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bipolar membrane determines the
dominant ion and carbonic species transport in
membrane electrode assemblies for CO2

reduction†

Marijn A. Blommaert, a Rezvan Sharifian,ab Namrata U. Shah, a

Nathan T. Nesbitt, a Wilson A. Smith a and David A. Vermaas *a

A bipolar membrane (BPM), consisting of a cation and an anion exchange layer (CEL and AEL), can be used in

an electrochemical cell in two orientations: reverse bias and forward bias. A reverse bias is traditionally used

to facilitate water dissociation and control the pH at either side. A forward bias has been proposed for

several applications, but insight into the ion transport mechanism is lacking. At the same time, when

implementing a BPM in a membrane electrode assembly (MEA) for CO2 reduction, the BPM orientation

determines the environment of the CO2 reduction catalyst, the anolyte interaction and the direction of

the electric field at the interface layer. In order to understand the transport mechanisms of ions and

carbonic species within a bipolar membrane electrode assembly (BPMEA), these two orientations were

compared by performing CO2 reduction. Here, we present a novel BPMEA using a Ag catalyst layer

directly deposited on the membrane layer at the vapour–liquid interface. In the case of reverse bias, the

main ion transport mechanism is water dissociation. CO2 can easily crossover through the CEL as neutral

carbonic acid due to the low pH in the reverse bias. Once it enters the AEL, it will be transported to the

anolyte as (bi)carbonate because of the presence of hydroxide ions. When the BPM is in the forward bias

mode, with the AEL facing the cathode, no net water dissociation occurs. This not only leads to a 3 V

lower cathodic potential but also reduces the flux of carbonic species through the BPM. As the pH in the

AEL is higher, (bi)carbonate is transported towards the CEL, which then blocks the majority of those

species. However, this forward bias mode showed a lower selectivity towards CO production and

a higher salt concentration was observed at the cathode surface. The high overpotential and CO2

crossover in reverse bias can be mitigated via engineering BPMs, providing higher potential for future

application than that of a BPM in forward bias owing to the intrinsic disadvantages of salt recombination

and poor faradaic efficiency for CO2 reduction.
Introduction

Electrochemical CO2 reduction using renewable energy sources is
a key element in closing the carbon cycle while still providing
carbon-based fuels and chemicals.1 The products from this reac-
tion are chemical building blocks, which can be used in a wide
variety of fuels and plastics. In order to be competitive with current
industrial technologies, a high selectivity and throughput need to
be achieved. In recent years, the technique of combining an
electrode with a membrane, creating a membrane electrode
assembly (MEA), has led to great improvements in the CO2
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reduction eld by achieving high selectivity and current densities
relevant for industrial application.2–5 MEAs have intrinsic advan-
tages to upscale CO2 reduction electrolysers, as they allow opera-
tion in a gas–liquid conguration (improving the CO2

concentration and mass transport towards the catalyst) while
ensuring product separation. Different types of ion exchange
membranes can be used in such MEA congurations, among
which a cation exchangemembrane (CEM)6,7 or an anion exchange
membrane (AEM) are themost used in CO2 electrolyzers.2–5 A third
type of membrane used in an MEA is a bipolar membrane (BPM),
consisting of a cation and an anion exchange layer (CEL and AEL,
respectively) with an internal interface between the two layers
where a catalyst is deposited to enhance the possible water
dissociation.8–10 In addition to the catalyst at the internal interface,
electrolyte composition,11 and pH gradient,12 the two-layer
conguration of the BPM allows us to choose the orientation of
the membrane in an electrochemical cell.
J. Mater. Chem. A, 2021, 9, 11179–11186 | 11179
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For a monopolar membrane (e.g., AEM or CEM), the orien-
tation of the membrane has no impact on its function. For
a BPM, the orientation of the membrane, determining which
membrane layer faces the cathode, has great implications for its
ion transport mechanism. Two modes of operation are possible
with a BPM: reverse and forward bias (Fig. 1).

