
Electrolysis of CO2 to Syngas in Bipolar
Membrane-Based Electrochemical Cells
Yuguang C. Li,† Dekai Zhou,† Zhifei Yan,† Ricardo H. Gonca̧lves,† Danielle A. Salvatore,‡

Curtis P. Berlinguette,‡ and Thomas E. Mallouk*,†

†Departments of Chemistry, Biochemistry and Molecular Biology, and Physics, The Pennsylvania State University, University Park,
Pennsylvania 16802, United States
‡Departments of Chemistry and Chemical and Biological Engineering, University of British Columbia, Vancouver, BC V6T 1Z2,
Canada

*S Supporting Information

ABSTRACT: The electrolysis of CO2 to syngas (CO + H2) using
nonprecious metal electrocatalysts was studied in bipolar mem-
brane-based electrochemical cells. Electrolysis was carried out
using aqueous bicarbonate and humidified gaseous CO2 on the
cathode side of the cell, with Ag or Bi/ionic liquid cathode electro-
catalysts. In both cases, stable currents were observed over a
period of hours with an aqueous alkaline electrolyte and NiFeOx
electrocatalyst on the anode side of the cell. In contrast, the per-
formance of the cells degraded rapidly when conventional anion-
and cation-exchange membranes were used in place of the bipolar
membrane. In agreement with earlier reports, the Faradaic effi-
ciency for CO2 reduction to CO was high at low overpotential. In
the liquid-phase bipolar membrane cell, the Faradaic efficiency was stable at about 50% at 30 mA/cm2 current density. In
the gas-phase cell, current densities up to 200 mA/cm2 could be obtained, albeit at lower Faradaic efficiency for CO
production. At low overpotentials in the gas-phase cathode cell, the Faradaic efficiency for CO production was initially high
but dropped within 1 h, most likely because of dewetting of the ionic liquid from the Bi catalyst surface. The effective
management of protons in bipolar membrane cells enables stable operation and the possibility of practical CO2 electrolysis
at high current densities.

Thereduction of carbon dioxide to fuels and chemicals is a
problem of great importance for a sustainable energy
future. Much of the current research on this problem is

being directed toward the development of heterogeneous and
homogeneous catalysts that selectively produce carbon mon-
oxide, formate, methanol, and carbon-coupled products from
CO2.

1−11 While these studies have contributed to our under-
standing of the electrolytic cathode reactions, relatively little
research has been devoted to system-level issues that are essential
to the efficient and continuous operation of CO2 electrolyzers.
In CO2 electrolyzers, the CO2 reduction reaction (CO2RR) is

paired with the oxygen evolution reaction (OER). The OER
occurs most efficiently under strongly alkaline conditions with
non-noble metal catalysts.12,13 In contrast, the CO2RR occurs
most efficiently under acidic, nonaqueous conditions (e.g., in the
presence of alkylimidazolium ions that stabilize the CO2

− inter-
mediate)10,14−17 or in aqueous bicarbonate solutions.6,7 These
reactions have been studied in electrolyzers with cation- or
anion-exchange membranes in order to prevent the mixing of
anolyte and catholyte solutions.6,18−22 In these systems, the
simultaneous requirements for selective ion transport through
themembrane (to maintain constant solution pH on both sides23)

and the inhibition of product crossover create significant con-
straints. For example, if a cation exchange membrane is used, the
anode must operate in acid, requiring expensive OER catalysts
based on precious metals. With anion exchange membranes,
bicarbonate electrolytes are typically used, resulting in less effi-
cient anode performance and increasing the rate of products
crossover, especially of neutral and anionic products such as
methanol and formate, from the cathode to the anode. Some
composite membrane structures have been studied to address
these problems. Most notably, Delacourt et al. studied systems
for the gas-phase CO2RR in which a bicarbonate buffer layer
separated the cathode from the cation-exchange membrane.18

While this arrangement enabled the stable operation of the cell, it
required a Pt−Ir anode catalyst, and it also entailed a free-energy
loss associated with the acid−base neutralization reaction of H+

and HCO3
− at the interface between the cation exchange mem-

brane and the buffer layer.
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Bipolar membranes (BPM) consist of anion- and cation-
exchangemembranes that are laminated together, typically with a
catalyst that promotes the autodissociation of water at the
interface. Under reverse bias conditions, BPM-based electrolysis
cells can maintain constant pH on the two sides by the selective
transport of H+ and OH− ions to the cathode and anode, respec-
tively.24−30 BPM-based electrolyzers coupled to photovoltaic
cells have been designed to split water with high efficiency.24

Very recently, Zhou et al. demonstrated the efficient conversion
of bicarbonate to formate in a BPM-based photoelectrochemical
cell that contained a nonprecious metal photoanode operated
under alkaline conditions.31

