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ABSTRACT: A bipolar membrane (BPM) can be used to accelerate water dissociation
to maintain a pH gradient in electrochemical cells, providing freedom to independently
optimize the environments and catalysts used for paired reduction and oxidation
reactions. The two physical layers in a BPM, respectively, selective for the exchange of
cations and anions, should ideally reject ion crossover and facilitate ionic current via water
dissociation in an interfacial layer. However, ions from the electrolyte do cross over in
actual BPMs, competing with the water dissociation reaction and negatively affecting the
stability of the electrolytes. Here, we explore the mechanisms of ion crossover as a
function of pH and current density across a commercial BPM. Our unique series of
experiments quantifies the ion crossover for more than 10 electrolyte combinations that
cover 10 orders of magnitude in acid dissociation constant (Ka) and current densities
spanning over more than 2 orders of magnitude. It was found that the ion crossover is
dominated by diffusion for current densities up to a maximum of 10−40 mA cm−2

depending on the electrolyte, while migration is of higher importance at high current
densities. The influence of the electrolyte pKa or pH on the ion crossover is not straightforward. However, ions with a higher valence
or ion size show significantly lower crossover. Moreover, high current densities are the most favorable for high water dissociation
efficiencies for all electrolyte combinations. This operational mode aligns well with practical applications of BPMs in electrolysis at
industrial relevant current densities.

KEYWORDS: bipolar membranes, ion crossover, ion transport, electrochemistry, pKa, valence, current density

■ INTRODUCTION

Research and adoption of new renewable energy technologies is
accelerated by the combined rapidly decreasing costs of solar-
and wind-derived electricity and increasing governmental
requirements to limit CO2 emissions. The renewable energy
capacity is expected to reach 5 TW by 2030,1 which exceeds the
average electricity consumption of 3.5 TW.2 However, renew-
ables deal with a strongly fluctuating production, expressed by
the utilization factor of approximately 20%.3 Thus, long-term
energy storage in the form of synthetic fuels is indispensable to
cope with the intermittency (daily and seasonally) of the
renewable electricity sources.4 Such fuels can be produced via
electrochemical technologies, which have the potential to
directly convert (renewable) electrical energy to chemical
bonds. Examples include the water-splitting reaction and
electrocatalytic reduction of carbon dioxide (CO2RR), produc-
ing hydrogen and various carbon products, respectively.5 To
make these systems perform efficiently at scales relevant for the
global energy supply,6 these reactions should be performed at
high current density, high energy efficiency, and with Earth-
abundant materials. These constraints require minimizing the
applied potential for the entire electrochemical cell, including
losses associated with overpotentials for the combined oxidation

and reduction reactions, the electrolyte resistance, and
membrane functionality.
Considering that the optimal conditions of electrolytes for

given redox reactions often differ from each other, a bipolar
membrane (BPM) can be implemented to maintain optimized
conditions for both half-reactions.7−12 A BPM consists of a
cation and anion exchange layer (CEL and AEL), which are
connected by an interfacial layer (IL). This configuration
efficiently impedes charged species in the surrounding electro-
lytes from being transported through the BPM.13 To maintain
the ionic transport within the overall electrochemical cell, the
water dissociation reaction (WDR) occurs at the interfacial layer
between the CEL and AEL.14,15 The WDR, which can be
enhanced by the deposition of catalysts16−19 at the interfacial
layer, generates protons and hydroxide ions in the IL at an
accelerated rate compared to the water dissociation rate in water.
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When a reverse bias is applied (i.e., when the CEL faces the
cathode), the protons and hydroxide ions are removed from the
IL through the CEL and AEL, respectively, which keeps the
WDR to proceed.20−22

