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ABSTRACT: Advancing reaction rates for electrochemical CO, reduction in \ Ag GDE Bipolar membrane Ni
membrane electrode assemblies (MEAs) have boosted the promise of the CEL |1 AEL e j
technology while exposing new shortcomings. Among these is the maximum oH ‘ i
utilization of CO,, which is capped at 50% (CO as targeted product) due to H, oW '?;‘r
unwanted homogeneous reactions. Using bipolar membranes in an MEA "?};'!

gy

(BPMEA) has the capability of preventing parasitic CO, losses, but their
promise is dampened by poor CO, activity and selectivity. In this work, we
enable a 3-fold increase in the CO, reduction selectivity of a BPMEA system | CO i, OH
by promoting alkali cation (K") concentrations on the catalyst’s surface, i 3
achieving a CO Faradaic efficiency of 68%. When compared to an anion
exchange membrane, the cation-infused bipolar membrane (BPM) system j
shows a 5-fold reduction in CO, loss at similar current densities, while co,
breaking the 50% CO, utilization mark. The work provides a combined

cation and BPM strategy for overcoming CO, utilization issues in CO, electrolyzers.

has advanced substantially in the past decade. Activity, which the reader is referred elsewhere.”'>
selectivity, and stability have been improved due to the
deployment of gas diffusion electrodes as a catalytic support in
flowing catholyte cells and membrane electrode assemblies

(MEAs).' ™ Despite improvements, the intrinsic homogeneous

o i ]
reactions that occur alongside the desired ECO2R make the approach is to introduce excess H' near the cathode’s surface.

process less favorable with over half of all reacted CO, lost to Protons can be provided either directly from an acidic
carbonate instead of value-added products.> ™ catholyte or via the membrane. Both approaches allow for

The loss of CO, occurs when the required protons for the neutralization of OH™ and regeneration of CO,, which has

ECO2R are provided by water-splitting, which results in OH~ alread{f b;Ien converlted to (dbi%c(;;g);ﬁates. CFor. exampl.e(zi,
being produced in equal proportion to the electrons trans- recently, Huang et al. reporte on Lu In an aa

ferred. In the presence of OH~, CO, reacts chemically to form environment, which 1ncrfased single-pass CO, utilization to
HCO.~ and CO.2~ ions (eqs' S1-S5). These reactions not 77% in a GDE flow cell."* Here, the protons required for CO,
only csiecrease utifization of the inputted CO, but also lower electrolysis are still envisioned to come from water-splitting,

resulting in OH™ formation similar to neutral and alkaline
system conductivity and result in salt prec1p1tat10n in the CO, . .

electrolytes. However, the excess protons in the surrounding
gas channel in the presence of alkali cations.”'" Unless this

issue can be resolved, CO, utilization efficiency (eq 1) will electrolyte both neutralize excess OH™ and reclaim CO, that

inevitably plateau at a maximum of ~50% for CO production
for neutral and alkaline media.''™"® Here, CO, utilization Received: September 23, 2021
efficiency is defined as the ratio of the reacted CO, that is Accepted: November 8, 2021
converted to the target product carbon monoxide to that of the

total CO, reacted in the system (CO, — {CO, HCOO,

HCO;~, CO5*"}). The CO, utilization efficiency is considered

independent of flow rate and is not to be confused with the

T he field of electrochemical CO, reduction (ECO2R) total single-pass conversion of CO, w1th1n the system for

CO,utilization efficiency = CO,(,c0)/ COsconsumed) (1)

In order to reduce CO, consumption by OH™, a promising

© XXXX The Auth Published b
Ameencl;n %r}?emlfcaissgqet; https://doi.org/10.1021/acsenergylett.1c02058
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was lost to (bi)carbonate. While high CO, utilizations are
reached in this case, the dominant reaction remains to be H, at
~40% Faradaic efficiency (FE) because of the excess number
of protons. Importantly, the excess protons provided in this
system are not linked to the current density applied, implying
that different optimal input acidities and flow rates are required
for different current densities. A more recent work was able to
reach higgher FEs of ~90% for CO, to CO on Au in acidic
media,"> but the maximum utilizations achievable and
homogeneous reactions were not discussed. It is then unclear
if these demonstrated high FEs can be simultaneously achieved
with high utilizations.