In this study, we designed a CO2 electrolyzer system based on
a commercial BPM with an alkaline NiFeOx OER catalyst. We
studied CO2 electrolysis with both Ag/aqueous bicarbonate and
BiOx/ionic liquid/gas-phase CO2 catalyst/catholyte composi-
tions. Catalysts were deposited on a carbon paper gas diffusion
layer to afford high surface area and to enable rapid mass trans-
port of gas-phase CO2 under acidic conditions. We show that
high current densities and stable operation can be achieved for
the production of CO + H2 mixtures in these BPM-based cells.
Figure 1 shows electron micrographs and cyclic voltammetric

data for NiFeOx and Ag nanoparticle catalysts supported on

porous carbon paper. Both electrocatalysts consist of aggregates
of nanoparticles with diameters in the range of 10−100 nm. The
OER and CO2RR performance of the NiFeOx and Ag catalysts
were characterized separately by cyclic voltammetry in three-
electrode cells (see the Supporting Information). The NiFeOx
catalyst showed anodic and cathodic waves characteristic of the
Ni(II/III) couple at 0.4−0.5 V32,33 and gave a current density of
80 mA/cm2 at +0.65 V vs Ag/AgCl (ηOER = 400 mV) in 1.0 M
NaOH. The Ag catalyst had a CO2RR onset potential of−1.05 V vs
Ag/AgCl in aqueousKHCO3 and a current density of 30mA/cm

2 at
−1.5 V. The activity of both catalysts was thus comparable to those
previously reported in the literature under similar conditions.13,21

CO2 electrolysis using NiFeOx and Ag catalysts was first
studied in a sandwich cell in which the catalytic electrodes, in

contact with liquid electrolytes, were separated by a membrane.
Aqueous 0.5 M KHCO3 saturated with CO2 and 0.1 M KOH
were circulated through the serpentine cathode and anode
flow fields, respectively, by means of peristaltic pumps. A BPM
(Fumasep) was compared with a commercial Nafion cation
exchange membrane and a Neosepta anion exchange mem-
brane (AEM), and the results are shown in Figure 2. The onset

potentials for CO2 electrolysis with the AEM and Nafion mem-
branes were −1.6 V, whereas for the BPM membrane the onset
was at about −2.2 V. The difference in the onset potentials
reflects the fact that, in the case of the AEM and Nafion mem-
branes, an additional thermodynamic driving force is being
applied to the cell by acid−base neutralization. For example, in
the Nafion cell, the oxidation of water occurs at pH 13 and the
reduction of CO2 at pH ∼ 6 as K+ ions are driven through the
membrane. The overall reaction

+ = + + +− − −8HCO 4OH 2CO 6CO 6H O O3 3
2

2 2
(1)

reflects the generation of four equivalents of acid at the anode,
where OH− is converted to H2O and O2 (reaction 2) and four of
base at the cathode, where HCO3

− is converted to CO and
CO3

2− (reaction 3). The potential of the Nafion-based cell is not
stable because the anolyte and catholyte pH become pro-
gressively more acidic and basic, respectively, as current is passed.
In contrast, in the BPM cell, the dissociation of water (reaction 5)
drives H+ and OH− ions toward the cathode and anode, respec-
tively; therefore, the overall cell reaction is reaction 6 and the pH
of the anode and cathode remain constant.

Anode:

= + +− −4OH O 2H O 4e2 2 (2)

Cathode:

+ + = + +− − + −4HCO 4e 4H 2CO 2CO 4H O3 3
2

2 (3)

+ + =− −2CO 2CO 2H O 4HCO2 3
2

2 3 (4)

Bipolar membrane:

= ++ −4H O 4H 4OH2 (5)

Overall:

= +2CO 2CO O2 2 (6)

In addition, a loss of ∼300 mV occurs in the BPM cell because of
the reaction of protonswithHCO3

− ions at themembrane/catholyte

Figure 1. Cyclic voltammetric scans (20 mV/s) and SEM images of
supported anode and cathode catalysts: (a) OER at the NiFeOx
catalyst on carbon paper in 1 M NaOH; (b) SEM image of the
electrodeposited NiFeOx on carbon paper; (c) CO2RR at the Ag
catalyst on carbon paper in 0.5 MKHCO3; and (d) SEM image of the
Ag nanoparticle catalyst on carbon paper.

Figure 2. (a) j−V curves of the CO2 electrolyzer with AEM, Nafion,
and BPM membranes. KOH (0.1 M ) was used as the anolyte and
0.5 M KHCO3 bubbled with CO2 gas was used as the catholyte.
(b) Illustration of the predominant ion transport processes during
electrolyzer operation with AEM, Nafion, and bipolar membranes.
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interface, as shown schematically in Figure 2b (see also Figure S2).
Fitting of the data in Figure 2 to Tafel kinetics with series
resistance (see the Supporting Information) gave Eo values of
1.37, 1.57, and 1.99 V for the AEM, Nafion, and BPM cells,
respectively. The series resistances, translated to area-specific
resistances of the membranes, were 16 and 18 Ω·cm2 for
the AEM and Nafion, respectively, and 1.7 Ω·cm2 for the BPM.
Figure 3a shows the Faradaic efficiencies (FE) for CO2

reduction to CO and water reduction to H2 at the Ag catalyst

in 0.5 M KHCO3 electrolyte. The FE of CO reached a maximum
at a cathode potential of −1.45 V vs Ag/AgCl and decreased at
higher overpotentials. The sum of the CO and H2 FE was close to
100% at all potentials. The voltage-dependent FE for the Ag
catalyst is consistent with earlier reports.21Figure 3b shows the
time dependence of the FE of the Ag catalyst in the full BPM liquid
cell with a NiFeOx anode at 50 mA/cm