The rst mode of operation is reverse bias with the CEL
facing the cathode, where ions are depleted at the internal
bipolar membrane interface upon applying a current. To full
the requirement of a current throughout the cell, ions need to
be formed via the water dissociation reaction (WDR) into H+

and OH� ions.13 This conguration using a BPM provides ample
possibilities in the cell design, since an electrolyte with
a different pH can be used at either side; e.g. a near-neutral pH
environment at the cathode against a high pH at the anode.14

The reverse bias mode is traditionally used in bipolar
membrane electrodialysis (BPMED)15,16 and commonly used for
energy applications (including CO2 reduction and water split-
ting)14,17 and resource recovery.18 Li et al. demonstrated better
stability when sandwiching a BPM between gas diffusion elec-
trodes (GDEs), compared to monopolar membranes, at various
current densities.8 Salvatore et al. reached a faradaic efficiency
(FE) of 50% at 200 mA cm�2 with a liquid support layer of
NaHCO3 between the BPM and GDE.9 However, in neutral pH,
the overpotential of the WDR increases signicantly. On the
other hand, when the cathodic catalyst layer is attached to the
CEL of the BPM directly in an MEA conguration, an acidic
environment surrounds the catalyst, possibly favouring the
unwanted hydrogen evolution reaction.

The second operating mode is forward bias with the AEL
facing the cathode, where ions are transported towards the
interface where recombination or precipitation can occur.19 In
the forward bias mode, water is being formed at the interface
layer, which can cause blistering.20,21 This conguration was
proposed for CO2 reduction10 to leverage the recent achieve-
ments in AEM-based MEAs.22,23 Although ions may accumulate
at the BPM interface layer,24,25 the cathode–AEL environment
could be combined with a low membrane overpotential in the
forward bias mode. Pătru et al. demonstrated a forward bias
system (vapour–vapour) reaching a FE towards CO of 13% at 50
mA cm�2 while inhibiting CO2 crossover to the anode.10 This
unwanted crossover of CO2 (and its negatively charged dissolved
species, CO3

2� and HCO3
�, or carbonic acid, H2CO3, which are

all grouped under the term dissolved inorganic carbon, DIC)
compromises the efficiency of CO2 electrolyzers and is a well-
known problem, especially in AEM-based MEA congurations.26
Fig. 1 Modes of operation of a BPM, consisting of a cation exchange
layer (CEL) and an anion exchange layer (AEL): (a) reverse bias and (b)
forward bias.

11180 | J. Mater. Chem. A, 2021, 9, 11179–11186
In general, both biases of a BPM showed stability in the order
of a few hours. For developing BPM-based CO2 electrolyzers,
long term stability and therefore low ion and product crossover
through the membrane are essential. In order to achieve long
term stability for both BPM orientations in an MEA-based CO2

electrolyzer, knowledge of the ion transport is needed, which is
currently lacking in a vapour–liquid environment. In particular,
little is published on the transport mechanisms in the forward
bias mode. In this study, we reveal the ion transport mecha-
nisms and practical feasibility of a BPM in reverse bias and
forward bias embedded in an MEA for CO2 electrolysis.

Results and discussion

To study the different transport mechanisms of ions and
carbonic species within a BPM-based MEA (BPMEA), we
examine two cases for CO2 electrolysis, one case using a BPM in
reverse bias and another case in forward bias. In order to
preferentially make gaseous products, Ag was used as a catalyst
which was directly sputtered onto the membrane. Ag has shown
the ability to reduce CO2 to CO and H2 with different product
ratios depending on the applied potential, electrolyte, and pH.1

The use of a catalytic layer deposited directly on the membrane,
in the absence of a carbon based porous diffusion layer, allows
the ability to observe the possible salt formation (i.e., occurring
due to transportation of the electrolyte ions through the BPM
towards the catalyst). To achieve a direct deposition on the
membrane via sputtering in a vacuum, and to avoid structural
changes in the membrane moiety, which would occur if
absorbed water vaporizes, a heterogeneous Ralex® bipolar
membrane was used in its dry state as the catalyst support.
During the sputtering process, the BPM was de-aerated,
creating micro-cracks which facilitate the crossover of CO2

