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SUMMARY
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Full Abstract
(Confidential)

The report presents the preparation and characterisation of bipolar
membranes (BM) with improved ex situ properties with respect to stability
and resistance, and the results obtained in bipolar membrane electrolysers
(BMEL) in a flow cell with differential pH, with a high-pH anode and a low
pH-cathode, with an anode free of platinum group metals (PGM) and either
a platinum cathode or a cobalt-based cathode. Even after correction for the
high Ohmic drop through the liquid electrolyte layers, the iR-corrected
polarisation curve of the best BMEL with PGM-free anode and Pt cathode
significantly exceeds that obtained with an anion exchange membrane
electrolyzer (AEMEL) comprising the same anode and similar Pt cathode.
The increased cell voltage with BMEL than with AEMEL is mainly assigned
to the water splitting at the interlayer inside the BM. In addition, switching
from Pt to a Co-based cathode in the BMEL, an additional cell voltage of ca
250 mV was observed, highlighting the need to develop more active PGMfree materials to catalyse hydrogen evolution in acidic medium.

Publishable Abstract
(If different from
above)

The research leading to these results has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement CREATE No. 721065.
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1. INTRODUCTION
Figure 1 presents the expected fluxes of protons and hydroxyl ions through a bipolar membrane (BM) in
operation in a BM water electrolyzer (BMEL) with an acidic cathode and an alkaline anode. This deliverable
report describes the preparation and characterization of bipolar membranes and their testing in a flow
cell BMEL.

Figure 1. Scheme of a BMEL showing the electrode reactions, fluxes of ions and water splitting at the AEM/CEM
interface within the BM.

Commercially available bipolar membranes (e.g. fumasep® FBM, supplier FUMATECH), intended for use
in the production of acid and base from salt solutions, have normally a thickness of at least 150 µm and
are reinforced with a woven textile. Starting from this commercially available bipolar membrane,
following measures have been taken in CREATE in order to reduce the overall resistance of the membrane
and to improve the chemical stability needed for fuel cell and electrolyzer applications (CREATE Public
deliverable report D4.3, Supply of BMs with proven ex situ properties for testing in BMFC and BMEL):
•
•
•
•
•

Reduction of thickness of CEM layer and increased IEC of CEM
Reduction of thickness of AEM layer
Removal of woven textile reinforcement
Substitution of cation-exchange sPEEK by a chemically more stable PFSA polymer
Optimized interlayer composition and thickness

The potential advantage of BMs in the context of fuel cell and electrolyzers is to allow separately selecting
the optimal pH at the cathode and anode, with more facile kinetics for oxygen evolution and oxygen
reduction reaction (acronyms OER and ORR, respectively) in alkaline pH than in acid pH as well as the
possibility to resort to PGM-free OER and ORR catalysts in alkaline pH, and in contrast, the more facile
kinetics for hydrogen evolution and hydrogen oxidation reaction in acidic pH than in alkaline pH (known
effect on platinum-group-metal (PGM) catalysts) and also the possibility to resort to PGM-free catalysts
to catalyze the hydrogen evolution reaction (HER) in acidic conditions due to the low electrochemical
potential during HER.
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2. RESULTS AND DISCUSSION
2.1. PREPARATION AND EX SITU CHARACTERIZATION OF BMS
The effect of the thickness of the cation exchange layer (CEL) of a standard BM (woven-reinforced version)
was first investigated. Reducing the thickness resulted in significantly reduced resistance of the BM from
ca 5 Ω·cm2 for a standard membrane with CEL of 150 µm down to below 2 Ω·cm2 for a CEL of the same
type but only 85 µm thick (see Figure 4 in deliverable D4.3, and Figure 2 below), determined at current
densities of about 25 mA cm-2. In a second step, non-reinforced BMs were prepared comprising (i) a
cation-exchange ionomer with increased ion exchange capacity (IEC) using sulfonated polyether ether
ketone (sPEEK) with IEC of 1.7 mmol/g, and (ii) a chemically more stable perfluorosulfonic acid (PFSA)
polymer as CEL, in replacement of sPEEK used in the standard BM from Fumatech.

Figure 2: U-I characteristic (left) and R-I curves (right) of bipolar membrane with gradual reduction of the thickness
of the cation exchange layer (150 µm – yellow curve, 115 µm – blue curve, and 85 µm – red curve / reinforced
versions), and replacement of CEL by sPEEK with IEC of 1.7 mmol / g (green curve) or by PFSA ionomer (purple curve).

