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Bipolar membranes in electrochemical CO, conversion cells enable different
reaction environments in the CO,-reduction and O,-evolution compartments.
Under ideal conditions, water-splitting in the bipolar membrane allows for
platinum-group-metal-free anode materials and high CO, utilizations. In
practice, however, even minor unwanted ion crossover limits stability to short
time periods. Here we report the vital role of managing ionic species to
improve CO, conversion efficiency while preventing acidification of the anodic
compartment. Through transport modelling, we identify that an anion-
exchange ionomer in the catalyst layer improves local bicarbonate availability
and increasing the proton transference number in the bipolar membranes
increases CO, regeneration and limits K" concentration in the cathode region.
Through experiments, we show that a uniform local distribution of bicarbo-
nate ions increases the accessibility of reverted CO, to the catalyst surface,
improving Faradaic efficiency and limiting current densities by twofold. Using
these insights, we demonstrate a fully platinum-group-metal-free bipolar
membrane electrode assembly CO, conversion system exhibiting <1% CO,/
cation crossover rates and 80-90% CO,-to-CO utilization efficiency over 150 h
operation at 100 mA cm™ without anolyte replenishment.

Carbon dioxide (CO,) electrolysis is a promising technology for con-
verting CO, electrochemically into valuable products such as carbon
monoxide (CO) and hydrocarbons. Despite tremendous advances in
achieving industrially applicable rates (up to and over 1A cm™)", one
of the formidable challenges faced by this technology is fundamentally
unstable cell system designs®'°. The state-of-the-art membrane elec-
trode assemblies (MEAs) for CO, electrochemical reduction are

primarily based upon monopolar ion-exchange membranes (IEM),
such as cation-""" or anion-exchange'*'® membranes (CEM or AEM),
where the ionic current relies on the transport of either cations or
anions. However, monopolar-ion transport causes significant pH
deviation from the initial anolyte conditions due to CO, acidification
and carbon crossover” ™", Specifically, under high-rate CO, electro-
lysis, monopolar IEM-based systems result in a substantial loss of feed
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CO;, (e.g., >50% for CO production) due to (bi)carbonate (HCO37/
CO05%) formation, transport, and eventual regeneration at the opposite
electrode®”*8202,

The natural tendency for the anodic environment to shift towards
neutral pH with monopolar membranes necessitates the use of anode
materials based on platinum-group metal (PGM) elements, such as
iridium and ruthenium oxides, to maintain efficient and stable kinetics
for water oxidation’. However, the demand for PGMs needed to scale
CO, electrolysis up to practical gigawatt levels is prohibitive from both
economic and scarcity perspectives unless the PGMs can be limited to
<0.1mgcm™ or > 90% recycled®. To allow for the use of a PGM-free
anode, one must frequently replenish the alkaline anolyte to resist
steady anode acidification®*. Alkaline electrolytes such as KOH, how-
ever, are themselves electrochemically manufactured from KCI via
chlor-alkali processes®, so the required alkaline electrolyte replenish-
ment rate would be equivalent to the CO, reduction rates and neces-
sitate substantial electrolyte and water turnover.

Salt precipitation also poses a challenge at the cathode. In AEM-
based systems, critical stability issues result from excessive cation
crossover and (bi)carbonate salt accumulation, which can precipitate
at the gas channels and block CO, transport to the active sites®'%?¢%%,
This issue can be relieved to different extents by recently proposed
techniques, such as periodic water flushing'**, pulsed operation®,
or process optimization (e.g., increased temperature or decreased
anolyte concentration)'*"*?, but these cannot completely mitigate the
phenomenon. Use of a CEM and acidic media might resolve the
carbonation issue by supplying protons to convert (bi)carbonate back
to CO,™**. However, the proton flux across the CEM may supply excess

protons at the cathode that promote the unwanted hydrogen evolu-
tion reaction (HER) that outcompetes the desired CO, reduction®~¢,
Modulation of the catalyst reaction environment in acidic media may
facilitate higher CO, selectivity”?, nevertheless, the acidic anolyte
conditions will still necessitate iridium-based anodes for water oxida-
tion. Lastly, pure water-fed systems have been demonstrated™”.
However, due to the lower electrolyte conductivity, these systems
typically show substantially larger cell potentials than those with low
concentration electrolytes.

A system configuration based on bipolar membranes (BPM), as
depicted in Fig. 1a, provides a promising avenue for maintaining a
stable alkaline condition for PGM-free anode and generating a current-
dependent proton flux to ameliorate (bi)carbonate formation (Fig. 1b)
at the cathode®®*’. The BPM comprises a cation-exchange layer (CEL)
and an anion-exchange layer (AEL), with their interface (bipolar junc-
tion) dissociating water into H* and OH™ (Fig. 1c) when operated in
reverse bias*’. As a result, the BPM can supply current-dependent
fluxes of protons to the cathode and OH to the anode, thus inherently
maintaining a stable pH difference at both cathode and anode during
electrolysis while limiting ion crossover. BPM-based systems, if oper-
ated well, can sustain high anodic alkalinity to allow the use of PGM-
free anode (e.g., nickel-based anode*’) and utilize protons to revert (bi)
carbonate to CO,, thus preventing salt precipitation (Fig. 1b) and
increasing CO, utilization.