(see later). A description of the fabrication process can be found
in the ESI.†

A diagram of the BPMEA in reverse bias mode is illustrated
in Fig. 2a. Upon applying a current, water is dissociated into
protons (H+) and hydroxide ions (OH�) in between the CEL and
AEL. OH� will then transport through the AEL into the elec-
trolyte to replenish the consumed hydroxide ions at the Pt
anode (resulting in the oxygen evolution reaction). For the
forward bias mode (Fig. 2b), the Ag catalyst was deposited on
the AEL, where anions (e.g., (bi)carbonate) migrate towards the
interface with the CEL. Similarly, cations migrate in the CEL in
the opposite direction. Hence, the hypothesis for the forward
bias is that no ion depletion occurs at the internal BPM inter-
face and therefore no net WDR is expected, but salt accumula-
tion occurs instead. The implications of each of these two
different charge transport mechanisms will be discussed in the
following sections.

The selectivity of the cathodic reaction in our MEA vapour–
liquid conguration depends on the orientation of the bipolar
membrane. The reverse bias demonstrates a stable CO
production (60% FE) for one hour of operation as shown in
Fig. 2c, aer an initial stabilisation period where more H2 was
produced. With an opposite membrane orientation (forward
bias mode), a signicantly lower selectivity was obtained:
This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Schematic illustration of transport of water, CO2 and ionic species in (a) the reverse and (b) the forward bias mode. The catalyst at the
cathode is Ag, and at the anode it is Pt. The normalized faradaic efficiencies are shown for (c) the reverse and (d) the forward bias mode.
Normalization to the total evolved product is needed to compensate for the varying gas flow rate. Graphs (e and f) show the cathodic potentials
at a current density of 25 mA cm�2 (1.56 cm2 surface area, 0.036 cm3 s�1

flow rate with 4 mm electrolyte spacing and the reference electrode
(3.4 M KCl, 240mV vs. SHE) in the anolyte) for eachmode and the graphs (g and h) showmeasured pH in the anolyte with a fitted pH based on the
molar flux of dissolved inorganic carbon species. The anolyte is initially 1 M KOH.
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initially some CO was produced (maximum FE of 20%), whereas
CO could no longer be detected aer 20 minutes and only H2

was observed (Fig. 2d). As we will explain further on, the ion
transport mechanism changes around 20 minutes of operation,
and this also inuences the selectivity at the cathode. The
experiments were performed in triplicate to observe possible
sample-to-sample variation, and similar maximum FEs were
This journal is © The Royal Society of Chemistry 2021
obtained in each case with the exception that one sample in the
forward bias mode, with little CO2 crossover, showed a contin-
uous CO production of 10% (see Fig. SI2†).

The potential required to reach the applied 25 mA cm�2

strongly differs depending on the membrane orientation. For
the reverse bias mode, with the cathodic potential shown in
Fig. 2e, a highly negative potential (up to �5.5 V vs. Ag/AgCl in
J. Mater. Chem. A, 2021, 9, 11179–11186 | 11181
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the anolyte) was needed to perform the cathodic reactions,
while for the forward bias mode a cathodic potential of around
�2.0 V vs. Ag/AgCl was required to achieve the same current
density (Fig. 2f). Themajor difference can be explained from the
processes in the interfacial layer between the CEL and AEL. The
main energy loss in the reverse bias mode appears to be asso-
ciated with the WDR, shown by the membrane voltage differ-
ence of 2.3 V at 25 mA cm�2, when reverse bias is applied
compared to forward bias (see Fig. 3a). In addition, the
impedance of the BPM measured in each orientation supports
the hypothesis that the WDR is (almost completely) absent in
forward bias: the peak related to the WDR disappears in
comparison to reverse bias (see Fig. 3b).13 The voltage required
to drive the WDR indicates that the catalyst at the internal
interface is kinetically slow. Because our membrane was chosen
to allow synthesis in a dry state, this particular commercial BPM
is not optimized for CO2 reduction in this conguration. Recent
literature has shown via experimental work27–29 and simula-
tions30,31 that the catalyst overpotential can be easily reduced by
two orders of magnitude at these current densities compared to
the one that was used for these studies. Hence, the cathode
potentials in Fig. 2e and f are expected much closer to their
thermodynamic equivalent in an optimized BPMEA system.