In reality, products of the WDR (H+ and OH−) are not the
only ions present in the interfacial layer. First, electrolyte salt
ions with a charge opposite of the fixed charge of the adjacent
membrane layer (i.e., counter ions) can enter the first membrane
layer through diffusion. Second, a minority of salt ions with the
same charge (i.e., co-ions) can enter themembrane layer because
of the finite charge density of the polymer structure, as described
in the Teorell−Meyer−Sievers theory,23,24 and subsequently
reach the interfacial layer. Dependent on the concentration and
potential gradient across themembrane, these species can slowly
diffuse and/or migrate in a process called ion crossover. When
this ion is migrating, the WDR efficiency is reduced because the
charge carried by ion crossover cannot be used to release
protons and hydroxide ions from the IL. For a water electrolysis
cell, where protons are being consumed at the cathode and
hydroxides at the anode, ion crossover gradually destabilizes the
electrolyte pH values and causes mixing of the two electro-
lytes.25 Hence, ion crossover should be minimized in order to
maintain optimal and stable conditions at the electrodes and
avoid electrolyte regeneration or catalyst degradation.
Very little literature discusses the impact of ion crossover

through a BPM. Experimental work is limited to a small set of
electrolytes and current densities, which is insufficient to
understand how ion crossover can be effectively minimized in
practical applications because of the wide variety of experimental
conditions and materials. Moussaoui et al. showed that higher
current densities and lower salt concentrations generally
decrease the relative ion crossover.25 The effect of current
density was confirmed by Sun et al.,26 while Vermaas et al.
showed that some common ions with larger hydrated radii
demonstrate a lower ion crossover.20 The latter also established
a link between the pH and current−voltage (i−V) curves of a
BPM. However, each previous crossover work was performed at
a single pH all different from each other and using different
electrolytes and a different range in current density. At the same
time, it is likely that the pH is of major importance for ion
crossover, as the molar fractions of ions, protons, and hydroxides
in the membrane determine the ion migration and WDR. Also,
the ion valence and pKa of the electrolyte ions are expected to
impact the concentration in the membrane moiety and thus its
crossover. A good understanding of the electrolyte properties on
ion crossover is additionally motivated by the significant effect of
electrolytes on the efficiency and selectivity of the reduction and
oxidation reactions at the anode and cathode.27 For example, it is
established that bigger cations suppress the hydrogen evolution
reaction (HER) and promote CO2RR.

28 Hence, the choice of
the electrolytes is crucial for the performance of the entire
electrochemical cell, and therefore, the electrolyte-dependent
ion crossover is needed to be further understood to enable
highly efficient electrochemical systems. However, none of the
previous work systematically investigated the impact of pKa and
pH on ion crossover, let alone in combination with current
density, concentration, and ionic radius. In this work, we focus
on ion crossover through a BPM, using 10 different catholytes in
four distinct pKa regimes and tested at various current densities.
The different catholyte properties allow the ability to
experimentally observe the effect of pH and ion size on ion
crossover, providing a useful guide for a proper electrolyte
choice.

■ THEORY
Mass transport of ions in a BPM exists because of a gradient in
electrochemical potential μ̅.29 This electrochemical potential
gradient arises from two components: a concentration gradient
driving diffusion and an electric field gradient driving ion
migration. Convective transport in the membrane is neglected
because of the nonporous structure of a membrane.30 The mass
transport, described by the flux Jk of ions k, is given by the
Nernst−Planck (NP) equation29

J
C D
RT x

D
C
x

z F
RT

C D
xk

k k
k

k k
k k

μ φ= − ∂ ̅
∂

= −
∂
∂

− ∂
∂ (1)

where Ck is the concentration of species k with a valence zk,Dk is
the diffusion coefficient, F is the Faraday constant, R is the gas
constant, and T is the temperature. The directions of diffusion
and migration for several ionic species in an electrochemical cell
are schematically represented in Figure 1. It is important to note

