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ABSTRACT: Gas-fed flow cells can facilitate high-rate electrochemical CO2 reduction
(CO2R). However, under alkaline and neutral conditions, CO2 is lost through reaction
with hydroxide ions to form (bi)carbonate. In acidic solutions, although (bi)carbonate
is still formed due to increased pH at the electrode, the low bulk pH of the electrolyte
solution can regenerate CO2 which is then available for re-reaction or release�this
therefore avoids permanent CO2 loss. Here, we show how CO2 is converted and
released in a bipolar-membrane-based gas-fed flow cell for CO2R to multicarbon
products (C2+ faradaic efficiency >60%) employing an acidic catholyte. Under the
highest conversion conditions, we showed that almost exclusively CO2R products were
obtained at one outlet, while, at the second outlet, a nearly product-free stream of CO2
was obtained due to the continuous internal regeneration from (bi)carbonate. The
system presented here avoids permanent reactant loss through the straightforward
recovery and recycling of CO2 to improve the overall CO2 utilization.

Electrochemical CO2 reduction (CO2R) offers a
sustainable route to generate valuable chemical
products from CO2 and renewable electricity sources.1,2

Recent progress has brought CO2R closer to commercial
viability through the development of devices that overcome the
severe limitations of mass transport arising from the low
solubility of CO2 in aqueous solutions. One example is the gas-
fed flow cell, in which the CO2 is supplied as a gas through the
back of a gas-diffusion electrode (GDE) in contact with a
flowing electrolyte solution�these devices can regularly attain
high current densities (hundreds of mA cm−2) at low
overpotentials (<1 V).3−7 However, the common use of
alkaline or neutral pH electrolyte solutions has prohibited high
conversion yields due to the unwanted reaction of CO2 with
hydroxide ions, which results in reactant loss through the
formation of (bi)carbonate (Figure 1a).8,9 These species can
be externally converted back to CO2, but the regeneration
process accounts for more than half of the energy required for
the electrolyzer in the case of an alkaline flow-cell.10 The
problem can be partly addressed by using acidic electrolyte
solutions where the pH is below the pKa of bicarbonate
formation.11−13 In such systems, while the CO2 is still
converted to (bi)carbonate at high current densities (eqs 1
and 2) by the alkaline local pH at the cathode arising from
hydroxide ions generated during CO2 reduction (eq 3),12,14

these species are immediately converted back to CO2 (here

termed r-CO2 as this is regenerated) due to the low bulk pH
(eqs 4 and 5, Figure 1b).

F+CO OH HCO2 3 (1)

F+ +HCO OH CO H O3 3
2

2 (2)

F+ + +CO H O 2e CO 2OH2 2 (3)

F+ ++HCO H r CO H O3 2 2 (4)

F+ ++CO 2H r CO H O3
2

2 2 (5)

We sought to understand the generation and transport of r-
CO2 in a gas-fed flow cell for CO2R to multicarbon (C2+)
products by analyzing the compositions of the different gas
outlets. Here, we show that carbonate species are completely
reconverted to r-CO2 with high purity, which exits from a first
outlet (indirect outlet) where it is mixed with the flowing
catholyte, while concentrated gas products are obtained at a
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second outlet (direct outlet) positioned at the back of the
GDE (Figure 1c). This elegant solution avoids CO2/product
separation and enables recycling and re-reaction of the r-CO2,
which maximizes the overall CO2 utilization since a higher
proportion of the supplied CO2 is ultimately converted into
reduction products and is not permanently lost as (bi)-
carbonate.
The electrolyzer we employed for CO2R to C2+ products

incorporated a CO2-fed gas-diffusion electrode (GDE) with a
Cu catalyst, which was interfaced with flowing acidic catholyte
(Figure 1d, Figure S1). The anode choice for the cell is
important as it also dictates the type of membrane that can be
used. So far, all existing CO2R devices with flowing acidic
catholyte have employed cation exchange membranes
(CEMs), which require acidic anolyte solution.11−13 These
systems use acid-stable OER catalysts which contain expensive
precious metals such as Ir or Ru, the cost of which has been
identified as a barrier to device upscaling in water electrolyzers
and therefore could also prove problematic for CO2R
devices.15 Bipolar membranes (BPMs) avoid this issue as
they enable alkaline anolyte to be used with acidic catholyte, as
the water dissociation reaction occurring at the interlayer
maintains a pH gradient (Figure 1d).16,17 Although BPMs add
an additional voltage penalty, they enable the use of Earth-
abundant catalysts, which has been demonstrated in alkaline
and neutral flow cells18−20 and membrane electrode
assemblies21,22 but until now has not been demonstrated
under acidic catholyte conditions which avoid CO2 loss. The