2 current density. Initially,
the CO selectivity was above 60%. This corresponds to about
30 mA/cm2 for CO2 reduction to CO, which agrees well to the
maximum current density expected from the solubility of CO2 in
the liquid electrolyte.34,35 The FE for CO production declined
slowly over 8 h and the hydrogen FE increased correspondingly.
Several mechanisms for the drop in CO selectivity have been
proposed previously.36−38 The most likely cause is the deposition
of impurity ions from the electrolyte onto the catalyst surface and
their promotion of the competing hydrogen evolution reaction.
In order to address the mass transport limitations of the CO2

reduction in the liquid cell, as well as to avoid the free-energy loss
associated with acid−base neutralization at the BPM/catholyte
interface, we studied CO2 electrolysis with a gas diffusion cath-
ode. As illustrated in Figure 4a, aqueous KOH was used as the
anolyte and humidified CO2 gas was delivered to the cathode.
CO2 reduction occurs at the boundary between the mem-
brane and the gas-fed catalyst. An electrochemically deposited
BiOx catalyst on carbon paper was used, and the ionic liquid
BMIM+OTf− was drop-cast onto the BiOx surface as a cocatalyst
to stabilize the CO2

− intermediate.10 BiOx has been shown to be
a highly effective catalyst for CO2 reduction to CO when com-
bined with alkylimidazolium cations.3,8 We designed this electro-
lyzer to combine the advantages of earth-abundant, low-cost
catalysts; long-term stability afforded by the BPM; and high
current density afforded by the gas-fed CO2 delivery. Figure 4b
compares j−V curves of the gas-fed cells with AEM, Nafion, and
BPM. As in the liquid-phase cell, the BPM had lower resistance
than the AEM or Nafion. The AEM had strikingly low current
density, presumably because of the poor conductivity of the
triflate anion and the rapid polarization of the membrane as base
is produced at the cathode. Figure 4c shows a constant current

comparison at 80 mA/cm2 between the BPM and the Nafion
membrane. The voltage of the BPM cell was stable throughout
the 14 h test, whereas the Nafion membrane polarized rapidly
and started to fail after 7 h because of the depletion of OH− at the
anode. Similar results were obtained in the liquid-phase cell (see
Figure S3). Figure 4d shows results with the gas-fed CO2 BPM-
based electrolyzer operated at different temperatures. Current
densities increased as the temperature increased from room
temperature to 60 °C. When nitrogen gas was fed into the
electrolyzer instead of CO2, a much lower but still measurable
current density was obtained because of the HER.
The stability of the Faradaic efficiency is currently problematic

with the gas-fed electrolyzer design. In a typical test such as that
shown in Figure 4c, both CO and hydrogen are detected at the
beginning of the reaction, but the CO FE deteriorates within 1 h.
This is likely due to dewetting of the ionic liquid from the catalyst
surface. The flow of humidified CO2 may contribute to down-
stream convection of the ionic liquid in the cell. Drawing parallels
to hydrogen−air fuel cell technologies, this situation might be
improved by modifying the surface of the carbon support to
promote wetting by the ionic liquid or by binding appropriate
cations directly to the catalyst or support. Experiments at higher
applied voltages showed that mass transport limitations in the
BPM-based gas-phase cell became apparent as the current
density approached 200 mA/cm2 (see Figure S4). While there is
intensive effort devoted to discovering and developing CO2RR
catalysts, very few studies have investigated system-level issues
and designs for CO2 electrolysis at such high current densities.
The gas-fed BPM-based electrolyzer holds promise for carrying
out the CO2RR at practical current densities for long periods of
time if the remaining engineering challenges can be met.
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Figure 3. (a) FE of the Ag catalyst tested in 0.5 M KHCO3 in a three-
electrode configuration. (b) FE of the Ag catalyst in the BPM-based
liquid cell electrolyzer measured at a constant current density of 50
mA/cm2. The anode electrolyte was 0.1 M KOH, and the cathode
electrolyte was 0.5 M KHCO3.

Figure 4. (a) Schematic drawing of a gas-fed CO2 electrolyzer.
Gaseous CO2 was fed into the cathode through serpentine flow fields
that contacted the porous carbon paper on which the BiOx/
BMIM+OTf− catalyst was supported. (b) j−V curves for the gas-fed
cell comparing BPM, AEM, and Nafion membranes. Lines represent
best fits to Tafel kinetics with series resistance. (c) Stability
comparison between BPM and Nafion membrane at 80 mA/cm2.
(d) Gas-fed BPM-based electrolyzer operated at different temper-
atures. Lines represent Tafel equation fits. See the Supporting
Information for details.
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Experimental details, catalyst characterization data, sta-
bility comparison of Nafion and bipolar membranes for
liquid cell electrolysis, j−V curve fitting parameters, and
j−V data for the gas-fed bipolar membrane cell at high bias
(PDF)
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