At present, however, it remains challenging to achieve an efficient
and stable PGM-free BPMEA cell, which requires well-controlled local
ionic transport and chemical reactions. Importantly, CO, crossover
through the membrane should be eliminated to avoid anolyte pH
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Fig. 1| lllustration of an ideal BPM-based membrane electrode assembly for
CO0,-to-CO electrolysis. a A schematic illustration of an ideal BPMEA cell config-
uration. b Elucidation of the use of the reverted CO, from (bi)carbonate

Water dissociation

acidification for CO, reduction at the interface between the cathode and cation-
exchange layer (CEL). ¢ Water dissociation at the interface between CEL and anion-
exchange layer (AEL).
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Fig. 2 | 1D continuum modelling results of the BPMEA. a Modelled and experi-
mental Faradaic efficiencies of CO for catalyst layer (CL) incorporated with Sus-

tainion (Sus-CL) or Nafion (Naf-CL) as a function of current densities. Comparison
of b pH, ¢ (bi)carbonate concentrations, and d CO, local concentration across CLs
at 100 mA cm™ Profiles of e pH, f (bi)carbonate ions, and g CO, local concentration

Position (um)

Position (um)

across CEL and Sus-CL as a function of proton transference numbers. The bipolar
junction is located at x=0 pm, and the CEL|CL is located at x =75 um. The con-
centration profiles of the CEL for ¢ and d are presented in Supplementary Fig. S2,
and not shown here for clarity.

neutralization and allow the use of a PGM-free anode, such as nickel.
Meanwhile, alkali cation crossover should be controlled within a range
sufficient for the activation of CO, reduction, but limited enough to
prevent excessive salt precipitation at the cathode.

Poor management of the local ionic transport and reactions within
the catalyst layer usually entails undesired HER and thus low selectivity
for CO, reduction at the cathode due to the high availability of protons
close to the catalyst that appear to be more easily reduced***°. Product
selectivity can be improved by either introducing a stagnant catholyte
layer at the cathode/CEL interface®®" or applying an acid-tolerant and
selective catalyst®*. The abundant cations in the catholyte layer can
activate CO, reduction but may cause salt precipitation”. Recent
reports®** have also shown that acid-tolerant catalysts, such as mole-
cular or metal-nitrogen-carbon catalysts, are more selective than silver
catalysts for CO, reduction due to their weak binding with protons*’~*
but remain far inferior to monopolar IEM-based systems.

This work reported here uses a combined theoretical and
experimental approach to understand the scientific challenges central
to BPMEA systems and presently impede their prospects. The results
unveil that the ion transference number of the membrane and local ion
transport within the catalyst layers serve a pivotal role in eliminating
counterion crossover and maximising accessibility of the catalyst
surface to the reverted CO,. The insights provided by our work can
guide the rational design of BPM-based electrochemical systems.

Results
To understand the local ion transport in a BPMEA, a 1D isothermal
continuum model was developed based on previous work by

Weng et al.>® and Lees et al.”’. The model domain includes an ionomer-
impregnated porous cathode catalyst layer (CL) and CEL of the BPM.
The catalyst layer consists of nickel-nitrogen-carbon catalyst (NiNC-
IMI) mixed with either cation- (Nafion, a sulfonated fluoropolymer®) or
anion-exchange ionomer (Sustainion, an imidazolium functionalized
styrene polymer™). The model was fit to the experimental CO Faradaic
efficiency data collected from NiNC-IMI catalyst layers with Sustainion
ionomers by adjusting the electrochemical parameters such as the
transfer coefficients and exchange current densities for CO, reduction
and the competitive HER (see Fig. 2a). To validate the model, the same
kinetic parameters were then used to predict the CO Faradaic effi-
ciency data collected with the Nafion ionomer. Details of the models
(e.g., equations, boundary conditions, and parameters) are described
in the Supplementary Information.

Since previous work has shown the role of anolyte ion con-
centration and crossover on cathodic performance and stability in a
BPMEA CO, electrolyzer*’, we used the model to more deeply
investigate two strategies to control the ionic transport within the
cathode. Specifically, (i) the use of ionomer in the CL for selective
ionic transport and (ii) promoting an increased proton transference
number in the CEL. Including ionomer in the catalyst layer is a
common and effective approach to modulate local ionic transport.
Further, maintaining a high proton flux from the CEL to the cathode is
also a prerequisite for a stable and efficient BPMEA system. Near-
unity water dissociation efficiencies are desired as they limit ionic
interactions between the anode and cathode environments that can
impact anolyte pH and salt precipitation at the cathode. Therefore,
these two strategies are perceived as practical approaches to
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managing local ion transport and thus reaction microenvironment in
the electrolysis cell.

We first examined the role of ionomer choice for the CL in
determining local ionic concentrations in the catalyst layer. As pre-
sented in Fig. 2b, c, incorporating anion-selective Sustainion ionomer
in the CLs (Sus-CLs) leads to a counterintuitively lower pH and CO5*
concentration than the Nafion ionomer in the CL (Naf-CLs). Notably,
the Sus-CLs case provided a substantially higher (7 folds) HCO5;™ con-
centration near the CEL|CL interface, and over the entire catalyst layer
an average HCO5™ concentration that is more than twice that of the Naf-
CLs case. This discernible divergence is a result of the different fixed
charges of the two ionomers. Anion exchange ionomers promote the
transport of generated (bi)carbonates from the cathode towards the
BPM, while the Nafion rejects this transport and promotes an increased
(bi)carbonate concentration near the generation point. The positive
fixed charge of the Sus-CLs then provides ample HCO;™ available for
acidification and CO, regeneration near the CEL|CL interface.

In addition to the anion transport, it is important to assess the
cation transport (H" and K*). As further suggested from the calcu-
lated K" profiles shown in Supplementary Fig. S3a, the positively
charged quaternary ammonium groups in the ionomer at least par-
tially exclude K" transport from CEL to CL in the Sus-CLs and thus
likely contribute to the observed reduced pH in the CLs by lowering
the required amount of OH" ions needed to balance the positive
charge. By contrast, the concentration profiles predicted for Naf-CL
indicate amore uneven ionic distribution as compared to Sus-CL. The
negatively charged sulfonic groups in Nafion lead to an excessive
amount of K* in the Naf-CL (see Supplementary Fig. S3a), which then
fosters a high content of OH™ (or high pH shown in Fig. 2b) and CO5*
to maintain charge neutrality.