As no net WDR occurs in the forward bias mode and ion
transport is directed towards the internal interface, ions can
neutralize in the BPM. The type of neutralization differs
depending on the type of ion, e.g. protons and hydroxide ions
will perform water association and allow harvesting a signi-
cant membrane voltage due to the high gradients in the H+/OH�

concentration over the CEL/AEL interface, leveraged in BPM-
based batteries.16,32 However, only limited protons are present
in the CEL in the forward bias mode, and K+ is present in
abundance instead (as the anolyte is chosen to be KOH). In the
case of such alkaline CO2 electrolysis, K+ will neutralize the
anions (i.e., the carbonate ions entering the AEL from the gas
side) at the internal interface, which will in theory generate
a relatively small potential drop of 59.1 mV for every order of
magnitude difference in the concentration across the interface.
Based on the work of Strathmann and co-workers, the concen-
tration in the membrane layers was found to be a function of
the charge density of the BPM (which is experimentally
Fig. 3 (a) Linear sweep potentiometry at 0.5 mA s�1 in 1 M NaCl (correc
reverse bias and negative forward bias; values at 25 mA cm�2 are 2.74 V
cm�2 with 6.4 mA cm�2 amplitude.

11182 | J. Mater. Chem. A, 2021, 9, 11179–11186
determined to be 3.2 M, see the ESI†) and the concentration of
ions in the electrolyte.33 The potential drop can then be calcu-
lated based on the concentration of K+ in the CEL (3.5 M) and in
the AEL (0.3 M), resulting in a potential drop of 64 mV. This salt
neutralization would imply a reduced cell voltage, also indi-
cated by the negative membrane voltage at low current density
in forward bias (Fig. 3a).

Although carbonate species may be the dominant charge
carriers through the BPM layers, the crossover of CO2 seems to
be lower in the forward bias than in the reverse bias, derived
from the pH of the anolyte, as illustrated in Fig. 2g and h.
Initially, the OH� is consumed to turn CO2 into CO3

2� (via
HCO3

�) as shown in eqn (1) and (2).

CO2 + OH� / HCO3
�, pKa ¼ 6.3 (1)

HCO3
� + OH� / CO3

2� + H2O, pKa ¼ 10.3 (2)

Once the pH of the anolyte decreases below the pKa shown in
eqn (2), aer approximately 15 minutes, only the reaction
shown in eqn (1) will proceed in the right hand direction, while
the reaction shown in eqn (2) is reversed since the equilibrium
conditions change.

Eqn (1) and (2) allow estimation of the CO2 crossover from
the experimentally observed change in pH for each mode.
Chemical equilibrium soware, Visual MINTEQ, was used to t
the molar ux of carbonic species through the entire BPM. A
constant ux did not give a good t with the experimental
measurements, which seems reasonable since the conditions in
the cell change over time as the carbonic species get absorbed
by the KOH anolyte. The gradual build-up of DIC in the anolyte
leads to a lower concentration gradient over the BPM, which
lowers the DIC ux over time (see Fig. SI3†).

For the reverse bias mode, a rapid pH change is observed
during the experiment as a pH of 8.0 is reached aer 60
minutes. The forward bias mode reaches a pH of 12.0 aer only
60 minutes, indicating that the OH� is consumed at a rate
approximately 5� slower than that in the reverse bias. It is
important to note that in the forward bias mode no net WDR
occurs and therefore no replenishment of consumed OH� ions
ted for electrolyte losses) with positive membrane potential indicating
(reverse) and 0.41 V (forward). (b) Galvanostatic impedance at 25 mA

This journal is © The Royal Society of Chemistry 2021
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at the anode takes place. The consumption of OH� at the anode
accounts for 15% of the OH� loss.