Although the replacement of the standard sPEEK by PFSA as a CEL in the BM was successful, the overall
BM resistance was not reduced below the level already reached with sPEEK (Figure 2). For a similar CEL
thickness, the BM with sPEEK as a CEL showed lower resistance than the one with PFSA as CEL (compare
blue and purple curves in Figure 2). Therefore, in a next step, the thickness of the AEL was also significantly
reduced, and additionally the interlayer composition and thickness were optimized. A very thin fumapem®
FAA-3-10 membrane with thickness of 10 µm was used as AEL. This layer is based on fumion® FAA-3
ionomer, which showed sufficiently high conductivity and reasonable stability (see CREATE Deliverable
report 4.2). Several interlayer compositions and thicknesses were tested, applied by spray-coating the
interfacial catalyst/polymer ink on the AEM (fumapem® FAA-3-10). As CEL, highly chemically-stable and
conductive PFSA ionomer was then applied onto the interlayer. The total thickness of these BMs is 30 50 µm. No reinforcement was used in order to minimize the BM resistance.
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Current – Voltage characteristics measurements to assess the resistance and water-splitting ability of the
BPM were carried out up to current densities of 300 mA·cm2 using the set-up shown in Figure 3. In this
setup, the pH of the electrolyte on each side of the BM is the same, which is a main difference with the
conditions applied when testing down-selected BMs in flow-cell BMEL (see section 2.3)

Figure 3: Set-up for the measurement of U-I Characteristics of bipolar membrane. Four-chamber set-up: cathode /
Na2SO4 / CEM / NaCl / bipolar membrane / NaCl / CEM / Na 2SO4 /anode. Four-probe measurement: Haber-Luggin
capillary (3 M KCl) with Ag / AgCl reference electrodes. Electrolyte loop: 0.5 M NaCl solution / recombined Electrode
loop: 0.25 M Na2SO4 / recombined. Resistance is compensated by conductivity of electrolytes and temperature.

The results are shown in Figure 4. The membrane resistance (as defined by the first derivative, dU/dI)
measured with the above set-up depends on the applied current density, the standard BM showing a
resistance close to 1 Ω·cm2 at 300 mA·cm-2 (yellow curve in Figure 4). The results also show that the bipolar
membrane resistance is strongly affected by the interlayer composition and thickness, when the thickness
and nature of the AEL and CEL are otherwise fixed at 10 µm each. By optimization of the interlayer, an
overall resistance below 0.3 Ω·cm2 at 300 mA·cm-2 could be achieved (grey curve in Figure 4). This
achievement corresponds to milestone 2 of the CREATE project, and the area specific resistance of 0.3
Ω·cm2 was estimated as the maximum acceptable resistance to envisage the application of BM in highperformance BMFC or BMEL devices. While the resistance of the new BM is low at j ≥ 0.25 Ω·cm 2, a high
overvoltage of ca 0.8 V is needed before any current passes through the BM, and this is assigned mainly
to the overvoltage needed to catalyze water splitting at the CEL/AEL interface. The effect of this
overvoltage in BMEL conditions with differential pH at cathode and anode will be discussed in sections
2.3-2.4.
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Figure 4: U-I Characteristics (left) and R-I curves (right) of bipolar membrane with AEM based on FAA-3-10, an
interlayer with different compositions and thickness, and CEM based on PFSA. The thickness of each CEL and AEL
was 10 µm for all BMs in this figure. The resistance shown on the right hand-side is the derivative of the U = f(I)
curve shown on the left hand-side. The green curve corresponds to the BM labeled BM3 in Table 2.

2.2. PREPARATION AND CHARACTERISATION OF PGM-FREE ANODES AND CATHODES FOR BMEL
The PGM-free anode to catalyze the oxygen evolution reaction (OER) in alkaline conditions in a BMEL was
selected from the work performed in the project on Ni-Fe oxides in Task 3.1 (electrocatalyst materials for
OER, ORR and OER/ORR bifunctionality in alkaline medium), Task 5.1 (Electrolyzer MEA development) and
Task 5.2 (Electrolyzer MEA assessment). Testing of such anodes in AEMEL identified Ni-Fe oxides (free of
Zn) as nanostructured film on a Ni foam to be the most promising one (Public CREATE Deliverable report
D3.3). The anode labelled Fe(PO3)/Ni2P/Ni-foam was selected on this basis for testing with two different
BMs in BMEL.
To decorate Ni foam electrodes with nanostructured Fe-Ni oxides, we followed a multi-step procedure.
First, a commercial Ni foam was dipped into an iron nitrate solution and slowly dried in air. It was then
thermally phosphatized in a furnace at 450°C. The phosphorus source was sodium hypophosphite
monohydrate (NaH2PO2·H2O), which was put at the upstream of the Ar circulation at around 400°C. This
thermal phosphidation forms Fe(PO3)2 nanocrystals on top of the Ni2P surface formed on the Ni foam,
during cooling down to room temperature under argon. This immersion/phosphidation process was
repeated twice to increase the Fe loading. We characterized the nano-Ni-Fe/Ni foam electrodes by HRTEM (see section 4.2 in Public CREATE Deliverable report D3.3), including electron diffraction. The
presence of iron was detected by EDX, but iron was present as amorphous nano-islands, since no
diffraction pattern related to an iron phase was observed. The surface material detected is a pure Ni 2P
phase. Such electrodes were characterized by scanning electron microscopy, energy-dispersive X-ray
spectroscopy (EDX) and X-ray diffraction after accelerated stress tests comprising thousands of cycles.
These data supported the operando evolution of the as-prepared Fe(PO3)/Ni2P species to amorphous FeNi oxide (Public CREATE Deliverable report D3.3). Polarisation curves recorded at 60°C for the two best
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performing AEMEL cells, one with a IrO2-based anode and one with a Fe(PO3)/Ni2P/Ni-foam anode are
shown in Figure 5. The cell with the Fe(PO3)/Ni2P anode performed similarly as the one with the IrO 2
anode. Hence, the Fe-Ni-Ox/Ni foam anode can be considered a good replacement for IrO2 anode in
alkaline conditions, and was selected for BMEL tests.