that diffusion of an ion can never occur alone to comply with
electroneutrality. To maintain electroneutrality, it should be
either neutralized by an ion of the opposing charge travelling in
the same direction, or from the same charge in the opposite
direction, ormaintained by consumed ions in the reaction. In the
latter case, the anolyte will turn more acidic and the catholyte
will turn more alkaline. Hence, the chemical potential difference
between the two compartments is reduced, requiring a higher
electrical potential to compensate. Also, assuming initial
conditions with a more alkaline anolyte compared to the
catholyte, the ionic strength is reduced when ion crossover is
balanced by redox reactions that create H+ neutralizing the
alkaline anolyte or OH− neutralizing the acidic catholyte.
Altogether, ion crossover should be minimized to sustain a
favorable environment for the electrolysis reactions.
Equation 1 suggests that the electrolyte properties, such as ion

charge (zk) and diffusion coefficient (Dk), influence the ion
crossover. However, as the diffusion coefficient and local
concentration inside the two membrane layers are un-
known,31,32 there is insufficient data to accurately simulate the
ion crossover in this region. Moreover, the membrane fixed
charge density and degree of cross-linking affect the selectivity
toward ions of different valences or sizes.13,33 The multitude of

Figure 1. Schematic representation of an electrochemical cell with the
WDR and different ion transport mechanisms described in a BPM. Ion
transport that is not impeded by fixed charges (such as the WDR on
top) is described by a solid line; ion crossover is represented by a dotted
line.
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electrolytes and membrane parameters that impact the ion
concentration and potential in the membrane (eq 1) requires
more experimental exploration to understand and control ion
crossover in BPMs.

■ METHODS
Membrane Cell. A commercially available BPM (Fumatech

Fumasep BPM) was used to perform electrochemical experiments.
Membrane characteristics are given in Table S2. A MicroFlowCell
(ElectroCell) flow cell was used (see Figure S4), with a surface area of
10 cm2 and with a Pt-coated cathode and anode. A constant current
density was applied for 45 min. The applied current densities were
varied from 0 to 150 mA cm−2. The current densities were applied in a
random order to avoid a misleading relation between ion crossover and

aging. By keeping the duration of the experiment fixed, the ion
crossover by diffusion should remain equal for all experiments. The
voltage across the BPM was measured with two microreference
electrodes at a distance of 2.14 mm from the membrane surfaces and
was iR-corrected based on the measured conductivities of the
electrolytes used. The electrolyte was pumped through the respective
cathode and anode compartments with a constant flow rate of 0.07 mL
s−1.

Electrolytes. Four pKa groups were selected to determine the pH
dependency. Each pKa group contains different electrolytes with a
similar pKa,

34 which excludes the pH effect in the group itself. Within a
pKa group, electrolytes were selected with a significant difference in ion
size, represented by the molecular weight, as the Stokes radius used in
previous work20 was not available for many organic catholytes used
here. These organic electrolytes also require an addition of either an

Table 1. Summary of Tested Catholytes and Anolytes with Their Chemical Formula, pKa, MolecularWeight (MW), pH at the Start
of the Measurement, Products (HBr or KOH) Added to Achieve a pH Equivalent to Its Acid Dissociation Constant (pKa), and
Conductivity of Solution (σ)a

catholyte chemical formula pKa MW (g mol−1) pHsolution addition σ (mS cm−1)

tricine C6H13NO5 2.023 179.17 1.99 0.28 M HBr 20.7
phosphate H3PO4/KH2PO4 2.148 98.00 2.03 26.0
glycine C2H5NO2 2.351 75.07 2.35 0.16 M HBr 25.3
MOPS C7H15NO4S 7.184 209.26 7.18 0.18 M KOH 11.5
BES C6H15NO5S 7.187 213.25 7.12 0.21 M KOH 14.7
phosphate KH2PO4/K2HPO4 7.198 96.99 6.74 51.0
AMPSO C7H15NO5S 9.138 227.28 9.14 0.34 M KOH 13.0
boric acid H3BO3 9.237 61.83 9.19 0.21 M KOH 16.5
potassium bicarbonate KHCO3 10.329 61.02 10.33 0.34 M KOH 70.8
CAPS C9H19NO3S 10.499 221.32 10.44 0.37 M KOH 10.8

anolyte chemical formula pKa MW (g mol−1) pHsolution addition σ (mS cm−1)

sodium hydroxide NaOH 40.00 13.30 100.0
aAll catholytes had a concentration of 0.5 M total of acid and base species.