To explain the stark difference in CO2 crossover depending
on the BPM orientation, we need to realize via which species the
CO2 dissolves and migrates through the BPMmembrane layers.
For the reverse bias mode, where the CEL is adjacent to the
catalyst, the majority of the mobile species in the CEL have
a positive charge. There is a ux of protons coming from the
internal membrane interface, resulting in a pH below 7 in the
CEL. Therefore, the CO2 (g) will dissolve and transport as
carbonic acid (H2CO3 (aq) or CO2 (aq)) through the CEL, as
illustrated in Fig. 2a. Once the carbonic species cross the
internal membrane interface due to diffusion, the environment
becomes more alkaline due to the high concentration of
hydroxide ions either from the anolyte or from the WDR. Here,
the carbonic acid will be converted into (bi)carbonate species.
These (bi)carbonate species will move further into the anolyte
and consume OH� ions.

The forward bias mode causes the pH to be higher than 7 at
the catalyst–membrane interface, since the AEL prevents high
concentrations of protons and the CO2RR produces a signi-
cant amount of OH�. The carbonic species will enter the AEL
layer, depending on the actual pH, as carbonic acid, bicar-
bonate and/or carbonate. If the pH is higher than 8.5, then the
formation of bicarbonate is dominant compared to that of the
carbonic acid as the CO2 (g) will react directly with OH�.34 These
carbonic species will thenmove towards the internal membrane
interface. At the internal interface, the bicarbonate ions will be
rejected by the negative xed charges of the CEL. Unlike in the
case of the reverse bias mode, where the CEL is being fed with
protons (produced from the WDR at the interface layer), no
source for H+ is present in the forward bias. Therefore, we
hypothesize that the (bi)carbonate species cannot easily cross
the CEL in an electrolysis cell with an alkaline anolyte. Carbonic
acid will not be formed due to the high pH in the AEL, and the
(bi)carbonate species are rejected by the positive xed charges
in the AEL. This behaviour explains the mild pH change in
forward bias shown in Fig. 2g.
Fig. 4 Potential gradient, pH and concentration profiles of K+ and dissol
leakage through the BPM for (a) the reverse bias and (b) forward bias
membrane–electrolyte interface are shown at an increased scale. Solid l
illustrative approximations.

This journal is © The Royal Society of Chemistry 2021
The differences in concentration proles between reverse
and forward bias are summarized in Fig. 4, along with the
potential and pH of the electrolyte layer, AEL and CEL. For the
reverse bias case, a jump in pH and potential (due to the WDR)
occurs at the membrane–membrane interface (Fig. 4a) when
a current is applied, which is qualitatively based on recent
simulations.31 As the pH in the AEL and anolyte decreases, the
required potential across the membrane–membrane interface
reduces, but is compensated at the anode. Over time, the ux
will decrease as the DIC concentration gradient over the CEL
decreases. The distribution of K+ remains approximately
constant over time, and the concentration at the CEL is similar
to the ion exchange capacity. For the forward bias case (Fig. 4b),
there is no increase in potential at the AEL–CEL interface when
going from the AEL to CEL; instead, a small decrease in
potential exists due to the recombination of salt and potentially
water in the membrane. This is also reected in the concen-
tration polarization of K+ in the CEL near the membrane–
membrane interface, and the concentration polarization of (bi)
carbonate in the AEL (Fig. 4b). Due to the water association and
salt accumulation in forward bias, a substantial pH difference
between the AEL and CEL is absent, which limits the concen-
tration of DIC in the CEL. Hence, the change of the pH, DIC and
potential of the anolyte is slower over time in the case of forward
bias (Fig. 4b) than that in reverse bias (Fig. 4a).