Figure 5: AEMEL polarisation curves recorded at 60°C using fumapem® VM‐FAA‐ 3‐50 membranes and Pt/C cathode
with 0.2 mgPt cm‐2 loading. The anode was either 1.47 mg cm-2 IrO2 on titanium felt –blue curve) or 2.7 mg cm-2 FeNi-Ox/Ni foam (red curve). 0.1 M KOH in water as electrolyte feed.

The PGM-free catalyst to catalyze the hydrogen evolution reaction (HER) in acidic medium was a cobaltbased material comprising metallic cobalt particles surrounded by a graphite layer. Attempts to prepare
core-shell materials with metallic iron core and an ultrathin graphite shell resulted in lower HER activity
compared to results reported earlier with a smaller-scale oven,1 and an alternative preparation route
based on ZIF-8 pyrolysis was adopted during the course of the project. In this route, among the 3d
transition metals, the Fe-based material does not result in attractive HER activity in acid medium, but
cobalt does.2 While cobalt belongs to the current list of critical raw materials (CRMs) as defined by the
European Union, it is much more abundant than any of the PGMs, and its use in BMEL would represent a
minimal share of the global yearly production of cobalt. The cobalt-NC catalyst precursor was prepared
by combining the Zn(II) zeolitic imidazolate framework ZIF-8 (Basolite Z1200, labelled ZIF-8), furfuryl
alcohol (FA), cobaltous acetate, and 1,10-phenanthroline (phen). ZIF-8 was first impregnated with FA,
using 4 mL of FA per gram of ZIF-8. The resultant mixture was stirred for 24 h, filtered and washed with
mesitylene to remove excess FA. We then prepared the Co/phen/Z8FA catalyst precursors of weight
compositions 5/20/80. The scalar of 5 stands for 5 wt. % of cobalt) in the catalyst precursor, while 20/80
is the mass ratio of phen to the microporous host Z8FA. The suspension was stirred 2 h, then slowly
evaporated and dried overnight at 80 °C. The resulting powder was subjected to planetary ball-milling to
form the catalyst precursor. One gram of catalyst precursor was ball-milled in a zirconium oxide crucible
filled with zirconium oxide balls. The vial was sealed under air and placed in a planetary ball-miller. The
catalyst precursor collected after ballmilling then underwent a pyrolysis in flowing Ar at 1050 ºC for 1 h,
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with a heating in ramp mode (5 ºC·min−1). The resulting catalyst is labelled Co5.0-NC. Due to important loss
of Zn, C and N elements from the catalyst precursor during pyrolysis (forming volatile products), the cobalt
content in the final catalyst is multiplied by ca three-fold, resulting in Co bulk content of ca 15 wt% in
Co5.0-NC. Metallic particles with size in the range of 10-30 nm are observed in in Co5.0-NC, and identified
by XRD to be metallic cobalt (Figure 6). Its BET area is ca 510 m2/g (micro and mesoporous), mostly
assigned to the carbon area.
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Figure 6. X-ray diffraction pattern for Co5.0-NC catalyst, identifying graphite and metallic cobalt; and TEM image of
Co5.0-NC showing metallic cobalt particles surrounded by carbon/graphite shell.

The HER activity in acid medium of Co5.0-NC was verified with rotating disk electrode method, and showed
ca 200 mV overpotential at 1 mA·cm-2and a low catalyst loading of 0.2 mg cm-2 (Figure 6).
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Figure 7. HER activity in acid of Co5.0-NC. The electrolyte was 0.5 M H2SO4, the rotation 1600 rpm, scan rate 1 mV·s1 and catalyst loading 0.2 mg·cm -2.