Overall, both ionomer cases show the ability for CO, that is con-
verted to (bi)carbonates to be regenerated into CO, by the proton flux
from the CEL of the BPM. Interestingly, the concentration of HCO3" at
Naf-CL shown in Fig. 2c decreases from around 1.0M at CL|GDL
interface down to 0.047M at the CEL|CL interface. Such a steep
decrease in HCO5™ concentration is a result of increased local pH inside
Naf-CL. Due to the high local pH inside Naf-CL (Fig. 2b), however, the
regenerated CO, tends to diminish and convert back into CO5* within
the Naf-CL (Fig. 2c). As such, the uneven ionic distribution in Naf-CL
might not be ideal for an efficient electrochemical conversion of CO,
because it could cause a low utilisation efficiency of the reverted CO,
for electrochemical conversion. Similarly, the local CO, concentration
near the Sus-CL|CEL interface is slightly higher than Naf-CL|CEL inter-
face (Fig. 2d) due to a higher concentration of HCO;~ which promotes
CO, regeneration. However, the CO, concentration throughout the
bulk of the CL is similar for the Sus-CL and Naf-CL because of the
constant excess CO, supply provided at the CL|GDL interface.

Next, we use the Sus-CL model to investigate the impact of H*
transference number on the local ionic transport across the CLs. The
ionic conduction across the CEL|CL interface relies on the transport of
H*, K*, and (bi)carbonate ions, with H* being the primary charge carrier.
The H* transference number quantifies the fraction of current asso-
ciated with H" transport across the CEL. The total ionic current is the
sum of the H* transport, K* crossover from the anode, and anion
crossover from the cathode. By sweeping the H* transference number
from 0.75 to 0.95, as presented in Fig. 2e-g and Supplementary
Fig. S3b, we observed a decrease in pH, K' and CO5* concentrations
but an increase in HCO3™ concentrations in the CLs. This trend is as
expected because an increase in H" transference number indicates a
suppressed current associated with K* cations and promotes carbo-
nate acidification within the CLs. Additionally, as shown in Fig. 2g,
increasing the H' transference number does not notably increase the
local CO, concentration but reduces the CO, concentration within the
CEL due to the minimised (bi)carbonate crossover from CL to CEL. The
downside of an increased H' flux across CEL|CL interface could be HER

out competing CO, reduction through direct H' reduction and limited
cations available to activate CO, electrochemical reduction.

The role of ionomer in CL on BPMEA performance

To validate the predictions of the model, we compared experimentally
NiNC-IMI CLs prepared with Sustainion and Nafion ionomers. A com-
prehensive study of the NiNC-IMI catalyst has been published
elsewhere®**, so this study will focus on the role of the ionic transport
in the CLs on the BPMEA performance by using the NiNC-IMI as a
model CL. The products from the BPMEA cells are primarily CO and H,
with minor formate or formic acid (see nuclear magnetic resonance
results in Supplementary Fig. S4a). Because the BPM is effective in
minimizing formate crossover to the anolyte®, it is challenging to
calculate the formate FEs accurately by analysing anolyte composi-
tions. Hence, this work focuses mainly on the CO and H, products from
the electrolysis.

Figure 3b-d shows that the ionomer in the CL defines cathode
activity and selectivity in the BPMEA configuration. 15 wt% Sustainion
ionomer in the CL can profoundly improve the catalyst CO FE and
partial current densities compared to the 15 wt% Nafion. Due to the
different equivalent weight of the ionomers (1100 g/mol for Nafion;
~225g/mol for Sustainion®), 15wt% Sustainion contains approxi-
mately five times the concentration of ionic groups as compared to
the 15wt% Nafion. Considering the reported minor effects of ion-
exchange capacities on selectivity and stability of NiINC CLs*, this
study chose the CLs with these ionomer loadings are used as model
electrodes. As shown in Fig. 3b, the CO FE is 69.7 + 0.5% at 50 mA cm™
and 45.4 + 0.5% at 200 mA cm™ for CLs with 15% Sustainion ionomer,
much higher than the CLs based with Nafion (53.5+4.2% at
50 mA cm™ and 21.4 +1.0% at 200 mA cm™). The Naf-CLs reach a CO
limiting current density of ~ 41mA cm™, more than two-fold lower
than the Sus-CLs (>105 mA cm™).

When compared with those reported in the literature, as shown in
Supplementary Fig. S5 and Supplementary Table S1, the BPMEA cells
using CLs with 15% Sustainion ionomer, as studied in this work, show
the lowest cell voltages and are among the best reported CO partial
current densities at cell voltages below 4 V. It is interesting to note that,
regardless of the catalyst and polymer materials used in the CLs, the
NiNC-IMI CLs with 15% Sustainion ionomer show the same CO partial
current densities - cell voltage relations to the CLs based on cobalt
tetraaminophthalocyanine catalysts grafted on the positively charged
polymer, as very recently reported by Li et al.>®. Both cases are superior
in CO partial current densities to most of the reported CLs based with
Nafion**>*¢3758 or no ionomers*® for BPMEAs at below 4 V cell voltages.
Such similarity in these two positively charged CLs indicate that, the
CO production rate at relatively low cell voltages should be strongly
correlated with the presence of positively charged polymer (i.e., Sus-
tainion ionomer or other positively charged polymer) in the CLs, which
exerts a profound impact on the ionic transport.