Alternatively to using acidic catholytes, protons can be
internally generated proportionally to the applied current
density through ion exchange membranes. Using a cation
exchange membrane (CEM) coupled with an acidic anolyte or
pure water'®™'® would permit protons to be efficiently
transferred to the cathode only in the amount required to
offset the formed OH™. With proper interface engineering of
the catalyst/electrolyte/membrane, these protons could be
used to regenerate CO, rather than undergoing direct proton
reduction to H,. For instance, recent work from O’Brien et al.
demonstrated a CO, single pass conversion of 85% using pure
water and an IrO, catalyst on the anode side with a CEM for
proton shuttling."®

A final approach to provide protons to the cathode is to use
a bipolar membrane (BPM) operating in reversed bias, which
results in water dissociation at the sandwiched cation and
anion membrane interfaces.'””>' Under such operation, a
proton is sent to the cathode and hydroxide, to the anode. In
addition to providing a proton source to the cathode, a BPM
further allows for the use of an alkaline anolyte and Ni anode at
the penalty of higher membrane voltages. Previous efforts to
employ BPMs in an MEA (BPMEA) configuration without a
liquid catholyte, however, have been unable to limit excess H,
production, giving poor CO, reduction selectivities and
subsequently low CO, utilizations. Researchers have attributed
excess H, to both low hydration of the membrane and too
high concentrations of H" at the cathode/membrane inter-
face.”’

In all of the above scenarios, however, researchers have
separately determined the importance of having alkali cations
present at the electrode—electrolyte interface when performing
ECO2R. Unlike alkaline conditions where high ECO2R
Faradaic efficiencies can be achieved over a range of cation
concentrations, recent work in acidic or neutral pH cathode
conditions highlights that a special consideration of cation
concentrations is required to achieve high CO, reduction
selectivities.”*~** Combining these observations with previous
BPMEA demonstrations that have traditionally suffered from
poor CO, reduction selectivities, we hypothesized that the low
selectivity in a BPMEA system could be overcome by
increasing cation concentrations at the cathode.”"®*” Thus,
if the low parasitic CO, loss of BPM’s can be achieved
simultaneously with improved CO, reduction performance,
high CO, utilization efficiencies would be possible as a result.

In this work, we first took advantage of the traditionally
undesired ion crossover in BPMs to increase the concen-
trations of cations at the cathode in a BPMEA configuration.
The large concentration gradient of cations from the anolyte to
the cathode provided a diffusion of K' ions to the cathode’s
surface, resulting in an ECO2R selectivity improvement of 3-
fold as a result of increased anolyte concentrations. Then, we
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compared the CO, converted to CO and CO, lost to
electrolyte in both BPMEA and an anion exchange membrane
(AEM) employed MEA system (AEMEA). Results show that
the CO, lost in a BPMEA cell is around S times lower than
that in an AEMEA cell in a high alkaline environment. As a
consequence, with increased Faradaic efliciencies, the resulting
CO, utilization efficiency is 2 times higher in a BPMEA
system.

Within a BPM operating under reversed bias (Figures 1 and
2a), the current transported across the membrane is not

Ag GDE

COZ\

i Ni foam

P
\ & —
CO, KOH
Co €lectrolyte+O,
HZ
Cathode
OH-
flow field s {
Anode ~
flow field KOH
electrolyte

Figure 1. Illustration of BPM under reversed bias in a MEA cell.

unidirectional as is the case for a CEM or AEM but is rather
bidirectional due to the production of both H* and OH™ to
transport charge equivalent to the system current density.
While H*/OH™ transport is the desired operational effect,
researchers have noted ion crossover as an important property
of BPMs, and generally described, this as an unwanted effect
especially at low current densities.'”***’ Here, we sought to
use concentration-dependent ion crossover as a beneficial
effect to provide varying concentrations of K* to the cathode/
membrane interface of a BPMEA.