Figure 2. (a) Schematic illustration of ion-transport mechanisms for a phosphate buffer (0.25 M H3PO4 + 0.25 M KHPO4) as a catholyte and 0.5 M
NaOH as an anolyte, with (b) iR-corrected i−V curve of the membrane response among these electrolytes. The ion crossover of the ions present in
these electrolytes is shown in (c) absolute numbers. and (d) relative crossover of the total charge as a function of current density in a linear and
logarithmic scale, respectively. For improved readability, a representative data set is selected.
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acid (HBr) or base (KOH) to reach the pH of their respective pKa. All
electrolytes had an equimolar concentration of 0.5 M of an acid/base
and conjugate base/acid, according to the following reactionHX⇌H+

+ X−, where X is the respective buffer species.

Between every experiment, the cell was thoroughly cleaned and a
newmembrane was used. After every experiment, a sample was taken of
the electrolytes, and ion crossover was analyzed with an ion-coupled
plasma optical emission spectrometer. Because glycine and tricine have

Figure 3. i−V curve and relative ion crossover of the catholyte ions, for (a,b) pKa 2 group with data from an average of three measurement runs for
reproducibility purposes where the error bars indicate the calculated mean square error, (c,d) pKa 7 group, (e,f) pKa 9 group, and (g,h) pKa 10 group.
For the KHCO3 buffer, no ion crossover data of (bi)carbonate were obtained. Absolute ion crossover data are presented in Figure S1.
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no elements detectable by ion-coupled plasma optical emission
spectrometry (ICP-OES), their ion crossover was analyzed with
nuclear magnetic resonance (NMR). More specifications on the cell
and chemicals used can be found in the Supporting Information.
All electrolytes were considered to have an average valence of one for

determining the relative ion crossover. Because the conditions at the
anolyte were the same for each experiment, a statistical analysis was
performed on the Na+ crossover.

■ RESULTS

Ten different catholytes were paired with 0.5 M NaOH as the
anolyte across the BPM. To assess the pH dependency, four
groups of catholyte buffers were chosen with a distinctive pKa (2,
7, 9, and 10). All tested catholytes and anolytes, with their
respective parameters, are summarized in Table 1. As a reference
case, we first discuss the crossover of phosphate buffer (H3PO4/
KH2PO4) versus NaOH across a BPM at various current
densities.
Reference Case: the Phosphate Buffer (pH2). Figure 2a

illustrates the possible transport mechanisms for the ionic
species in these electrolytes across a BPM when a current is
applied to the phosphate buffer (pH2) versus NaOH electrolyte
case. The i−V curve for the BPM is plotted in Figure 2b. The
absolute ion crossover of species from the phosphate buffer
(H3PO4, H2PO4

−, and K+) and Na+ from the anolyte is given in
Figure 2c.When this ion crossover flux is compared as a function
of the total molar charge flux (J = i/F) with i (mA cm−2) the
current density that is applied, a relative ion crossover is
obtained, which is shown in Figure 2d. The sum of all exchanged
ions can be added up to estimate the total ion crossover as a
function of applied current density. The remaining part of the
charge is attributed to the WDR and is therefore a measure for
the efficiency of the WDR.
Figure 2c shows that the crossover of ions, which are

transported by diffusion and migration, and the total crossover
of H2PO4

− and Na+ increase with increasing current density.
The diffusional component, derived from a zero current density
when migration is absent, is around 4 μmol h−1 cm−2 for both
ions. According to the NP equation, the transport via migration
should be proportional to the potential gradient across the BPM.
Because the BPM voltage and current density are nearly linearly
related in our experiments (Figure 2b), the NP equation also
predicts a linear trend of the ion crossover as a function of
current density. This is in agreement with our measurement in
Figure 2c, which shows a linear slope of 0.08 μmol h−1 mA−1 for
H2PO4

