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Abstract: Bicarbonate electrolyzer can achieve the direct conversion of 

CO2 captured solutions that bypasses energy-intensive steps of CO2 

regeneration and pressurization. However, only single carbon chemicals (i.e., 

CO, formate, CH4) were reported as the major products so far. Herein, we 

report bicarbonate conversion to multicarbon (C2+) products (i.e., acetate, 

ethylene, ethanol, propanol) on rationally designed Cu/Ag bilayer electrodes 

with bilayer cation- and anion-conducting ionomers. The in-situ generated 

CO2 was first reduced to CO on the Ag layer, followed by its favourable 

further reduction to C2+ products on the Cu layer, benefiting from the locally 

high concentration of CO. Through optimizing the bilayer configurations, 

metal compositions, ionomer types, and local hydrophobicity, we have 

created a microenvironment (high local pH, low water content, etc.) to 

enhance bicarbonate-to-C2+ conversions and suppress hydrogen evolution 

reaction. Subsequently, we achieved maximum C2+ FE of 41.6  0.39% at a 

considerable current density of 100 mA cm−2. 

Introduction 

Electrochemical CO2 reduction (eCO2R) to value-added 

chemicals and fuels has been intensively studied as a potential 

technology to address the challenges in reducing greenhouse gas 

emissions (GHG).[1] Most CO2 electrolyzers were supplied with 

pressurized high-purity CO2.
[2] However, the utilization of purified 

CO2 requires multiple energy-intensive steps, including capturing 

CO2 from diluted sources (e.g., from the air), and regeneration 

and pressurization of CO2 from the capture media, which largely 

increase the production costs and lower the overall energy 

efficiency.[3] Besides, most conventional purified CO2-fed 

electrolyzers showed low carbon utilization (especially in the 

alkaline flow electrolyzers); consequently, more energy is 

consumed to provide excessive CO2.
[4] 

Alternatively, direct electrochemical conversion of CO2 

capture solutions (instead of gaseous CO2) into valuable 

chemicals can circumvent the energy-intensive CO2 regeneration 

and pressurization steps.[5] In bipolar membrane (BPM)-based 

electrolyzers, aqueous bicarbonate (HCO3
−) can react with H+, 

which is directly supplied from the BPM through water dissociation, 

to form in-situ CO2 (i-CO2, eq.1).[6] Then, the i-CO2 can be 

electrochemically reduced into valuable carbon products (Figure 

1).  

 

                    HCO3
−

(aq) + H+
(aq)→ CO2(g) + H2O(l)                                    (1) 

 

For instance, the Berlinguette group has reported faradaic 

efficiency (FE) of >60% toward CO and formate at the current 

densities of > 100 mA cm−2,[7] and the FE of 34% toward CH4 at a 

partial current density of 120 mA cm−2.[8] Despite significant 

research progress in C1 product generation, multicarbon (C2+) (i.e., 

acetate, ethylene, ethanol, propanol) as the major products were 

rarely reported in the bicarbonate-based system. 

The C2+ products are considered more promising than the 

C1 products in terms of market size and value. Copper (Cu) is the 

only unique metal to produce C2+ products.[9] In the gaseous CO2-

fed electrolyzers, enormous efforts have been paid to improve C2+ 

FE by designing Cu-based monometallic or bimetallic catalysts 

and modifying their local environments.[10] For instance, tandem 

catalysts (e.g., Cu/Ag, Cu/Fe-N-C) exhibited an increase in C2+ 

FE, which benefited from a high *CO coverage (key intermediate 

for C-C coupling) due to the incorporation of the second metal 

other than Cu.[10d] However, limited research efforts were devoted 

to the direct conversion of bicarbonate toward C2+ products in the 

BPM-based electrolyzer, and their FE remain very low (<15% on 

the monometallic Cu electrode).[11] The bicarbonate-to-C2+ 

conversion is more challenging than direct CO2 electrolyzers fed 

with gaseous CO2, mainly due to the inadequate local i-CO2 

concentration (or low *CO coverage). In addition, the near-neutral 

pH (i.e., bicarbonate buffered electrolyte) is another major 

obstacle to C2+ production. The C-C coupling in its formation of 

C2+ products is more favorable in an alkaline environment, while 

lowering the electrolyte pH to near neutral would favor hydrogen 

evolution reaction (HER).[12] These challenges motivate us to 

design bilayer electrodes and optimize their microenvironments 

for increasing local *CO coverage, facilitating C-C coupling, and 

suppressing HER. 