In the BPMEA configuration shown in Figure 2a, ion
crossover of K" from the anode to the cathode will occur as a
result diffusion and migration, both of which are concentration
dependent.’”’" In order to promote further cation flux to the
cathode in a BPMEA cell for ECO2R, we varied the
concentration of the KOH anolyte from 0.2 to 3 M and
subsequently performed electrochemical CO, reduction at
various current densities. In the low cation concentration case
(0.2 M KOH) shown in Figure 2b, CO Faradaic efficiencies
remain low and decrease from 23% at 50 mA/cm” to 16% at
200 mA/cm’. As ample CO, is available because of the gaseous
CO, phase in close proximity to the catalyst layer, the
decreasing trend in CO is due to favorable hydrogen evolution
kinetics rather than limited CO,. Without the presence of a
catholyte buffer, this is likely due to excess H" flux providing a
high proton concentration at elevated current densities. Upon
increasing the anolyte concentration, the CO selectivity
steadily rises, however, becoming on par with H, at 200
mA/cm® for the 3 M KOH case (Figure 2d). At even lower
current densities of 50 mA/cm? a CO selectivity of 68% is
reached. The upward trend in ECO2R selectivity then tracks
that of increased K* concentrations (see Figure S1). The
activity obtained in 3 M KOH here is very similar to what was
reported by Lees et al. for direct 3 M KHCOj; reduction in a
MEA cell equipped with a BPM.*

To investigate whether the observed selectivity changes are
instead a function of increased OH™ concentration or system
conductivity, we utilized a 0.2 M KOH + 0.4 M K,COj anolyte

https://doi.org/10.1021/acsenergylett.1c02058
ACS Energy Lett. 2021, 6, 4291-4298
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Figure 2. Illustration of the BPMEA system (a) and Faradaic efficiency and cell voltage as a function of current density in different

concentrations of KOH solution in a BPMEA (b—d).
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Figure 3. Illustration of an AEMEA system (a) and Faradaic efficiency and cell voltage as a function of current density in different

concentrations of KOH solution in an AEMEA (b—d).

mixture to decouple K* and OH™ effects (chronopotentiom-
etry in Figure S2). The anolyte solution of 0.2 M KOH + 0.4
M K,COj; then has the same pH of 13.5 as 0.2 M KOH (Table
S1) but a K* concentration of 1 M. Figure S3 shows that the
CO Faradaic efficiency in this mixture solution (53%) is similar
to the 1 M KOH case at 50 mA/cm” and much higher than the
0.2 M KOH case (24%). As current densities are increased
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further to 200 mA/cm?, the 0.2 M KOH + 0.4 M K,CO; case
actually achieves the highest performance at a CO FE of 42%.
The hypothesis for this increase of performance is that the
crossover of K is probably higher in the mixture than in 1 M
KOH. Although the K* concentration is the same in both
solutions, measurements investigating the crossover in BPMs
have shown dependence on the property of ions (cations and

https://doi.org/10.1021/acsenergylett.1c02058
ACS Energy Lett. 2021, 6, 4291-4298
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Figure 4. CO, converted to CO and lost CO, in flow rate (a—c) and CO, utilization efficiency (d—f) as a function of current density in both

BPMEA and AEMEA systems. CO, inflow is 50 mL/min.

anions) existing in the solutions, which leads to different K*
crossover rate as a result.”” The combined results in Figures 2
and S3 then show that ECO2R can be improved in a BPMEA
system via increased K' flux to the cathode instead of the
higher local pH provided by higher concentrations of OH™. In
all cases, the flux of potassium in the system is expected to
reach a steady state between the anode and cathode
compartments, which equilibrates within the first few minutes
of an experiment as indicated by the stable CO selectivity after
the first GC injection (Figure S4).