− and 0.09 μmol h−1 mA−1 for Na+.
The linear relation between crossover and current density also

provides information on the phosphate crossover mechanism.
At pH 2, phosphate can either cross over as H2PO4

− or as
H3PO4. In the latter, the uncharged H3PO4 species diffuses
through the CEL.WhenH2PO4

− orH3PO4 reach themembrane
interface layer, the conditions change rapidly from acidic to
alkaline. It is hypothesized that protons are liberated from
H3PO4 and H2PO4

− and will be consumed in the interaction
with the WDR or surrounding OH− (Figure 2a). The net effect
of this crossover is a deficit of OH− in the anolyte compared to
the unaffected WDR, while this mechanism does not change the
catholyte pH. Because the phosphate crossover shows a linear
dependency on current density and because H3PO4 diffusion is
not dependent on the current density, the crossover mechanism
at high current goes either via H2PO4

−, or the diffusion of
H3PO4 in the CEL is not rate-limiting. This will be further

assessed when comparing it to other species (see effect of ion
valence).
For all species, the relative crossover decreases with increased

current density (Figure 2d). Based on the Faraday constant, a
total (monovalent) charge equivalent of 37 μmol cm−2 h−1 mA−1

is transported. That means, for high current densities, when
diffusion is negligible, H2PO4

− and Na+ crossovers are both
responsible for 0.3% of the charge transport. Hence, the relative
crossover decreases asymptotically to this value for H2PO4

− and
Na+, as shown in Figure 2d, when increasing the current
densities. This demonstrates that the WDR becomes the main
driver of ion transport at medium to high current densities.
Current densities of 5 mA/cm2 and higher imply that more than
95% of the charges are being carried by protons and hydroxide
ions from the WDR.
Given the absolute ion crossover of K+ of 9 μmol h−1 cm−2 at 0

mA cm−2, the diffusion of K+ is larger than that of Na+ and
phosphate (Figure 2c). As the conditions at 0 mA cm−2 do not
allow net charge transport over the BPM, the flux of K+ is
compensated by Na+ crossover in the opposite direction or
cotransport with H2PO4

−. This is in agreement with the K+

crossover at zero current being approximately equal to the sum
of Na+ and phosphate crossover. When a small current (0.5 mA
cm−2) is applied, the K+ crossover already drops to 2 μmol h−1

cm−2. The downward trend at higher current densities continues
in both absolute and relative terms, indicating that migration
indeed reverts the potassium transport instead of driving it
through the BPM, as hypothesized in Figure 2a. As a result, also
the relative potassium crossover reduces asymptotically to near
0% for high current densities (Figure 2d).

Probing the Effect of pKa on Ion Crossover. To compare
the ion crossover of different electrolytes with the same pH and
buffering strength, the relative ion crossover of all 10 catholytes
is presented in Figure 3b,d,f,h, grouped by pKa. In addition, the
respective i−V curves across the BPMs are shown in Figure
3a,c,e,g.
The majority of the i−V curves demonstrate a plateau at

current densities <0.5 mA cm−2, while for the pKa 2 group, a
plateau at positive currents is absent as expected from the
significant pH difference (ΔpH > 11).20 These results differ
from the earlier reported plateau current densities, which were
measured with galvanodynamic scans and in a flow cell with a
larger shear velocity.16 The crossover in all pKa groups shows a
decrease in relative ion transport when the current density is
increased, in agreement with previous findings.25,26 This
extensive dataset shows a linear regression for absolute ion
crossover in nearly all electrolytes (yioncrossover = αdiff + βmigr·j), as
shown in Table S1. Diffusion is responsible for the majority of
the ion crossover under a current density that varies from 10 to
40 mA cm−2 depending on the electrolyte (Figure S1). When a
neutral conjugate is present (e.g.,H3PO4), transport by diffusion
increases.
Nevertheless, Figure 3 also demonstrates large differences in

crossover magnitude between the ions, with extremely high
crossover for boric acid and glycine. Because the crossover of
these ions deviates from other electrolytes with similar pKa and
pH, we have further studied possible differentiating factors in
ionic properties.