additional benefit is that BPMs prevent crossover of metal ions
and cationic electrolyte species, which can negatively impact
device performance and long-term stability when CEMs are
used.17,23 Here, we used a BPM with a Ni foam anode to
enable independent evaluation of the cathode compartment
and to highlight some advantages of such configurations.
We used a Cu catalyst, obtained through electroreduction of

a CuO precatalyst which was synthesized using a simple
solvothermal procedure.24 In brief, a solution of Cu(acetate)2
in ethanol was heated to 200 °C in an autoclave for 20 h to
obtain nanoparticles approximately 50 nm in size (Figure S2).
X-ray diffraction (XRD) patterns displayed peaks correspond-
ing to pure CuO (Figure S3). GDEs were formed by spray-
coating a methanolic solution containing the as-prepared CuO
nanoparticles and Nafion onto a polytetrafluoroethylene
(PTFE) membrane to reach a loading of 2 mg cm−2,
corresponding to an approximate thickness of 6 μm (Figure
S4). An activation step was required to obtain metallic Cu, the
active catalyst, from the initial oxide. This involved running
consecutive linear sweep voltammograms (LSVs) from −0.5 to
−1.9 V vs Ag/AgCl until the current response was constant,
followed by chronopotentiometry (CP) at −200 mA cm−2 for
1 h using a 3 M KCl solution as the catholyte. The metallic
nature of the catalyst was confirmed by XRD (Figure S3).
These activated Cu-GDEs were used for all experiments.
The same anolyte (2.5 M KOH, pH 14) was used

throughout all experiments with a nickel foam anode�only
the catholyte composition was varied. We initially chose 0.5 M

Figure 1. Schematic representation of electrolyte effects and the reactor setup. (a) A Cu gas-diffusion cathode interfaced with an alkaline
bulk pH electrolyte, in which (bi)carbonate species accumulate in solution. (b) A Cu cathode interfaced with an acid bulk pH electrolyte, in
which (bi)carbonate species are formed and then converted back to r-CO2 by protonation in the bulk solution. (c) Schematic showing how
r-CO2 is preferentially released from the indirect outlet while gas products are collected mainly from the direct outlet. (d) The full-cell
assembly with a BPM, where (1) CO2 is reduced to products, (2) CO2 is converted to (bi)carbonate, (3) CO2 is regenerated, (4) H2O
dissociates in the BPM interlayer, (5) protons diffuse through the cation exchange layer (CEL) into the catholyte, and (6) hydroxide ions
diffuse through the anion exchange layer (AEL) into the anolyte.
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KH2PO4 with 2 M KCl (pH 4) as the catholyte because of its
good buffering properties; however, we observed deterioration
of the initially high C2+ product selectivity over time (Figure
S5). We speculate that the phosphate species could chelate to
Cu and alter the surface structure over time; however,
validation of this requires further investigation which is beyond
the scope of this research. As the use of sulfate anions did not
result in loss of C2+ selectivity, we replaced phosphate with a
low concentration of H2SO4 (0.05 M, pH 1) and explored
effects arising from the addition of varying amounts of KCl. As
with previous reports, the addition of KCl improved selectivity
by limiting H2 evolution (Figure S6).11,13,25,26 Even though 0.5
M KCl was sufficient to prevent significant H2 evolution, the
greater conductivity provided by higher concentrations
reduced the solution resistance, thereby lowering the full cell
potential (Figure S6). With 3 M KCl, a high C2+ product
selectivity (52%) and a relatively low cell potential (−4.7 V at
−200 mA cm−2) were achieved. Using this optimized setup, we
aimed to enhance conversion.
We initially sought to achieve the maximum conversion of

CO2 to CO2R products in the acidic catholyte system. To
evaluate this, we used a parameter termed the single-pass CO2
conversion to CO2R products (SPC), which describes the yield
of CO2R products with respect to the amount of CO2 supplied
(eq 6).
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To obtain the total SPC, the single pass conversion values
for each carbon product are summed. In eq 5, jproduct is the
partial current density (mA cm−2) for a specific product,
nelectrons is the number of electrons needed for its production, F
is the Faraday constant, the flow rate is the one chosen for the
feed CO2 (mL min−1), and 24.05 is the molar volume of a gas
(L) at normal temperature and pressure. Several factors can
alter the SPC, including the reaction rate, the flow rate of CO2,
and the type and amount of products generated. This is
because the product influences the amount of hydroxide ions
formed, which in turn will determine how much CO2 is