Therefore, the notable enhancement in CO,-to-CO upon FEs and
partial current densities is related to the local mass transport within
the CLs that either improves the local concentration of CO, or limits
the local concentration of protons. Supplementary Fig. S6 demon-
strates no significant suppression of HER by the Sustainion ionomer,
implying a similar local proton availability and/or catalytic HER activity
in both cases. Hence, we postulate that the observed improvement
likely originates from the enhanced bicarbonate local transport within
Sustainion-based CLs, as predicted from our model in Fig. 2c. The
increase in local bicarbonate concentration in the CL provides an even
CO, distribution in the CL and thus promote CO, electroreduction.

In the BPMEA reported here, there are two sources of CO,: CO,
that dissolves from the gas feed and CO, that is regenerated from
bicarbonate via acid-base chemistry. The modelled CO, concentration
profiles (Fig. 2c, f) show that the potent proton flux from the CEL yields
apeak in CO, concentration at the CEL|CL interface. The increased CO,
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Fig. 3 | Comparison of catalyst layers for CO, reduction to CO in BPMEA cells.
a Schematic illustration of the CL on a gas-diffusion layer (GDL), the catalyst
materials, and the importance of the migration of (bi)carbonate across the
Sustainion-based CL for CO, local regeneration. Faradaic efficiency of b CO and

¢ hydrogen of the CLs versus total current densities. d CO partial current density

and e CO,-to-CO utilization efficiency over CLs. f pH changes of 100 mL 0.1 M KOH
aqueous anolyte as a function of CLs before and after cell tests (6300C total charge)
under 50-300 mA cm™. The error bar represents standard deviations over at least
three tests.

concentration results in an increase in the predicted CO, flux and CO
partial current density near the CEL|CL interface as shown in Supple-
mentary Fig. S7. This result is consistent with our previous bicarbonate
electrolyser model that shows high CO formation rates at the CEL|CL
interface™. In this BPMEA model, a high rate of CO formation is also
observed at the CLIGDL interface. This difference is attributed to the
additional CO, source from the gas phase, which is absent in the
bicarbonate electrolyser. These modelling results confirm that both
regenerated and dissolved CO, contribute to CO production in
a BPMEA.

Since bicarbonate anions exhibit more facile transport in the
anion-exchange Sustainion ionomer than the cation-exchange Nafion
ionomer'® (see Fig. 2b), we predict that the Sustainion ionomer should
allow a facile transport of bicarbonate anions for CO, regeneration,
providing ample local CO, for electrochemical conversion across the
CL structure (see Fig. 3a). By contrast, in the Naf-CL, the regenerated
CO, tends to be spatially localized, causing a limited proportion of
catalyst surface in the CLs to be accessible by the regenerated CO,.
Therefore, the even distribution of bicarbonate enables the Sustainion-
based CL with a larger catalyst surface area accessible by the regen-
erated CO, than a Nafion-based CL*’. Thus, while both systems enable
reasonable CO, utilization efficiencies, Sus-CL case exhibits both

higher CO, utilization efficiencies, CO FE, and partial current densities
at comparable cell voltages (Fig. 3d).

Figure 3e shows that the CO,-to-CO utilisation efficiency increases
with current density. Here, the CO,-to-CO utilisation efficiency is
defined as the ratio of the CO, reduced to CO versus the total CO,
consumed in the cell (i.e., due to crossover and reaction). The
observed CO,-to-CO utilisation trend as a function of current density
could result from an increase in the H' transference number across the
CEL of the BPM, because water dissociation dictates the overall ionic
current while the co- and counter-ion crossover is mass-transport
limited at increased current densities®®. When one mole of CO is pro-
duced, for example, there will be two moles of electrons consumed,
two moles of H/K" transported from the CEL, and two moles of OH' co-
produced. The OH can then be converted into one-mole carbonate or
two moles of bicarbonate, which require two moles of protons to
remove the (bi)carbonate species. Therefore, the H* transference
number determines the availability of the H" to revert the generated
(bi)carbonate species back to CO,. As the H* transference number is
always below 1, it means that some CO, converted to (bi)carbonates
are never recovered and will either precipitate at cathode or crossover
to the anode at periodic intervals. Consequently, a high H* transfer-
ence number across the BPM is beneficial to lowering the local pH and
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regenerating CO, from (bi)carbonate, hence, maximizing CO,-to-CO
utilisation efficiency.

Therefore, the CO,-to-CO utilisation efficiency could serve as an
indicator for the availability of reverted CO, for electrochemical con-
version in the CLs. As shown in Fig. 3e, both CLs based with 15 wt% and
30 wt% Sustainion ionomer exhibit higher CO,-to-CO utilisation effi-
ciency than the ones with Nafion ionomer at current densities below
250 mAcm? This experimental observation further confirms the
beneficial effect of Sustainion ionomer in improving local availability
of the reverted CO, accessible by the catalysts for electrochemical
conversion.

A further increase of Sustainion ionomer loading to 30 wt% in the
CL lowered the FEs and limiting current density for CO production.
(Fig. 3b-d) Such decline in performance is likely attributable to the
blockage of the CL pores and reactive sites by the ionomer itself,
resulting in an increased diffusion length for CO, gas from gas chan-
nels to the catalyst surface or loss of active surface in the CLs,
respectively. However, the CO,-to-CO utilisation efficiency is not sig-
nificantly impacted by the increment of the ionomer loading, implying
that in-situ formed (bi)carbonate ions can be reverted to CO, easily
within the CL matrix.