Due to the high concentrations of K+ and (bi)carbonate at the
AEL–CEL interface in the forward bias mode, ion interaction
could occur, possibly leading to salt formation at the membrane
interface. This hypothesis is formed based on fuel cells with
a BPM, where transport of H+ and OH� ions to the interface is
reported and thus water recombination occurs at the inter-
face.20 However, in the case of CO2 electrolysis, few protons are
available and water recombination will not occur; therefore, it is
suggested that other reactions, such as the formation of
potassium salts, occur. Although this AEL–CEL voltage brings
a slight negative contribution to the total cell voltage, it will
compromise the chemical potential difference over time, as the
electrolyte loses its ionic strength. The increase of K+ in the
ved inorganic carbon (DIC) species at a fixed current density with CO2

orientation. For graphical clarity, the membrane–membrane and the
ines are the experimentally obtained values, while the dotted ones are

J. Mater. Chem. A, 2021, 9, 11179–11186 | 11183
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Fig. 5 Mass balance of the WDR products, K+ ions, CO2 conversion and DIC crossover for (a) the reverse bias and (b) forward bias orientation.
The values are in mmol cm�2 which is the total number exchanged after the duration of the experiment (1 h). Calculations of the ionic mol
balances are described in the ESI.†
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membrane layers is conrmed for the forward bias mode via
inductively coupled plasma-optical emission spectroscopy (ICP-
OES) measurements before and aer the experiment, as shown
in the mass balance in Fig. 5. In the forward bias mode, the K+

ions migrate at a rate of 130 mmol cm�2 per hour, of which 80
mmol cm�2 is transported to the catalyst surface. The remaining
50 mmol cm�2 aer one hour implies that the total K+ concen-
tration is doubled (to twice the ion exchange capacity), while the
amount of mobile charges in the membrane remains constant
in the reverse bias mode.

In this study we also focus on the crossover of K+ from the
anolyte to the catalyst at the cathode where it can form salts,
which is a common issue in MEAs for CO2 electrolysis.35 Fig. 5a
and b show themass balance for each conguration of the BPM.
The crossover in the reverse bias mode does follow the same
crossover rate as when the bipolar membrane is placed in
a liquid–liquid interface (at 25 mA cm�2, 7 mmol h�1 cm�2).11 As
mentioned earlier, the ux of K+ through the CEL is signicantly
higher in the forward bias mode due to the neutralization of the
carbonic species. In addition, the K+ deposits almost 8 times
faster at the Ag catalyst layer in the forward bias than in the
reverse bias, while the K+ needs to pass the exact same
membrane layers (only in a different order). The strongly
enhanced K+ crossover could be due to the higher concentration
of K+ in the CEL near the CEL–AEL interface, leading to a higher
concentration gradient over the AEL. Another hypothesis is the
diffusion of dissolved salt (KHCO3 or K2CO3), formed at the
internal interface, towards the cathode.

A parameter that would inuence the ion crossover – in
addition to the orientation, current density and electrolyte
composition – is the thickness of the membrane layers. As we
prepared our membrane electrode assemblies based on
a commercial bipolar membrane (heterogeneous Ralex®
bipolar membrane), it was not possible to change the thickness.
However, based on the literature we can already estimate what
the consequences would be if the thickness is altered. Recent
simulations by Bui et al. (2020) and experimental work by
Mayerhöfer et al. (2020) showed that the thickness of the anion
exchange layer (AEL) is of main inuence on the ion cross-
over.31,36 Although the inuence of membrane thickness on the
crossover of (uncharged) CO2 is not studied previously, we can
hypothesize that in reverse bias the CO2 crossover is insensitive
to the AEL thickness as the CEL determines the speciation of
CO2 and forms the main barrier for carbon transport. However,
the K+ transport would increase if the AEL thickness were
reduced.31 Similarly, for the forward bias case, we would expect
that both carbon transport and more K+ crossover would
11184 | J. Mater. Chem. A, 2021, 9, 11179–11186
increase as the AEL thickness reduces. At the same time,
a thinner membrane could strongly enhance the conductance
of the membrane, lowering the energy losses. To break this
trade-off, a more active interlayer catalyst (enhancing the WDR)
is required. Given that the much thinner FumaSep® bipolar
membranes (<200 mm) feature much lower resistance and
similar relative cation crossover11 compared to the Ralex®
membrane, thinner membranes with a more active WDR cata-
lyst seem a realistic approach to improve the system. The effort
to test this hypothesis, via reproducing BPMs at different
thicknesses, is out of the scope of the study.