Here, we present the rationally designed Cu/Ag bilayer 

electrodes with bi-ionomers to maximize the bicarbonate-to-C2+ 

conversion. The Ag layer with Nafion ionomer facilitates i-CO2 

reduction to CO intermediate, then the Cu layer with a Sustanion 

ionomer efficiently converts CO-to-C2+ products by maintaining 

high local pH (through OH− trapping).[10e, 13] The local 

environments were modified by using a hydrophobic substrate 

and adding PTFE (polytetrafluoroethylene) nanopowder in the Ag 

layer, which can significantly enhance the transport of gaseous 

reactant (i-CO2) and intermediate (CO), and simultaneously 

suppress the HER. As such, the rationally designed bilayer 

cathode with Cu and Ag catalysts showed maximum C2+ FE of 

41.6  0.39% at a current density of 100 mA cm−2. 

Results and Discussion 
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Figure 1. Schematic diagram of bicarbonate electrolyzer and reaction chemistry 
to C2+ products. A bipolar membrane dissociates H2O and supplies H+ to the 
cathode side resulting in in-situ generation of CO2 (i-CO2), which is further 
reduced on the cathode. AEL: anion exchange layer, CEL: cation exchange 
layer 

We first evaluated the bicarbonate-to-C2+ performance on 

commercial Cu nanoparticles, which were mixed with a Nafion 

ionomer (CuNaf) and spray-coated on a hydrophilic carbon paper 

(H23). The electrolysis was performed in a zero-gap membrane 

electrode assembly (MEA)-based flow elertrolyzer, with aqueous 

KCHO3 and KOH fed as the catholyte and anolyte, respectively 

(Figure 1). Figure 2a and Figure S1 show that HER was the 

dominant reaction with an H2 FE of 75%. C2+ products were 

indeed observed but with significantly low FE: 2.9% of ethylene, 

3.6% of ethanol, and no detectable acetate and propanol. 

Obviously, these low FEs are due to the low surface coverage of 

adsorbed carbon monoxide (*CO), which is the critical 

intermediate to C2+ products on Cu-based electrodes,[14] and the 

near-neutral pH in the bicarbonate buffered system, which is a 

key factor that suppressed C-C coupling.[12a, 12c]  

To improve the surface coverage of *CO, we implemented 

a bimetallic configuration through mixing commercial Ag and Cu 

nanoparticles with Nafion ionomer (CuAgNaf). This bimetallic 

system can facilitate i-CO2-to-CO conversion on the Ag sites, and 

further reduce CO-to-C2+ products on the adjacent Cu sites. As 

shown in Figure S2, although the CuAgNaf catalyst showed an 

increase of CO FE (7%) compared to the CuNaf (4.5%), the C2+ 

FE remained low (7.4%), indicating other factors (e.g., local pH) 

may limit the C2+ formation.[12a, 12c] However, in the bicarbonate 

buffered system, it is difficult to adjust pH to high alkalinity 

because of the conversion of HCO3
− to CO3

2−. Besides, the use 

of a single Nafion ionomer as the catalyst binder and ion 

conductor (Figure 2b), which contains negative charges on their 

functional groups to conduct cations, would expel hydroxide ions 

(OH−) from the catalyst surface and unable to create a high local 

pH.  

Inspired by a previous purified CO2-fed system using bi-

ionomer layers on the copper electrode,[10e] we further rationally 

designed a bilayer configuration with two kinds of catalysts and 

two types of ionomers for direct electroreduction of bicarbonate 

(Figure 2c): the first layer on the carbon paper substrate is a Cu 

layer with Sustanion ionomer (CuSus), which is a positively 

charged anion-conducting ionomer that can attract OH− to the 

electrode surface. The second layer, on the top of CuSus, is an 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. (a) FE and C2+/C1 ratio over six different configurations of catalyst and ionomer layers. The bicarbonate conversion was performed at a current density of 
100 mA cm−2 for 1 h. Schematic illustration of microstructure of (b) CuAgNaf and (c) CuSus/AgNaf. (d) Cross-sectional EDS mapping of the CuSus/AgNaf bilayer 
electrode prepared by epoxy embedding (See the Supporting Information for the details). 
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Figure 3. Dependency of hydrophobicity on bicarbonate conversion to C2+ products. (a) comparison of FE after addition of PTFE in different catalyst layers on 22BB 
carbon paper substrate. (b) FE of C1, C2+, and H2 as a function of PTFE loading on CuSus/AgNaf-P. The PTFE loading was veried only on Ag layer. The electrolysis 
was peformed at the constant current of 100 mA cm−2 for 1 h. Inset image: contact angle measurement of CuSus/AgNaf-P50. The contact angle was measured in 
five different regions and reported the average value.  