More importantly, as shown in Fig. 3f, the anolyte shows only a
slight decrease in pH after the cell testing, with a total charge of 6300 C
passed through the cell during the test. The pH of the anolyte could
have been decreased because of both carbon crossover from the
cathode to the anode and cation crossover from the anode to the
cathode. The minimal change in the anolyte pH is due to the unique
BPM function, which supplies protons at the cathode to convert (bi)
carbonate anions to CO, for CO production and minimises ion cross-
over rates across the cell. This feature allows BPMEA cells to be oper-
ated stably using a PGM-free anode based on nickel and with a high
CO,-to-product utilisation efficiency, which could not be easily done
using monopolar membrane-based electrolysis cells.

The role of the H* transference number on BPMEA performance
The role of proton transference number is investigated experimentally
by examining the effect of K* cation crossover on CO, reduction using
0.1M and 1M KOH as the anolyte. A concentrated KOH is expected to
accelerate the crossover rate of K due to the large concentration
gradient across the membrane (see Supplementary Fig. S8a). Because
cations are essential in activating CO, reduction, the results in

Supplementary Fig. S8b show that 1M KOH anolyte can slightly
improve CO FE at current densities >150 mA cm™. This finding is con-
sistent with our previous report highlighting the cations’ vital role in
enhancing CO FEs over silver electrodes*’. Supplementary Fig. S8c
suggests that the BPMEA cell with a dilute anolyte shows a higher CO,-
to-CO utilisation efficiency than the concentrated anolyte. This trend
matches our model predictions of the proton transference number in
Fig. 2d-f, because a reduced K" crossover rate achieved by using a
dilute anolyte leads to an increase in proton transference number and
acidification of (bi)carbonate within the CL. Therefore, a trade-off
exists between product selectivity and CO, utilisation efficiency when
choosing the anolyte for the BPMEA cell.

Local H* enrichment at CEL/CL interface

In addition to the distribution of (bi)carbonate ions within the CL, we
studied the local reaction environment at the CEL|CL interface by
introducing a hydrophilic porous spacer (65 um thick) between the CL
and CEL. (Fig. 4a) This configuration is fundamentally different from
the previously reported method* by Xie et al. that includes con-
centrated salts within the spacer. In this study, we applied the spacer
pre-soaked with ultrapure water before the cell assembly. The ion
conduction within the spacer solely depends on the ionic fluxes of
protons, (bi)carbonate anions, and K* cations that come from the CEL
and anolyte.

As shown in Fig. 4b, the spacer significantly suppresses the HER
down to below 15% and boosts the CO FEs up to 91% at 50 mA cm™ and
88% at 100 mA cm2, which is almost comparable to MEA cells based on
monopolar membranes. The comparison of the CO partial current
densities vs. cell potentials, as shown in Supplementary Fig. S9, sug-
gests cells with and without spacer achieve similar CO partial current
densities under similar cell voltages. Therefore, the observed CO FE
enhancement is mainly attributable to the suppression of HER at CL|
CEL interfaces. This finding also indicates that the majority of HER in
the absence of spacer occurs at the CL|CEL interfaces due to the direct
contact of the CL with excess protons; the spacer increases the
retention time for protons to reach the catalyst surface, thereby
enabling more CO, regeneration from (bi)carbonates.

The drawback to including the spacer in the BPMEA cell is the
large ohmic loss due to the slow ionic conduction across the spacer, as
verified by the electrochemical impedance spectroscopic analyses in
Supplementary Fig. S10. The absence of abundant water at the cathode
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1L 0.1M KOH as the anolyte, Ni foam as the anode and NiNC-IMI catalyst with 15%
Sustainion ionomer as the cathode CL. The flow rate was 20 sccm for the CO, gas
inlet and 30 mL min™ for the anolyte. The error bar in d represents the stand
deviation across more than three tests.

side of the BPMEA accelerates the dehydration of the spacer, which
causes further reduction of the ionic conductivity of the spacer and
eventually rapid cell voltage overshoot (See Supplementary Fig. S11).
Nonetheless, the results highlight the importance of the cell config-
uration in determining the CO,-to-CO selectivity of the BPMEA cells.

Effect of ion transport on BPMEA cell voltages
The local ionic transport has an impact on the BPMEA cell voltage.
Most of the current BPMEAs require higher cell voltages than mono-
polar MEAs to drive the same current densities due to the high over-
potential for water disassociation (WD) at the bipolar junction. Recent
reports have indicated that WD kinetics can be effectively improved by
using proper catalysts at the bipolar junction® and optimising the
operating conditions (e.g., increasing temperature)®, which has been
widely discussed in the literature and is beyond the scope of this study.
Instead, this study investigates how the local ionic transport across the
CLs influences the overall cell voltages.

The electrochemical impedance data (see Supplementary Figs.
S12 and S13) shows that the choice of the ionomer in the CL has a
significant impact on the ohmic loss of the BPMEA. This result is not
surprising because the ohmic resistance is dominated by the ionic
transport. As shown in Supplementary Fig. Sl4a, the CLs with Sustai-
nion consistently show 1-1.34 Q cm?® lower ohmic resistance than the
CLs with Nafion across the tested current densities. This difference
becomes more discernible at high current densities and can be trans-
lated into a significant ohmic overpotential of ~0.4 V at 300 mA cm™
(Supplementary Fig. S14b). This improvement can be a result of the
much lower ionic conductivity of the Nafion (~30 mS cm™ in KOH

at 25°C)* than the Sustainion polymer (~60 mS cm™ under similar
conditions)’.