converted to transient (bi)carbonate species. For example, in
the case of a catalyst selective only toward ethylene, 12 OH−

are generated per molecule of ethylene formed, resulting in a
maximum SPC of only 25% if there is no possibility for the r-
CO2 to re-react. Similarly, the maximum SPC is 50% in the
case of a catalyst selective for CO, which involves the
generation of two OH−. Overcoming the limits imposed for
a specific product distribution (and the resulting hydroxide
formation) would require re-reaction of r-CO2 to counteract
the conversion losses arising from (bi)carbonate formation. In
addition we define a CO2 utilization which is the ratio of CO2
used for reaction to the CO2 available, calculated according to
eq 7, in which ṅCOd2 total (nmol s−1) is the molar flow of CO2

available for reaction (including r-CO2 in the case of recycling)
and ṅCOd2 unused (nmol s−1) is the molar flow of CO2 which does
not contribute to products and is vented from the system. The
utilization is equivalent to the SPC for a system that does not
recycle the r-CO2.

= ×
n n

n
utilization (%) 100

CO total CO unused

CO total

2 2

2 (7)

We optimized the single-pass conversion to CO2R products
of our system by altering the CO2 feed flow rate at a fixed
current density of −200 mA cm−2. As expected, decreasing the
flow rate from 10 to 1.25 mL min−1 increased the SPC to reach
a value of (29 ± 3)% at 1.25 mL min−1 (Figure 2a). This is
because a higher proportion of the CO2 fed into the system is
reacting at lower flow rates. However, lowering the flow rate to
1 mL min−1 did not lead to a higher SPC, as the production of
hydrogen increased at the expense of CO2R products�this
caused the SPC to plateau at 29% as a consequence of the low
availability of CO2 for reaction at the catalyst surface (Figure
2b and Figure S7). For a given product distribution at a set rate
of reaction (current density), lowering the flow rate should
increase the SPC. Here, as H2 production increased at 1 mL
min−1, this suggested that nearly all CO2 was converted either
to CO2R products or (bi)carbonate, resulting in the surplus
current being used to reduce water to H2. The only way this
excess H2 evolution could have been avoided was if re-reaction
of r-CO2 was possible, or if there was a lower degree of
(bi)carbonate formation, both of which would result in
increased CO2 availability at the cathode and therefore higher
CO2R selectivity and SPC. Therefore, our experimental data

Figure 2. Effects of altering the CO2 flow rate on (a) single-pass conversion and (b) selectivity. The data were obtained after performing each
electrolysis for 30 min at −200 mA cm−2 with a 0.05 M H2SO4 + 3 M KCl catholyte. The error bars represent the standard deviation from the
mean for three different electrodes.

ACS Energy Letters http://pubs.acs.org/journal/aelccp Letter

https://doi.org/10.1021/acsenergylett.3c00901
ACS Energy Lett. 2023, 8, 2979−2985

2981

https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c00901/suppl_file/nz3c00901_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c00901/suppl_file/nz3c00901_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c00901/suppl_file/nz3c00901_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c00901/suppl_file/nz3c00901_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c00901/suppl_file/nz3c00901_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c00901?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c00901?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c00901?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c00901?fig=fig2&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.3c00901?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


suggested that re-reaction of r-CO2 was not dominant in this
setup�this is further supported and described in the analysis
of the composition of the gas outlets below.
We observed an interesting dependence of selectivity on the

CO2 flow rate. When decreasing the flow rate, we noticed an
increase in selectivity for C2+ products with a concomitant
decrease in C1 selectivity (Figure 2b, Table S1). The highest
FEs for ethylene, (34 ± 4)%, and ethanol, (22 ± 3)%, were
obtained at 1.25 mL min−1. To help rationalize this, we plotted
the CO2, CO, and C2H4 concentrations as a function of
conversion (Figure S8). The trend showed that, as conversion
increased, the concentration of CO decreased while the
concentration of C2H4 increased. This concentration profile is
typical for a series reaction and is in line with the conversion of
CO2 to C2 products via CO as an intermediate.27 An additional
factor to consider when varying the reactant CO2 flow rate is
the compromise between conversion and productivity, which is
defined as the amount of CO2 reduced to CO2R products per
minute for a given geometric catalyst area.28 Our results
showed that the productivity decreased with increasing SPC
(Figure S9), in accordance with previous reports.29,30 This
consideration identifies an optimal feed flow rate for a CO2R
electrolyzer to target a specific productivity-conversion point,
and therefore, reaching a maximum SPC is not always the best
option if productivity is significantly lowered. Such evaluation
will become increasingly important as CO2R progresses toward
commercialization.
We assessed the ability of the electrolyzer to operate at its