Ag layer with Nafion ionomer (AgNaf). This Nafion ionomer will 

transport H+ from the BPM for its subsequent formation of i-

CO2,
[7b] which will be instantly reduced to CO on the Ag surface. 

Subsequently, CO can penetrate the AgNaf layer and be further 

reduced to C2+ on the CuSus layer under an alkaline environment 

induced by OH− trapping. This bilayer configuration with bi-

ionomer (CuSus/AgNaf) was compared with bilayer with single 

ionomer (CuNaf/AgNaf, CuSus/AgSus) to verify the necessity of 

bi-ionomer structure. SEM images and EDS mapping of 

CuSus/AgNaf showed a well-defined bilayer structure (Figure 2d, 

Figure S3). At the current density of 100 mA cm−2, the 

CuSus/AgNaf electrode indeed exhibited a great increase in C2+ 

performance (FE of 18.6%), which significantly outperformed that 

of CuNaf (6.5%), CuAgNaf (7.4%), and CuNaf/AgNaf (11.4%), 

and CuSus/AgSus (4.6%), (Figure 2a and Figure S4). In addition 

to the FE, CuSus/AgNaf showed higher i-CO2 generation (1.9 

mM) and i-CO2 utilization (3.7%) to C2+ products compared to the 

that of CuNaf/AgNaf (1.6mM, 2.8%) and CuSus/AgSus (1.2mM, 

0.2%), indicating applying bi-ionomer structure is critical to i-CO2 

formation and utilization (Figure S5).  The FE ratio of C2+ to C1 

products was greatly increased from 0.3 (CuNaf) to 1.1% 

(CuSuS/AgNaf) with concurrent suppression of H2 from 75.8 to 

60.6%. The optimal loading of Sustanion ionomer in 

CuSus/AgNaf was found to be 20 wt% (Figure S6). It is worth 

noting that the cell voltages are stabilized between 3.6~3.7 V on 

all tested electrodes (Figure S7), suggesting the unaffected 

electrode conductivity by using different catalyst layers and 

ionomers.  

The above electrode with bimetals and bi-ionomers 

(CuSus/AgNaf) not only increased the local CO concentration 

through the incorporation of the Ag layer, but also created a 

favorable local pH by OH− trapping into the CuSus layer. However, 

HER was still a dominant reaction (H2 FE: 60.6%), which could be 

due to the low hydrophobicity of catalyst layers and carbon paper 

substrate (namely H23). Although the direct feeding of aqueous 

bicarbonate into the electrolzyer, the gaseous i-CO2 is the actual 

reactant for eCO2R in the BPM-based electrolytic system. As such, 

in addition to the local high pH, it is important to further create a 

hydrophobic microenvironment that can facilitate the transport of 

i-CO2 and CO intermediates through the gas diffusion layer (GDL), 

resulting in an increase in their concentration and utilization. 

Meanwhile, the HER can be further suppressed under this 

environment with low water content.  

Driven by those hypotheses, we further modified the 

carbon-based substrate and incorporated hydrophobic additives 

to further optimize the microenvironment. When we implemented 

a commercial hydrophobic carbon paper (namely 22BB), which 

has a microporous layer (MPL) with 5% of PTFE, to substitute 

H23 (an untreated plain carbon paper), the C2+ FE was improved 

from 18.6 to 26.0% along with slightly suppressed HER (H2 FE: 

57%) (Figure S8). Furthermore, after 50 wt% of PTFE 

nanopowder was incorporated into the catalyst layers, specifically 

in the Ag layer (CuSus/AgNaf-P), the H2 FE was greatly minimized 

to only 33%, with maximum C2+ FE of 41.6% (Figure 3a). Contact 

angle measurement suggested a superhydrophobic surface with 

a contact angle of 135 (Figure 3b). This strong hydrophobicity 

can be maintained after 1-hour electrolysis (slightly decrease of 

contact angle to 108) (Figure S9). It is worth noting that the 

incorporation of PTFE into the Ag layer (CuSus/AgNaf-P) is more 

effective than its incorporation into the Cu layer (CuSus-P/AgNaf) 

or both layers (CuSus-P/AgNaf-P) in the suppression of H2 

(Figure 3a). This can be rationalized by that HER is more likely 

dominated at the Ag layer:  the favorable H+ trapping (from H2O 

dissociation in BPM) through the negatively charged Nafion 

ionomer could occur in this layer, which favors HER at the 

AgNaf/BPM interface.    