Effect of Ion Valence. The effect of ion valence on their
crossover rate across a BPM can be demonstrated using a
phosphate buffer at pH 2 and pH 7. However, the ion crossover
of the phosphate buffer at pH 7 also has barely any crossover at 0
mA cm−2, while the equimolar phosphate buffer at pH 2 has a
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crossover rate of 4 μmol h−1 cm−2 at 0 mA cm−2 (Figure 4a).
This can be explained by the neutral species, H3PO4, which is
only diffusion-driven and adds a constant amount of crossover
compared to the buffer at pH 7 throughout all current densities.
The absence of uncharged species and a higher (average) ion
charge at pH 7 causes stronger repelling of ions by the fixed
charges of the CEL. From a practical point of view, there are
multiple advantages of using a higher valence phosphate, as
multivalent species provide higher concentration of K+ and
therefore result in a higher conductivity (Table 1), lowering the
resistance losses of the electrolytes. As the current density
increases, the phosphate crossover due to migration increases
linearly, with similar slopes at both pH 2 and pH 7. This suggests
that H2PO4

− is responsible for the crossover at high current
densities rather than the earlier mentioned mechanism via
H3PO4 and its deprotonation at the BPM interface (Figure 2).
Similarly, glycine and boric acid, which have neutral species,

show a high ion crossover because of diffusion at 0 mA cm−2

(Figure 3). In specific, glycine has a zwitter-ionic nature: H2A
+

↔ HA, without a negatively charged component, as schemati-
cally shown in the inset of Figure 4b. The tricine buffer is
comparable to glycine in the pKa 2 group, also having neutral and
cationic species but has a larger molecular weight. For both
glycine and tricine ions, migration transports the cations away
from the BPM, which is visible in the downward trend of the
absolute ion crossover, see Figure 4b. However, the ion
crossover of tricine is an order of magnitude lower than that
of glycine. As tricine has a much larger ionic radius, the effect of
the ionic radius for all ions is being further assessed.
Effect of Ionic Size. The dependency of ion size, expressed

in molecular weight, on the ion crossover is illustrated in Figure
5 for all sets of electrolyte pairs. It can be seen that the ion
crossover decreases with increasing molecular weight. Especially
boric acid has a low ionic radius, explaining the high ion
crossover. As membranes have limited interstitial spaces, ions
with a molecular weight of 100 g mol−1 and higher are subject to
strong steric hindrance and show minimal crossover.
Although these results imply that larger molecules may be

advantageous for use in stable electrochemical systems, the
higher molecular weights typically also feature a lower
conductivity and solubility than smaller ionic species. This
effect may lead to extra resistive losses in the electrolyte as well as
in the membrane layer itself. The latter is visible in Figure 3c,e,g

where the larger molecules show an increased membrane
voltage, similar to monopolar membranes.35

Na+ Crossover. Although anions are transported by
migration from the catholyte to anolyte, the electric field forces
cations from the anolyte to the catholyte when a reverse bias is
applied. Because the NaOH anolyte is used as a constant factor
in all experiments in this study, the effect of the opposing
electrolyte on the Na+ ion crossover can be isolated. According
to the NP equation (see eq 1), the electric potential gradient and
Na+ properties should determine the migration of Na+,
suggesting a linear relation with the membrane voltage
independent of the opposing electrolyte.
Indeed, a linear trend for all electrolyte pairs as predicted from

eq 1 is shown in Figure 6a. The gap of data between 0 and 0.8 V
reflects the plateau current density and explains the large
collection of data points just above 0.8 V because of an
intensification of measurements at low current densities. For
each electrolyte combination, a simple linear regression is
calculated to predict the ion crossover of Na+ through a BPM
based on the membrane voltage (Figure 6a, Table S1). All fits
have an intercept reasonably close to the origin, which indicates
that the Na+ crossover is mainly driven by migration. Most
slopes are similar, while the i−V curves show much more

Figure 4. Absolute ion crossover of the (a) phosphate buffers at pKa 2 (black) and pKa 7 (red), which illustrate the dependence of valence for ion
crossover and (b) glycine and tricine buffers with cationic species, with the equilibrium reaction of glycine under acidic conditions in the inset. The
tricine structure has the same backbone as glycine, with a tris(hydroxymethyl)methyl group attached.