highest conversion point over extended periods (Figure 3).
Over 8 h, the FEs for CO2R products were stable (Figure 3a,
Table S2) and, through analysis of liquid samples from the

anolyte using 1H NMR, we confirmed that there was no
product crossover between the cell compartments. Addition-
ally, we showed that a stable catholyte pH could be maintained
for the duration of the experiment with an alkaline anolyte
(Figure 3b). We also used inductively coupled plasma-mass
spectroscopy (ICP-MS) to detect any crossover of K+ and
observed that there was no significant shift in K+ concentration
on either side of the cell (Figure 3c). The system maintained a
full-cell potential (Ecell) of −5.4 V with an average SPC of 26%
toward CO2R products (Figure S10). We additionally
compared the BPM system with an equivalent setup using a
CEM and acidic anolyte with an IrOx anode (Figure S11). The
cathode was identical in each case and therefore the same
process of regeneration took place in this compartment, but
the voltage of the CEM system (|Ecell| = 3.8 V) was lower than
the corresponding BPM system (|Ecell| = 4.7 V). This large
voltage penalty of BPMs is due to the process of water
dissociation at the interlayer, for which most commercially
available BPMs typically exhibit a large overpotential, as well as
additional Ohmic losses from resistive components.31 How-
ever, the ability to use Earth-abundant OER catalysts with
alkaline conditions makes BPMs attractive components for
CO2R. Recent developments of catalyst-loaded BPMs have
shown a significant reduction in the overpotential for water
dissociation, which could enhance performance to limit voltage
penalties in the near future.32−34

Having established a highly robust system that could operate
at high conversion over extended periods, we looked to better
understand the different routes through which the feed CO2
and r-CO2 are reacted and/or vented from the device. Previous
reports using acidic catholytes have suggested that re-reaction
of r-CO2 can occur to boost the SPC.11 However, in our case
the experimental data showed that re-reaction of r-CO2 is not
dominant, as the SPC plateaus at lower flow rates. To estimate
the pH and resulting CO2 concentration profiles under
reaction conditions, we constructed a one-dimensional
diffusion−reaction model based on previous reports (details
provided in the Supporting Information).11−13 The results
showed that the high alkalinity at the electrode is responsible
for the (bi)carbonate formation but that regeneration occurs
within 35 μm from the surface (Figure S12). Although
diffusion of r-CO2 back toward the surface for re-reaction
should be possible, it is competitive with reaction with OH− to
form (bi)carbonate. As the OH− exists in high concentrations
close to the electrode surface, we postulated that r-CO2 was
more likely to degas through the catholyte solution instead.
Considering this observation, we aimed to develop a more
complete picture of the CO2 conversion efficiency of the
system and focused on recovery of the CO2 regenerated from
carbonate species. We developed a series of experiments to
understand these processes through analysis of the composi-
tion of the gas outlets of the reactor.
There are two gas outlets in our device. The first one is

positioned at the back of the GDE and is identified as the
direct outlet, which collects unreacted CO2 and gas products.
The second gas outlet is located on the side of the reactor,
contained within the flowing catholyte solution, and is termed
as the indirect outlet�this collects the r-CO2 and gas products
that degas from the electrolyte solution (Figure 4a and Scheme
S1). We analyzed the composition of the gas streams vented
from each outlet under the CO2R conditions used in our stable
system as well as under zero-current conditions.

Figure 3. Stability test performed at −200 mA cm−2 with a feed
CO2 flow rate of 1.25 mL min−1 and a 0.05 M H2SO4 + 3 M KCl
catholyte solution. (a) FE changes for each product over time. (b)
pH stability over time. (c) K+ concentration in each compartment
over the duration of electrolysis analyzed using ICP-MS.
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First, we checked the amount of CO2 passing through each
outlet under idle conditions (0 mA cm−2) and under catalytic
conditions (−200 mA cm−2) while keeping the feed CO2 flow
rate constant at 1.25 mL min−1 (Figure 4b, Table S3). In both
cases, the total combined amount of CO2 and CO2R products
was the same, therefore providing a closed carbon mass
balance. With no current, the majority of the feed CO2 was
retrieved at the direct outlet (93%). In contrast, under catalytic
conditions, only a small fraction of CO2 was obtained at the
direct outlet (2%), showing that reactant bypassing of the cell
was low, while the remainder of the CO2 was recovered at the
indirect outlet (66%). This distribution shows that, during
electrolysis, almost all of the feed CO2 crosses the GDE and is
converted to either carbonate species or reduction products,
which account for a CO2 utilization of 32% of the feed CO2
corresponding well with the obtained SPC value. The
(bi)carbonate species are neutralized by the acidic bulk
electrolyte solution to generate r-CO2, which vents preferen-
tially through the indirect outlet. The composition of both
streams showed that all the carbon gas products are obtained at
the direct outlet, while the liquid products accumulate in the
catholyte and only small quantities of hydrogen are seen in the
indirect outlet stream alongside the r-CO2 (Figure S13). In
addition, we showed that it was possible to directly recycle and
re-react the almost pure r-CO2 stream from the indirect outlet
by modifying the configuration of the setup (Scheme S2). With