Additionally, the Nernstian shift, arising from the pH gradient
between the cathode and anode, should also serve a role in influencing
the observed cell voltages. As it is challenging to determine the pH
accurately at the BPMEA cathodes due to the experimental limitations
and pH variations across the CL structures, we estimated the impact of
the local ionic transport on the Nernstian shift using our models and
compared the results in Supplementary Fig. S15. Due to the higher
estimated pH over the Naf-CLs (see Fig. 2b as an example), the
Nernstian shifts for the Naf-CL case then exerts slightly more negative
impact (<0.1Vc.f. -0.4 V difference for ohmic loss) on the overall cell
voltages across the tested current densities than Sus-CL cases. This
modelling result, together with the impedance analyses discussed
above, indicate that the impact of the ionic transport on cell voltages is
more closely related to the ionic conductivity of the CLs than the
Nernstian shift.

Long-term stability and ion crossover

Finally, we evaluated the long-term stability of the PGM-free BPMEA
cell, particularly as it relates to the anolyte pH and the stable use of
nickel anodes. Figure 5a indicates that the CO Faradaic efficiency
rapidly dropped from 73% to 64% within the first 1.5 h, then decreased
linearly to 30% after 150 h at a degradation rate of 0.36% per hour.
Meanwhile, the HER increased along with the loss in CO FE. Such dis-
cernible selectivity loss likely originates from an increase in the contact
area between the catalyst and H" and possible deactivation of the
catalyst layer in the acidic environment due to the lack of sufficient K*
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in the CLs. Both could contribute to the rise in the rate of HER and
suppression of the rate of CO, reduction. As long-term stability over
1000 h has been demonstrated very recently in pure water-fed CO,
electrolysis in MEA, where concentrations of alkali cations are also
limited, the stability of the CO, reduction over BPMEA should be fur-
ther improved by implementing the advances in designing alkali-
cation-lean CLs, such as the use of novel catalyst layers® and charged
polymers?.

The cell voltage also increased at a degradation rate of 0.086% per
hour. By comparing the ohmic resistances obtained from electro-
chemical impedance (Supplementary Fig. S16), we found that the
degradation of the cell potential should be related to the increase of
the polarization resistance over either the cathode or anode rather
than the deterioration of the BPM. On the other hand, as shown in
Fig. 5b, the CO,-to-CO utilisation efficiency increased rapidly in the first
1.5h and was subsequently sustained at above 80-90% across the
measurement. The rapid rise in CO, utilisation within the first 1.5h
implies that the rapid drop in CO FE is mainly a result of an increase of
proton local availability for HER in the CL.

Without replenishing the anolyte across the entire test, we
observed no significant change in the pH value of the anolyte after the
test, as shown in Fig. 5c. The titration results shown in Fig. 5d and
Supplementary Fig. S17 revealed that about 0.006 mol K* cations have
migrated to the cathode side, which is equivalent to 0.21 % of the ionic
current during the conditioning. Due to the anolyte’s high alkalinity,
most of the CO, crossover is converted to carbonate ions in the ano-
lyte. Figure 5d shows that the anolyte after the test is composed of
0.0735M OH and 0.011M COs?*, implying that the (bi)carbonate
crossover contributed to <0.774% of the ionic current. The extremely
low K" and CO, crossover rates were essential in sustaining the Ni-
based anode stability without replenishing the anolyte during the 150-
h test. We posit that a proton transference number of -99% was
maintained over the course of the experiment. While the 0.21% K*
crossover is likely needed to maintain CO, reduction at the cathode,
the 0.774% carbonate crossover is all that needs to be avoided to
maintain anolyte pH indefinitely.

After 150 h conditioning within the BPMEA cell, as revealed by
the XRD results in Supplementary Fig. S18, the Ni anode remained as
metallic Ni, while additional minor phases related to potassium
nickelates®* formed due to the long-term oxidising treatment.
Importantly, no nickel carbonate phase was detected in the condi-
tioned anode, implying that the BPMEA configuration stabilised the
Ni-based anode. Ex-situ surface analyses further confirm that both
fresh and conditioned anodes are predominantly covered with
Ni(OH), species at the surfaces (Supplementary Fig. S19), and that
their structures shown in Supplementary Figs. S20 and S21 remain
intact after 150 h conditioning. The retained structural and chemical
stability of the Ni anode is a main result of the alkaline local envir-
onment achieved by the BPM, which supplies hydroxide ions and
suppresses K* and CO, crossover.

We also noticed that the inlet pressure of the cell rose after an
interval of 12-30 h. The rise of the inlet pressure is mainly a result of
the build-up of precipitated (bi)carbonate salts at the entrance of the
gas channel in the cell, though there was no discernible salt pre-
cipitation elsewhere in the gas channels or the back of the cathode
(see Supplementary Fig. S22). The salt precipitation occurs typically
when the concentration of the local (bi)carbonate exceeds the
solubility (e.g., 8.03M for K,CO3 and 3.62 M for KHCO3)**** at the
cathode structure and the crystal can grow continuously to reach
the gas channels, similar to efflorescence process, due to its hygro-
scopic and porous nature. The inlet pressure rise (due to the
salt precipitation) elucidates that there is a continuous supply of K*
from the cation crossover of about 0.21% to the cathode for the salt
precipitation, which cannot be easily mitigated, especially at a high
current density.

To circumvent this issue, we applied -1 mL pure water pulse to
wash off the precipitated salt from the gas channel during operation
when an increase in inlet pressure was observed. Unlike the reported
hourly water flush to remove the salts at the cathode for the anion-
exchange membrane electrode assembly cell**, the BPMEA cell
requires a much less frequent water pulse, thanks to its high CO, uti-
lisation and controlled K* concentrations at the cathode. The water
pulse operation also showed negligible impact on the cell potential
and CO Faradaic efficiency, as shown in Fig. 5a.