As shown in Figures 2 and SS, the cell voltage is also
increasing as the anolyte concentration increases. To account
for the large ohmic resistance of the FumaTech BPM used in
these experiments (130—160 ym), we subtracted the voltage,
which is induced by the ohmic resistance (Table S2). After
correction, the cell voltages show similar values at the same
current densities in all electrolytes (Figure S6). However, the
high voltage is not the cause for a higher ECO2R performance.
At the same cell voltage of around 4 V, CO partial current
density is still the highest in 3 M KOH solution (Figure S7).
Furthermore, ECO2R was also conducted using pure water as
an anolyte in the BPMEA system. All CO Faradaic efficiencies
show less than 10% (Figure S8), which is significantly lower
than the performance in 0.2 M KOH solution. During the
whole course of the experiment, the pH of the anolyte
remained the same in the BPMEA system (Table S1). Such
high stability by maintaining the pH of the electrolyte is
another advantage of a BPM and indicates that CO, crossover
is relatively low compared to that of an AEM.** The stable pH
also suggests that water dissociation occurred during ECO2R,
and OH™ produced by BPM could supplement OH™ lost
during the oxygen evolution reaction (OER).
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In order to compare the CO, utilization efficiency of the
BPMEA case, we also need a point of comparison for a high
CO selectivity configuration. For this, we reproduced experi-
ments for a Ag-sputtered catalyst in an MEA configuration
with an AEM (Figure 3a). We performed AEM experiments
over a similar range of anolyte concentrations for comparison
purposes and to observe any effects from increased cation
concentrations. As shown in Figure 3c,d, ECO2R activity is
higher overall when using an AEM than using a BPM, which is
consistent with what is reported in the literature.”* Over the
range of tested current densities, CO always remains the
dominant product, ranging from 70% to 90% in selectivity. No
strong dependence on the anolyte concentration is observed
over the 0.2 to 3 M range tested. The results show that, in
neutral or alkaline media such as in an AEMEA system, high
ECO2R activity still can be achieved even when cation
concentrations are low. Dioxide Materials even reported high
CO Faradaic efficiency using 10 mM KHCO; as anolyte in the
same AEMEA cell’* The improved selectivity has been
explained by the better kinetics of ECO2R than HER in such
environment, where the proton donor in both cases is from
water and cations play less of a role in selectivity as compared
to acidic media.'**

CO Faradaic efficiency decreases as observed in the AEM
case as a function of current density and KOH concentration.
Upon an increase in both, the drop in CO selectivity is
replaced by a higher Faradaic efficiency of HCOO™, which we
observed in the anolyte stream through high-pressure liquid
chromatograph (HPLC) tests.” The higher HCOO™ FE at
these conditions has been observed elsewhere and linked to
increases in local reaction pH.*

With both the BPMEA and AEM selectivity results acquired,
we compared the overall CO, utilization efficiency (eq 1)