Additional experiments were performed to optimize the 

PTFE content and the Cu/Ag ratios in order to better manage the 

local environments. We observed that optimized PTFE content of 

50 wt% (Figure 3b) can significantly suppress HER, and the 

Cu:Ag ratio of 1:1 (Figure 4a) can finely tune the relative rates 

between i-CO2-to-CO conversion on AgNaf layer and the CO-to-

C2+ conversion on CuSus layer. Moreover, we observed that the 

current density of 100 mA cm−2 is the optimal condition with C2+ 

FE of 41.6%. Further increase in current densities led to an 
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elevated H2 production rate, mainly due to the insufficient of i-CO2 

generated from HCO3
− (Figure 4b). The design of advanced 

 

Figure 4. FE of products on CuSus/AgNaf-P50 as a function of (a) Cu:Ag ratio at a current density of 100 mA cm−2, and (b) current densities from 100 to 300 mA 
cm−2. The catholyte for 100 and 150 mA cm−2 was 40 mL of 3 M KHCO3, while its volume was increased to 120 mL for the current density in the range of 200-300 
mA cm−2. (c) comparison of eCO2R performance of state-of-the-art coupled CO2 capture and reduction systems.  

catalysts to further increase C2+ FEs are worth devoting more 

effort in future studies, particularly in the bicarbonate reduction 

system with high current densities. 

 

Conclusion 

In Summary, we have deomstrated bicarbonate conversion to C2+ 

products by rational design of bilayer electrodes and tailoring their 

microenvironments. The system with bimetals and bi-ionomers 

(i.e., CuSus/AgNaf) showed a promising bicarbonate-to-C2+ rate, 

benefiting from the high *CO coverage and local alkaline 

environment. Through the incorporation of PTFE into the Ag layer 

and the utilization of hydrophobic carbon paper, we can further 

create a hydrophobic environment to facilitate the transport of 

reactant i-CO2 and intermediate CO and simultaneously suppress 

the HER. After detailed system optimizations, we have achieved 

the maximum C2+ FE of 41.6  0.39% at a considerable current 

density of 100 mA cm−2. To the best of our knowledge, this FE is 

the highest reported value for direct conversion of HCO3
− toward 

C2+ products in the BPM-based system (Figure 4c, Table S1). In 

addition to the most reported bicarbonate conversion to C1 

products (CO, formate, and CH4), this work offered strategies to 

couple CO2 capture and eCO2R for one-step, direct production of 

C2+ chemicals and fuels with higher market size and values. 

Experimental Section 

Preparation of electrodes 

The electrodes in this study were prepared by the spray-coating of 

catalysts on the different type of carbon papers. Specifically, CuNaf 

catalyst was prepared by mixing of 30 mg of commercial Cu nanoparticles 

(Sigma Aldrich, 25nm), 180 µL of 5% Nafion solution, and 3 ml of 2-

propanol under ultrasonication for 30 min. CuSus, AgNaf, AgSus was 

prepared by identical preparation method but replacing Cu to Ag 

nanoparticles (US Research Nanomaterias Inc, ~20 nm), and/or Nafion to 

Sustanion XA-9 (Dioxide Materials). The catalyst ink was spray coated on 

the hydrophilic (Freudenberg H23) or hydrophobic (Sigracet 22BB) carbon 
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paper (active area: 6.25 cm2) until the Cu or Ag mass loading was ~1 mg 

cm−2. For the layered structure, identical catalyst ink was used and coated 

layer by layer with ~1 mg cm−2 of catalyst for each layer. To prepare the 

polytetrafluoroethylene (PTFE) containing catalyst layer, 37.5 mg of PTFE 

nanopowder (Nanoshel, 30~50 nm) was added to the Cu or Ag catalyst ink 

with extra addition of 2 ml of 2-propanol. For the spray coating of PTFE 

containing ink, the Cu or Ag mass loading was kept ~1 mg cm−2.  

Characterization 

Scanning electron microscopy (SEM) image and energy dispersive X-ray 

spectroscopy (EDS) were acquired using FEI Quanta 250 FE-SEM 

equipped Oxfords X-Max 80. Scanning electron microscopy (SEM) image 

and energy-dispersive X-ray spectroscopy (EDS) were corrected by FEI 

Quanta-FEG 250 SEM equipped with an Oxford Instruments Aztec EDS 

system. For cross-section analysis, bilayer Cu/Ag samples were vacuum-

embedded into epoxy (EpoxySet 145-20005, Allied High Tech Products), 

with addition of 5% of iodoform, then cured overnight at room temperature. 