no applied current, the feed CO2 flows into the catholyte
reservoir to saturate the headspace, before being injected into
the reactor through the CO2 inlet (Figure 4c). When current is
applied, r-CO2 is generated, which mixes with the feed CO2 in
the catholyte reservoir before injection through the CO2 inlet
(Figure 4d). We monitored the CO2 utilization as a function of
the feed flow rate (Figure 4e). The initial point (time = 0) was
measured after saturation of the system with no applied
current, with a feed flow rate of 1.25 mL min−1. Under these
constant feed flow rate conditions when a current was applied,
the ṅCOd2 total increased due to addition of r-CO2 to the feed
CO2, but ṅCOd2 unused also increased as the conversion to
products was constant�this resulted in a constant CO2
utilization of ∼60%. Importantly, as the feed CO2 flow rate
was lowered, the ṅCOd2 unused decreased, leading to an increase in
the CO2 utilization. This meant we were able to push the
system past the previous limit of 1.25 mL min−1 shown in
Figure 2 without losing selectivity (shown in Figure S14) due
to the additional CO2 flow provided by the r-CO2, which
maintained a constant effective inlet flow rate of CO2 for
reaction. We reached a CO2 utilization of 88% with a feed flow
rate of 0.4 mL min−1, demonstrating that r-CO2 recycling
could be used to increase the overall utilization of CO2. A
proposed scheme showing how this would work in a larger
system with a flow rate feedback loop is displayed in Figure

Figure 4. (a) Schematic representation of the full cell (cross section) showing the outlets of the reactor, with the different pathways for the
feed CO2: (1) direct outlet, (2) indirect outlet, (3) CO2 inlet, (4) CO2 that bypasses the cell without crossing the GDE, (5) products release,
(6) r-CO2 release. (b) The CO2 distribution under working and idle conditions. When no current is applied, most of the feed CO2 can be
found at the direct outlet, while during electrolysis the majority is collected from the indirect stream as r-CO2. Conditions: 30 min
electrolysis, CO2 flow rate of 1.25 mL min−1, electrolyte solution of 0.05 M H2SO4 + 3 M KCl. (c) CO2 pathway inside the catholyte
reservoir in the recycling configuration when j = 0 mA cm−2 and (d) when j = −200 mA cm−2. (e) Results of the recycling test: the CO2
molar flow leaving the cell through the direct outlet (yellow squares) and the CO2 utilization (purple circles) were monitored over time
during electrolysis at −200 mA cm−2 with the recycling configuration.
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S15. This solution elegantly avoids downstream CO2/product
separation through processes such as amine-based capture,
which typically dominates the energy consumption of the
product purification.35 As devices move toward operation at
high conversions, cell modifications to improve gas manage-
ment, CO2 recovery, and recycling will become more
important. Here we showed that, in this cell design and
setup, independent of the membrane used, the CO2 could be
recovered. Furthermore, even with nonunity single-pass
conversion, the overall utilization of CO2 could be maximized
through recycling of r-CO2 and flow rate modulation, reducing
the need for downstream separation.
The acidic CO2R system we presented here displayed a high

C2+ selectivity with continuous internal CO2 regeneration and
recycling. In this first reported example of CO2R with a flowing
acidic catholyte using a bipolar membrane, we showed that
crossover of products or contaminants could be avoided and
that the electrolyzer maintained a pH gradient with acidic
catholyte and alkaline anolyte. With low flow rates of CO2 at
the cathode, the selectivity for C2+ products was above 60%,
leading to a single-pass conversion efficiency to CO2R products
of (29 ± 3)%. Importantly, the CO2 regenerated from
(bi)carbonate (r-CO2) could be recovered as an almost
product-free stream at the indirect outlet and effectively
recycled to achieve high overall utilization (>85%), with an
almost pure product stream being obtained at the direct outlet.
The internal regeneration and recovery process avoids energy-
intensive and expensive separation procedures without
impacting the reactor performance, and we envisage that
these observations will prove useful in the future development
of CO2R reactors.
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