https://doi.org/10.1021/acsenergylett.1c02058
ACS Energy Lett. 2021, 6, 4291-4298
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toward CO of the two systems, now taking into account the
amount of CO, that is lost to an unwanted (bi)carbonate
reaction. Here, Figure 4a—c shows the conversion of CO, to
CO as well as the overall CO, loss in absolute terms of flow
rate, while the CO, utilization efficiency is presented in Figure
4d—f. The results in Figure 4a—c are useful to highlight the
differences between the BPMEA and AEM systems. In
particular by observing the gray areas of these images, we
can see that in an AEM configuration the amount of CO,
consumed by OH™ and formate production increases with
current density and KOH concentration. Meanwhile, the green
areas for the AEM remain similar to anion concentration,
collectively leading to CO, utilization efficiencies below 40% in
all cases (Figure 4d—f). Conversely, when one observes the
behavior of the BPMEA system, CO, loss does not vary
significantly with varying anolyte concentrations. For all
concentrations studied, the unwanted loss of CO, is roughly
1 mL/min at 50 mA/cm? and 3 mL/min at 200 mA/cm>
When paired with the improved Faradaic efficiencies with
increasing K' concentrations, the overall CO, utilization
efficiency increases for the BPMEA system, leading to a high
of 60% in 3 M KOH (Figure 4f) with unwanted CO, loss 4—5
times lower than for the AEM case. We note that the
experimental results show that CO, is still consumed in a
BPMEA cell, albeit to a much lesser extent. This indicates that
the amount of H' flux from BPM is not large enough to
neutralize all the OH™ produced or regenerate all CO,
converted to (bi)carbonate during electrolysis. As for
conversion of CO, to CO (green area in Figure 4a—c),
AEMEA outperforms BPMEA in all KOH concentrations due
to its higher FE for ECO2R. The CO, single pass conversion
efficiency in the BPMEA cell is also calculated accordingly
(Figure S9).

Combined, the results show the simultaneous benefit of
using a BPMEA with increased cation flux to the cathode. We
maintain low parasitic reactions by providing a proton flux
from the BPM to the cathode, while increasing Faradaic
efficiency by also providing higher K* concentrations to the
cathode. The dependency can be viewed clearly in Figure Sa
where the lost CO, remains flat due to the BPM, while
increased cations improve CO, selected toward CO, even in a
likely acidic reaction environment.

The utilization efficiency is the lowest in 0.2 M KOH in the
BPMEA system, which can be explained by the low
performance of ECO2R when cations are less available on
the catalyst’s surface (CO FE < 20%). This is explained by the
hydrogen evolution reaction (HER) maintaining favorable

4295

kinetics over ECO2R under cation-limited acidic conditions."®
In the absence of cations and ECO2R, the H* from the BPM is
assumed to be directly reduced to H, on the catalyst’s surface
instead of neutralizing all OH™ generated from water and CO,
reduction.””*> Thus, CO, utilization efficiencies have been
shown to be even lower than the theoretical amount of 50% as
shown in Figure 5b. With an increased availability of cations in
the 1 and 3 M KOH cases, ECO2R kinetics, which requires
protons to come from water-splitting, are however more
favored than HER. The H* from the BPM is then hypothesized
to partially neutralize the OH™ and regenerate CO, from
(bi)carbonates (Figure Sc) instead of directly being reduced to
H,. Thus, CO, utilization efliciencies are improved. For a
deeper understanding of the mechanisms, localized concen-
trations, and pathways of H' in such a system, detailed
modeling is required in the future, which accounts for both the
acid and base versions of homogeneous and heterogeneous
reactions.

From the presented results, a number of operational
comparisons can also be made about the BPMEA and
AEMEA cases independent of CO, utilization. We would
like to point out that the cell voltages needed are smaller in an
AEMEA than a BPMEA system. After correcting the voltages
for cell resistance (Figures S6 and S10), the voltages in the
BPMEA are around 0.9—1 V higher than in the AEMEA cell.
This extra voltage for the BPMEA is explained by the
minimum voltage needed for the water dissociation inside a
BPM, which is around 0.83 V, as well as an additional driving
force at the given current density.'” Nevertheless, BPMs have
the potential of reaching higher CO, utilization as demon-
strated in this work, which under a proper technoeconomic
analysis could be evaluated to determine if it offsets the added
required voltage. In addition, BPMs can maintain stable
anolyte pH values without electrolyte replenishment. The
usage of non-noble catalysts as anodes is then a possible
option, which can add extra merit to a BPMEA system.