The cured samples were polished through 1 um diamond slurry for 

characterization. For cross-section analysis, CuSus/AgNaf sample was 

embedded into iodine-epoxy and cured overnight followed by polishing 

with sandpaper. 

The static contact angles were measured by placing carbon paper-based 

catalysts on a flat electrode surface using a contact angle meter (MCA-4, 

Kyowa Interface Science Co., Ltd). 1 drop of 6 μL DI water was dropped 

on each surface region, and the pictures were taken within 30s. Each 

sample was measured at five different regions and calculated the average. 

Electrochemical measurement and flow cell set up 

Electrochemical measurements were carried out on a BioLogic VSP-300 

electrochemical workstation. Membrane electrode assembly (MEA)-based 

flow cell was used as the bicarbonate electrolzyer (Figure 1). The anode 

and cathode flow plates were made from stainless steel and titanium with 

2.5 × 2.5 cm2 of flow channels, respectively. A Ni foam (2.5 × 2.5 cm2) and 

40 ml of 1.0 M KOH were used as the anode and anolyte, respectively, for 

the oxygen evolution reaction (OER). The prepared catalyst and 40 or 120 

ml of 3.0 M KHCO3 were used as cathode and catholyte, respectively. 

Bipolar membrane (Fumatech, fumasep FBM) was used as the membrane 

with reverse bias mode to provide proton to the cathode side. The flow rate 

of both catholyte and anolyte was maintained at 50 ml min−1 by a peristaltic 

pump (Masterflex L/S), and the gaseous Ar was purged into the headspace 

of catholyte to carry the gaseous products out for their on-line 

quantification. The bicarbonate conversion performance was evaluated 

under the chronopotentiometry condition at the current densities from 100 

to 300 mA cm−2. All electrochemical tests were carried out at room 

temperature. 

Product quantification and faradaic efficiency calculations 

The gaseous products were analyzed by an on-line gas chromatography 

(GC, SRI instrument 8610C MG#3) equipped with HaySep D and MolSieve 

5 Å columns. H2 was detected by the thermal conductivity detector (TCD), 

and CO, CH4, and C2H4 were detected by the flame ionization detector 

(FID). The rate of H2, CO, CO2, CH4, and C2H4 generation (r, mol s−1) was 

calculated by: 

r = c  10−6  [pV̇  10−6/(RT)] 

Where c is the concentration (ppm); V̇ is the volumetric flow rate of the inlet 

gas (100 mL min−1); p is the ambient pressure (p = 1.013 × 105 Pa); R is 

the gas constant (R = 8.314 J mol−1 K−1); T is the temperature (314.15 K). 

The total amount of gaseous production (mol) was calculated by 

integrating the plot of gaseous production rate (mol s−1) vs. reaction time 

(s) with polynomial curve fitting. The liquid products (formate, acetate, 

ethanol, propanol) were quantified by proton nuclear magnetic resonance 

(1H NMR, Bruker AV III 600) using saturation method. Typically, 500 µL of 

sample solution was mixed with 100 µL of D2O and dimethyl sulfoxide 

(DMSO) as the solvent and internal standard, respectively. After 

quantifying the gaseous and liquid products, the faradaic efficiency was 

calculated as follows: 

FE = (n × F × m) / Q 

where n is the number of electrons transferred for products (2 for H2, CO, 

and formate, 8 for CH4 and acetate, 12 for ethanol and ethylene, and 18 

for propanol), F is the Faraday constant (96485 C mol−1), m is the number 

of moles of gaseous or liquid products (mol), and Q is the total number of 

charges during the reaction time (C). Total amount of generated i-CO2 and 

utilization of i-CO2 to C2+ products are calculated as follows: 

i-CO2 = mCO2,GC + ∑ n×mcarbon containing products 

i-CO2 utilization to C2+ products =  ∑ n×mC2+ products / i-CO2 

where mCO2,GC is mole of CO2 detected from the GC, n is number of carbon 

of products (e.g., 2 for ethanol, 3 for propanol), mcarbon containing products is mole 

of carbon containing products, and mC2+ products is mole of C2+ products. All 

the reported units used in the text and figures are millimolar (mM, 10−3 M) 

due to its small quantity in the CO2 electrochemical reduction tests. 
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Bicarbonate electroreduction to multicarbon products is proposed. Cu/Ag electrodes with layered ionomer increase local CO 

coverage and pH and tailored the microenvironment suppress the hydrogen evolution reaction. Bilayered Cu/Ag electrodes achieved 

maximum C2+ FE of 41.6% (the highest among all reported bicarbonate electroreduction studies) at the current density of 100 mA 
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