Figure 5. Ion crossover of catholytic anions as a function of molecular
weight. Glycine and tricine are excluded because of their zwitterionic
form, and no anion crossover of KHCO3 is measured. Figure S2b
represents the same data without boric acid (MW 61.8 g mol−1), which
still shows a decreasing trend.
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variation, which justifies the use of voltage as the determining
factor for ion crossover. However, when bicarbonate and glycine
are used as the catholyte, the crossover of Na+ increases more
dramatically with increasing voltage (Figure 6b). It is important
to note that the crossover of glycine reduces with increasing
current density (Figure 3b), while that of Na+ crossover
increases steeply with increasing voltage and current.
The dependency of the opposing electrolyte composition on

theNa+ crossover is surprising, as the anion exchangemembrane
is the first and only electronically repelling layer for Na+.
Although the membrane−membrane interface should in theory
be of no influence for the crossover of the sodium ions, Figure 6a
demonstrates that the crossover of the separated electrolytes is
still dependent on one another. More specifically, the diffusion
rate for Na+ can be found via the y-intercept of the
corresponding linear regression equations based on the current
density and show a similar dependence on the opposing
electrolyte (Figure 6c). One could speculate that glycine and
(bi)carbonate shield off fixed charges in the AEL, which would
facilitate the Na+ crossover. However, the ion valence of glycine
and (bi)carbonate is not uniquely compared to the other tested
electrolytes, which cannot justify this hypothesis directly. Also,
this dependency does not relate to the MW of the opposing
electrolyte (Figure S2a). Although the absolute Na+ crossover
may vary with membrane production batches, demonstrated by
a 4 times higher crossover when membranes from different
batches are used (see Supporting Information, Figure S3), the
same dependency on the opposing electrolytes is consistent
throughout membrane batches. A similar trend is visible for a
given electrolyte, as well as the trend among different
electrolytes, showing the significance of our results independent
of the batch used. The pH (or pKa) and ion size of the opposing
electrolytes do neither provide an explanation. Thus, a clear
justification is not readily available from the investigated
parameters, and further investigation is required to understand
the difference in crossover of the Na+ as a function of the
opposing electrolyte across a BPM.

■ CONCLUSIONS

Ion crossover negatively affects the stability of both electrolytes
in energy technologies and is affected by voltage, ion size,
valence, pKa, and charge density. The ion crossover in BPMs

does follow the NP equation, reflected in a diffusion-driven
crossover flux at zero current and a linearly increasing crossover
rate because of migration. For all the studied cases, no limiting
co-ion fluxes are reached, in contrast to earlier reported work.25

At low current densities, depending on the electrolyte up to 10−
40 mA cm−2, diffusion accounts for the majority of the ion
crossover, while at high current densities, migration is of higher
importance. When relative ion crossover is considered, which is
a measure for the stability of the electrolytes, the lowest relative
crossover is obtained at high current density independent of any
electrolyte combination, which favors the use of a BPM at high
current density rates as in industrial applications. The selection
of electrolytes involves a trade-off between low crossover (for
larger ions) which usually comes at the expense of lower
conductivity. The influence of the pKa or pH of the catholyte
does not have a straightforward influence on the ion crossover.
However, the distinct difference in ion crossover of phosphate
depending on the pH (pH 2 and 7) shows that a BPM is clearly
better repelling ions with a higher average valence. The
demonstrated effects of pH, ion size, current density, and
membrane properties on the ion crossover can further guide the
practical application of electrolytes and BPM development for
electrochemical conversion.
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