Fig. 5 also reveals that the earlier discussed CO2 crossover is
at least one order of magnitude larger than the ux of potas-
sium. For the reverse bias mode, the amount of CO2 crossing
over is 36% of the CO2 feed (10 mL min�1), while only 1.6% is
consumed at the cathode. For the forward bias mode, these
values are 18% and 0.3% at maximum FE, respectively. A
physical description for the high crossover in both cases is the
deposition method of the Ag, via vacuum sputtering, which de-
aerates the BPM, creating micro-cracks that facilitate the
crossover of the CO2. These micro-cracks did not penetrate both
layers, but most likely reduced the physical barrier for CO2 of
one membrane layer, increasing the diffusion coefficient of the
carbonic species through these layers.

The combination of observed micro-cracks and high cell
voltages in the reverse bias mode (Fig. 2e), low faradaic effi-
ciency in the forward bias mode (Fig. 2d), and the literature
results from Pătru et al.10 could be associated with water
management in the membrane layers. The water dissociation in
the reverse bias mode may dehydrate the membrane layer,
which provides a suitable faradaic efficiency (Fig. 2c), but
increases the membrane voltage (Fig. 2e) and CO2 crossover due
to micro-cracks. At the same time, the forward bias mode,
without water dissociation or even water recombination at the
membrane interface, may suffer from a too high water content
that compromises the faradaic efficiency. The latter effect has
been observed as well by Pătru et al.10 To test this hypothesis,
a BPMEA was pre-treated by soaking it in demi water for 24
hours, which resulted in a 100% FE for H2 in the reverse bias
mode (see Fig. SI5†).

The high overpotentials and CO2 crossover, and water
management of membrane layers, show that a different BPM is
required to optimize the absolute performance for CO2R in this
catalyst integrated MEA. In this work, the architecture was
chosen to understand the ion transport mechanisms with the
different orientations of the BPM, allowing the ability to assess
the ion accumulation at the surface(s). However, a BPM for an
This journal is © The Royal Society of Chemistry 2021
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MEA in practical CO2 electrolysis should possess a higher
catalytic energy efficiency and ionic conductance. Also for the
deposition method, spray deposition could be used as a less
destructive technique than the vacuum sputtering used in this
study. The spray deposition oen requires a conductive
support, such as a gas diffusion electrode. Considering such
a practical architecture, the salt formation that was observed in
the forward bias mode can facilitate ooding when used in
combination with a gas diffusion electrode, impacting the
performance of the system.35 In general, forward bias operation
has intrinsic instability issues in terms of salt accumulation,
which limits the operational lifetime of the BPM from hours to
days.10 Reverse bias operation suffers from signicant CO2

crossover and requires a very high membrane voltage (see
Fig. SI4†), but these aspects can be tuned by engineering more
robust, thin membrane layers and better WDR catalysts for
optimized CO2 electrolyzers. Furthermore, despite the acidic
conditions of the cathode in reverse bias, the faradaic efficiency
for CO is still considerably higher than that in the forward bias
mode, even when the catalyst is sputtered directly on the
(acidic) CEL.

Conclusions

We have studied the transport mechanisms of ions and (both
charged and neutral) carbonic species as a function of the
orientation of a bipolar membrane within a MEA performing
electrochemical CO2 reduction. A BPM-based MEA with the
reverse bias orientation was compared to the opposite orienta-
tion, forward bias. Both orientations had a vapour–liquid cell
conguration where a CO2R catalyst (Ag) was directly deposited
on the membrane interface. For the reverse bias mode, where
the cation exchange layer of the BPM is in contact with the
catalyst, the dominant ion transport mechanism is water
dissociation that occurs at the internal membrane interface. At
the same time, CO2 crosses over through the BPM, starting by
entering the CEL as carbonic acid (due to the low pH in the CEL)
and being transported through the AEL towards the Pt anode as
(bi)carbonate. The molar ux of CO2 that crosses over through
the BPM decreases over time due to the reduction in the dis-
solved inorganic carbon (DIC) concentration gradient.