In summary, this combined modelling and experimental work
highlights and elucidates the critical role of the local ionic transport
and reaction environment in determining the CO,-to-CO activity,
selectivity, and utilisation efficiency in BPM electrode assemblies
constructed without platinum group metals. The combined theore-
tical and experimental results reveal that an even distribution of
bicarbonate across cathode catalyst layers enhances the accessibility
of the reverted CO, to the catalyst layer and thus boosts CO Faradaic
efficiency and limiting current densities more than two-fold. We also
found that the proton transference number determines the CO,
utilisation efficiency: a high proton transference number generally
achieves a high CO,-to-CO efficiency but may not necessarily lead to a
high CO, reduction selectivity. Although hydrogen evolution still
outcompetes CO, reduction at >150 mA cm™, our results suggest
that hydrogen evolution occurs primarily at the membrane/catalyst
interfaces and can be suppressed effectively by the inclusion of
a spacer at the interface. Lastly, we demonstrate notably low
crossover rates for CO, and K* (<1% of total charge) over a PGM-free
BPMEA cell operating at 100 mA cm™ for 150 h. This cell achieves
a 80-90% CO,-to-CO utilisation efficiency and stable alkalinity in
the anolyte. The findings of this work provide new insights into
advancing and assessing BPM electrochemical systems via catalyst
material design and modulation of local transport and reaction
microenvironment.

Methods

One-dimensional modelling

A 1D isothermal continuum model was developed for the cation
exchange layer (CEL) and catalyst layer (CL) of the BPM-based CO,
electrolyser MEA based on previous porous electrode models by Weng
et al.** and Lees et al.”' (Supplementary Fig. S1). The CL domain of the
model was assumed to be composed of gas, Sustainion or Nafion
ionomer, and solid NiNC-IMI catalyst phases with constant volume
fractions of 0.37, 0.43, and 0.2, respectively. These values correspond
to the volume fractions of the ionomer and catalyst in the ink precursor.
The CEL domain was assumed to be impermeable to gas transport and
composed entirely of Sustainion ionomer. Supplementary information
provides a detailed description of the governing equations, effective
diffusion coefficients, boundary conditions, and Donnan equilibriums
for the models.

Imidazolate-derived Ni-N-C catalyst synthesis

The imidazolate-derived Ni-N-C (NiNC-IMI) catalyst for the cathode
was synthesized following the reported approach®’. Briefly, we first
mixed 0.03 mol Ni(NO3),.6H,0 (equivalent to 8.724 g) with 24 g imi-
dazole compound in 600 mL deionized water, and then added
1200 mL 0.3 M NaOH solution into the mixture with a dosing rate of
60 mL min™., After stirring the solution for 6 h, we collected the solids
via vacuum filtration, washed till the filtrate reached pH neutral, and
finally freeze-dried. We annealed the dried sample under flowing
nitrogen (-80 mLmin™) at 800 °C for 3 h at a ramping rate of 5°C
min’, soaked the annealed sample in 200 mL -1 M H,SO, stirred for
10 h, washed the acid-treated solids several times with water till pH
neutral, and freeze dry the samples to obtain the imidazolate-derived
Ni-N-C catalyst (short for NiNC-IMI). The detailed characterization of
the catalyst materials has been presented in recent report™.
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Cathode preparation

We prepared the gas-diffusion electrode for the cathode by spray
coating the NiNC-IMI-based catalyst ink onto the microporous layer
surface of the gas-diffusion layer prepared from DeNora. (GDL2)**. We
prepared the catalyst ink by mixing and sonicating 85 mg NiNC-IMI
catalyst, Nafion or Sustainion ionomers solutions with 15 wt% or 30 wt
% of ionomer with reference to the catalyst mass, 100 pL deionized
water, and 2900 pL isopropanol for 15 min.

Anode preparation

The anode is a nickel foam coated with Ni/Fe oxides as prepared
according to a prior report by Wang et al.*®. In brief, we soaked a
nickel foam in 3 M HCI aqueous solution overnight, rinsed the foam
with deionized water, soaked the foam in an ethanol/isopropanol
mixture (50:50 vol%) for 5 min, rinsed it again with deionized water,
and then deposit nickel-iron catalyst onto the foam surface by
soaking the foam in a solution containing 3.5 mM Ni(NOs), and 1 mM
Fe(NO3); for three days. Subsequently, the treated foam was rinsed
with deionized water, dried under vacuum for 5 h, and then activated
and stored in 1M KOH solution.

CO, electrolysis performance evaluation

The cell was purchased from Dioxide Materials and served to evaluate
the performance of the bipolar membrane-based membrane electrode
assembly. The cell comprises a cathode, an anode, and a bipolar
membrane (Fumasep FBM). A mass flow controller fed the CO, channel
with a constant flow of humidified CO,, while a peristaltic pump fed the
anolyte channel with KOH aqueous solution at a flow rate of
30 mL min™. The volume of the anolyte was kept at 100 mL for mea-
surement over different current densities (50-300 mA cm™), and at
1000 mL for measurement over 150 h stability test at 100 mA cm™. We
applied 50 sccm CO, for the cell test of varied current densities,
20 sccm for the stability test.

We also performed electrochemical impedance data for each
tested current density. The ohmic and polarisation losses can be
determined from the ohmic and polarization resistances and current
densities.

The Nernstian shift can be determined as:

X
ny= M x (pH, — pHc) @)

Because of the experimental limitations and the local variations of
pH across the catalyst layers, it is challenging to accurately determine
the pH and the Nernstian shift of the cell. Instead, we used the model to
estimate the averaged pH values of the cathode CL and calculate the
Nernstian shift caused by the cathode CLs using the equation above.

