 

We have shown that COR in a flow cell delivers a higher FEacetate than 
COR in an H-cell, which could be attributed to the higher local pH and 
θ∗CO in the flow cell. Increasing the local pH from 12.5 to 13.2 and 14.0 
in the flow cell promoted FEacetate from 18 to 25 and 37 %, respectively. 
Increasing θ∗CO promoted FEacetate much more significantly than FEethylene 
and FEethanol: When CO was enriched from 10 to 100 vol% in a flow cell 

under –300 mA cm–2, FEacetate increased by 33 percentage points (or by a 
factor of 21), while FEethylene and FEethanol increased by 21 and 5 per-
centage points (or by a factor of 7 and 5), respectively. Isotopic labelling 
experiments using 13CH2I2 as co-reactant in COR gave little 13C-labeled 
acetate, which ruled out the possibility that a higher θ∗CO contributes to 
acetate formation through increasing the *CH2 coverage to couple with 
CO into ethenone, the precursor of acetate. Hence, apart from promoting 
*CO dimerization, the increased θ∗CO is most likely to affect acetate 
formation via hydrogenation of *CO dimers into ethenone. By means of 
DFT calculations, we corroborated the hypothesis that a higher θ∗CO 
favors the production of ethenone. This is done by destabilizing the 
formation of *CHCHO, which leads to ethylene and ethanol, with respect 
to CH2CO(g) via repulsive lateral interactions. In broader terms, this 
work illustrates that the selectivity toward a target product during 
electrosynthesis can be steered by tuning the concentrations of feed-
stocks. Further insights could also be gained by looking at the different 
product distributions between CO2R and COR: Although local pH is 
regarded as an important factor for the higher acetate selectivity in COR 
compared to CO2R [56], it is also important to consider the effect of θ∗CO 
in the formation of C2 products. 

Fig. 5. Condensed free-energy diagrams for the reduction of CO(g) to acetate at different θ∗CO on (a) Cu(111) and (b) Cu(100). The pathways of zero, low and high 
θ∗CO, are shown in green, orange and red, respectively. In the low-coverage regime, one *CO is co-adsorbed. In the high-coverage regime, the adsorbates are fully 
surrounded by *CO (the structures are shown in Figure S13 for Cu(111) and Figure S14 for Cu(100)). For the green and orange pathways on Cu(100), *CHCHO is the 
main product of *CHCO hydrogenation. In the high-coverage regime, the production of CH2CO(g) is preferred. On Cu(111), CH2CO(g) production competes with 
*CHCHO even at zero and low θ∗CO, but CH2CO(g) is substantially favored by increasing θ∗CO. Insets: thermodynamic indication of selectivity using the free energy 
difference of *CHCHO and CH2CO(g). A positive value in the insets indicates that CH2CO(g) is preferred over *CHCHO. 
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