In a further assessment, there is a substantial reduction in
salt precipitation for the BPMEA case, which supports the
reduced consumption of CO, by the electrolyte. A major cause
for the failure of CO, electrolyzer when using an AEM is salt
precipitation and blockage of the gas flow field. That happens
typically in around 1 h (Figure S11). In an AEMEA cell, salt
accumulation partially blocked the gas flow field in 1 M KOH
and fully blocked the gas channel in the 3 M KOH case after
80 min of operational time. However, in a BPMEA system, no
salt was observed after the same duration in 1 M KOH, and
there was little salt formed in 3 M KOH. A further run of the
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BPMEA cell with 1 M KOH anolyte at 100 mA/cm? showed
stable cell voltage, CO Faradaic efficiency, and anolyte pH for
5.5 h without any salt formation on the gas channel as shown
in Figure S12. These results imply that the potassium and
carbonate concentrations reach a steady-state value below the
salt precipitation limit at this current density and anolyte
concentration. Thus, once a certain potassium concentration is
reached on the cathode side, potassium is not expected to
accumulate indefinitely and will instead form a balance.
Similarly, the formed carbonate in the BPMEA case will also
not continuously build up and is expected to physically
crossover the CEM of the BPMEA. Less salt formation also
indicates that less CO, is converted to (bi)carbonate, which is
consistent with results shown in Figure 4. The morphology of
the Ag catalyst after the ECO2R test in both the BPMEA and
AEMEA cells did not change (Figure S13), suggesting a good
stability of Ag in both cells during the CO, reduction process.

We hypothesize that with a future modification of the
BPMEA system the catalyst could further favor CO, reduction
over HER with reduced cell voltages. Under such circum-
stances, H* created from the BPM could neutralize OH~
(Figure Sb) or quickly react with (bi)carbonate ions (Figure
Sc), instead of resulting in HER. One way of doing so is by
further promoting CO, reduction selectivity. In a recent
example, Endrddi et al. mixed the inputted CO, gas feed with
alkali-cation containing solutions as a way to improve the
cation concentration at the catalyst surface in a MEA cell with
a pure water anolyte.'” With this treatment, ECO2R to CO
reached several times higher activity than without any
treatment, although it required repeat implementation. Other
solutions could be coating the catalyst layer with an ionomer
that has suitable cation groups in favor of ECO2R."® Using
catalysts that have better kinetics for ECO2R than Ag could
also favor ECO2R over HER.>” Further developments may
also allow for a reduction in cell voltages. As demonstrated by
Oener et al.,*® the incorporation of catalysts within the BPM
architecture can decrease the overpotential needed for water
dissociation and thus minimize the overall BPMEA cell
voltages for high-rate CO, electrolysis. Further reductions
are also foreseen by optimizing the full contact between the
cathode, membrane, and anode to ensure that all electro-
chemical surfaces are fully functional. A challenge in such a
system is to ensure that the proton flux from the BPM can
function optimally with a potentially thicker cathode layer.
With a beneficial local environment and better catalysts in a
BPMEA cell, however, there is upward potential for CO,
utilization efficiency and energy efficiency with the given
approach.

In this work, we reported an increased ECO2R performance
in a MEA system coupled with a BPM under reversed bias.
This was achieved by allowing a higher cation concentration to
be transported to the catalyst surface. Our results showed that
CO Faradaic efficiency improved from less than 20%, as
reported in the literature, by 3-fold to 68%. With the current-
dependent H* produced from the BPM, lost CO, was also
reduced by S-fold in BPMEA cell. Thus, a CO, utilization
efficiency was achieved, which was 2 times higher than in an
AEMEA cell. Furthermore, the BPMEA cell also showed better
stability than AEMEA by maintaining a stable pH of the
anolyte and preventing rapid salt precipitation at the cathode.
With further advancement in the commercial BPM, we
anticipate the BPMEA could be a promising option for higher
CO, utilization efficiencies. In addition, this work addresses
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the importance of cation embedment while using a MEA
configuration, which leads to an advanced design for next
generation CO, electrolyzers.
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