A potentiostat (VersaST4000) served to perform electrochemical
measurements over the cell in a two-electrode configuration, including
chronopotentiometry and impedance analyses. We measured the flow
rates of the effluent gas streams using a mass flow metre and subse-
quently analysed their product concentration every 5 min using online
gas chromatography (Compact GC). The GC is equipped with mole-
cular sieve 5A columns for two thermal conductivity detectors for
hydrogen and carbon monoxide detection. After the electrochemical
tests, the analytes were collected for pH measurement by using a pH
metre and liquid product analyses by using a nuclear magnetic reso-
nance spectroscopy.

To introduce a PVDF buffer layer, we first sonicated a Merck
Omnipore™ membrane filter (0.45um pore size, and 65um in
thickness) in deionized water for 5 min, and then placed the mem-
brane filter in between the bipolar membrane and cathode before the
cell test.

During the short-term stability test, we monitored the inlet pres-
sure of the cell using a pressure transducer and applied a water

(1-2 mL) pulse periodically into the CO, channel to wash off the salt
precipitation when the inlet pressure increased. The GC injections for
the stability took place every 5 h.

The Faradaic efficiency of the gas product was calculated by using
the following equation:

PxVx Cproduct xF

2
RxTxzxJ @

FE

product =

Where P is the pressure (101,325 Pa), V is the volumetric flow rate, and
Cproduce 1S the volume fraction of the gas product, F is the Faraday
constant (96,485 s A mol™), Ris the gas constant (8.314 m* Pa K'mol ™),
T is the temperature, z is the number of charges transferred to the
product, and J is the total current.

The CO,-calibrated mass flow metre reading can be converted to

flow rate by:

. MFM
V= rovu Crix 3
co,
1 [of
Cmix B Zla ¥

Where MFM is the averaged MFM reading of 30 s duration before the
GC injections, C; is the gas conversion factor for gas i, C,,, is the gas
conversion factor for the gas mixture, and c; indicates the volume
fraction of the gas i. The gas conversion factor is 0.74 for CO,, 1.00 for
CO, 1.01 for hydrogen, and 0.79 for water vapour.

We used the relative humidity of the outlet flow to estimate the
water vapour volume fraction via the below equation:

RHxP
Cwater vapor = Tsat (5)

Where the RH is the relative humidity, and P, is the water vapour
saturated pressure (2.34 kPa at 20 °C).
The CO,-to-CO utilization efficiency was calculated from:

o= Nco,~co _

14
co (6)

Nco,e  Veo,in = Veo,ou

Where fico, _, ¢ is the molar flow rate of CO, consumed to produce CO,
Nco, ¢ is the molar flow rate of CO, consumed within the cell during the
reaction, V¢, is the volumetric CO production rate, Vo, ;, is the CO,
feed rate, and V¢, o is the CO; flow rate in the effluent.

Current density can be calculated by:

._J
=L 7
J=% ™
Where A is the active electrode area (5 cm?).
The partial current density can be obtained via:
PCDproduct :j XFE[ (8)

Determination of the concentration of K™ and carbonate ions

We determined the concentration of K" ions in the anolyte by using the
dynamic equivalent point titration technique performed by Metrohm
848 Titrino Plus instrument. Specifically, 20 mL anolyte samples
before and after the stability test were continuously stirred in a beaker,
where a pH probe was immersed in the solution to record the pH
changes while 0.1067 M HCI solution was dosed into the solution via a
syringe pump. The volume of HCI dosage was recorded during the
titration. The equivalent point is determined from the steepest change
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of pH profile as a function of the acid dosage. Because the anolyte after
stability contains CO5? species, there will be several equivalent points
due to the COs> HCO3 H,CO; equilibrium reaction. The equivalent
point at pH =~ 4 indicates that all the anions in the solution were
replaced with CI' from the acid and helped us estimate the total K*
concentration in the anolyte. The total K* ion concentration can be
calculated from the below equation:

Cpo = Crct* Ve ©)

Vsample

Where C,, represents the concentration of the HCI solution, V
represents the acid dosage, and V ;. represents the volume of the
sample for titration.

To determine the carbonate concentration in the used anolyte, we
introduced excess 2mL 1M BaCl, solution into 30 mL anolyte after
stability test to remove COs* ions from the liquid system by pre-
cipitating all the COs> ions in the form of BaCOs. Because the pH is
above 12 for the anolyte after stability test, we can safely conclude that
only OH and CO5* were present in the anolyte. We separated the solid
precipitate from the solution by using a centrifuge and collected the
supernatant for the titration following the same steps as described
above to determine the concentration of OH". Then we can estimate
the concentration of CO53* from the following equations:

Co = Cua*Vua
OH =+ /130

Vv 10)

30
sample x 32

CK* — COH’
Coqr = K70 ()
The proportion of current associated with K" and CO, crossover
over total ionic current in the stability test was calculated using the

following equations:

Zion Fx Anion (12)

crossover ratio=—"% 1o
/%3600 xt

Anion = Vanolyte,beforecian,before - Vanolyte,aftercion,after (13)

The ionic current is the same to the total current J. z;,, is the
number of charges for the ions: 1 for K" and 2 for carbonate ions. An;,,
represents the change in the number of moles of the ions, which is a
function of volume of the anolyte before (V gop¢e,pefore = 1L) and after
(V anoyire,arer = 0-987L) stability test as well as concentrations of the
ions before (Cyp pefore) and after (Cipp o) Stability test. The con-
centrations of K" and carbonate ions are determined from the titration
described above.

Data availability
All data is available in the main text or Supplementary Informa-
tion. Source data are provided with this paper.
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