For the case where the BPM is placed in the forward bias
orientation (i.e., the CEL facing the anode), no water dissocia-
tion reaction occurs, saving 3 V in the cathodic potential at 25
mA cm�2 compared to the reverse bias mode. The molar ux of
carbonic species is half of that in the reverse bias mode and has
a similar decreasing trend over time. Aer 10 minutes of oper-
ation, a reduction in the absolute cathodic potential is observed
which coincided with a decreased selectivity towards CO
evolution. We hypothesize that these observations indicate salt
accumulation and higher water content due to the absence of
water dissociation in the internal membrane interface, which
are intrinsic to the forward bias operation. Because of the salt
build-up and high concentration of K+ and (bi)carbonates at the
CEL–AEL interface, more K+ can cross over through the AEL,
depositing on the catalyst surface. Our study shows that there
are performance trade-offs for each BPM orientation with
This journal is © The Royal Society of Chemistry 2021
regard to potential, selectivity, and stability: the forward bias
lowers the overall cell potential by reducing the chemical
potential, while the reverse bias gives a stable product forma-
tion of CO2 conversion products.
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10 A. Pătru, T. Binninger, B. Pribyl and T. J. Schmidt, Design
Principles of Bipolar Electrochemical Co-Electrolysis Cells
for Efficient Reduction of Carbon Dioxide from Gas Phase
at Low Temperature, J. Electrochem. Soc., 2019, 166, F34–F43.

11 M. A. Blommaert, J. A. H. Verdonk, H. C. B. Blommaert,
W. A. Smith and D. A. Vermaas, Reduced Ion Crossover in
Bipolar Membrane Electrolysis via Increased Current
Density, Molecular Size, and Valence, ACS Appl. Energy
Mater., 2020, 3, 5804–5812.

12 D. A. Vermaas, S. Wiegman, T. Nagaki and W. A. Smith, Ion
transport mechanisms in bipolar membranes for (photo)
electrochemical water splitting, Sustainable Energy Fuels,
2018, 2, 2006–2015.

13 M. A. Blommaert, D. A. Vermaas, B. Izelaar, B. in't Veen and
W. A. Smith, Electrochemical impedance spectroscopy as
a performance indicator of water dissociation in bipolar
membranes, J. Mater. Chem. A, 2019, 7, 19060–19069.

14 D. A. Vermaas and W. A. Smith, Synergistic Electrochemical
CO2 Reduction and Water Oxidation with a Bipolar
Membrane, ACS Energy Lett., 2016, 1, 1143–1148.
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20 M. Ünlü, J. Zhou and P. A. Kohl, Hybrid anion and proton
exchange membrane fuel cells, J. Phys. Chem. C, 2009, 113,
11416–11423.

21 M. Unlu, J. Zhou and P. A. Kohl, Hybrid Polymer Electrolyte
Fuel Cells: Alkaline Electrodes with Proton Conducting
Membrane, Angew. Chem., 2010, 122, 1321–1323.
11186 | J. Mater. Chem. A, 2021, 9, 11179–11186
22 R. B. Kutz, Q. Chen, H. Yang, S. D. Sajjad, Z. Liu and
I. R. Masel, Sustainion Imidazolium-Functionalized
Polymers for Carbon Dioxide Electrolysis, Energy Technol.,
2017, 5, 929–936.

23 J. J. Kaczur, H. Yang, Z. Liu, S. D. Sajjad and R. I. Masel,
Carbon Dioxide and Water Electrolysis Using New Alkaline
Stable Anion Membranes, Front. Chem., 2018, 6, 1–16.

24 A. Alcaraz, F. G. Wilhelm, M. Wessling and P. Ramirez, The
role of the salt electrolyte on the electrical conductive
properties of a polymeric bipolar membrane, J. Electroanal.
Chem., 2001, 513, 36–44.

25 A. V. Sokirko, P. Ramı́rez, J. A. Manzanares and S. Mafés,
Modeling of Forward and Reverse Bias Conditions in
Bipolar Membranes, Berichte der Bunsengesellscha für
Phys. Chemie, 1993, 97, 1040–1048.
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