2.3. BMEL TESTS WITH PGM-FREE CATHODE AND PGM-FREE ANODE
The anode, BMs and cathode as well as key experimental conditions are described in Table 1 below, while
Table 2 gives a description of the different BMs investigated in BMEL. BM1 and BM2 were investigated
with PGM-free cathode (in this section), and BM3-BM4 only with Pt cathode (section 2.4).
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Table 1. Description of key components of the BMEL and testing conditions

Anolyte
Bipolar membrane
Bipolar membrane
Cathode

Label
Fe(PO3)/Ni2P/Nifoam
0.1 or 1.0 M KOH
BM1
BM2
Co5.0NC; cathode

Catholyte

0.1 or 0.5 M H2SO4

Anode

Description
surface-decorated Ni foam; catalyst loading 0.3 mg cm-2
of Ni-Fe-oxide
200 mL reservoir
See Table 2
See Table 2
Prepared by depositing an ink comprising Co5.0NC and
Nafion ionomer, to reach a loading of 1 mgCo5.0NC cm-2 on
a gas diffusion layer (ca 0.17 mgCo cm-2 loading)
250 mL reservoir

Table 2. Description of the BMs investigated in BMEL device.

BM1
(S2003-009)
BM2
(batch
M37312003)
BM3
(batch S2007-040)
BM4
(batch S2003-008)

BM thickness
(µm)
70-100

AEM type and
thickness (µm)
FAA-3 (30)

Interlayer area
weight (mg· cm-2)
2.2

CEM type and
thickness
PFSA EW725 (10)

130

FAA-3 (40)

2.0 - 2.5

sPEEK (50)

20-25

FAA-3 (10)

1.5

PFSA PW72S (10)

50-70

FAA-3 (10)

2.2

PFSA PW72S (10)

Co5.0NC cathode preparation:
Cathode ink was prepared by mixing 20 mg of Co5.0NC with 652 µL of 5 wt% Nafion solution containing
15-20 % water, 326 µl of ethanol and 272 µl of de-ionized water. The ink solution was then ultrasonicated
for 1 h before being drop cast on an 18 cm2 gas diffusion layer (Sigracet 39BC). Prior to being mounted in
the flow cell, the GDE was cut into a 10 cm2 to fit in the electrode holder.
Electrochemical testing:
Two sets of experiments were tested, depending on electrolyte concentration.
For the tests with 0.1 M KOH and 0.1 M H2SO4 as anolyte and catholyte, respectively, the following
electrochemical protocol was utilized. First a galvanostatic measurement at 45 mA cm -2 was performed
for 2 min, followed by 5 min at open circuit. Afterwards a linear scan amperometry at 0.1 mA·cm -2·s-1 was
performed by scanning the cell current density from 0 to 45 mA·cm-2. This polarisation curve is designated
as beginning-of-life (BOL) in the figures. Afterwards, galvanostatic measurements were performed for 5
min at each of the following current densities: 0.5, 1.0, 2, 5, 10, 20 and 45 mA·cm-2. At each current density,
a galvanostatic electrochemical impedance spectroscopy was performed from 300 kHz to 0.1 Hz with an
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AC amplitude of 10 % of the DC current. Following the galvanostatic and impedance measurement, the
system was left at open circuit voltage for 5 min before an additional current density sweep was
performed, this second polarisation curve being designated as end-of-life (EOL).
For the tests with 1.0 M KOH and 0.5 M H2SO4 as anolyte and catholyte, respectively, the protocol was
modified due to the possibility to reach higher current densities due to higher conductivity of the
electrolytes. The linear scan amperometry was performed at 1 mA·cm-2·s-1 by scanning the cell current
density from 0 to 450 mA·cm-2. Afterwards, the galvanostatic measurements were performed for 5 min
at each of the following current densities: 0.5, 1.5, 20, 45, 100, 200 and 450 mA·cm -2.
Cell setup:
The anode, BM and cathode were installed in a commercial Micro Flow Cell (MFC) purchased from
ElectroCell, whose photograph and scheme is shown in Figure 8 below. The electrochemical surface area
is 10 cm2. Current densities reported were normalized by the geometric surface area (10 cm 2). All tests
were performed at atmospheric pressure and room temperature. The thickness of liquid anolyte and
catholyte is ca 3 mm each. Anolyte and catholyte were recirculated with a peristaltic pump in the reservoir
of 200 or 250 mL at a flow rate of 100 mL/min. The gap between the membrane separating the two
electrolyte compartments and each electrode is ca 3-5 mm, depending on the gasket and compression.
For all tests 5 Nm of torque was applied to each bolt.

Figure 8. Scheme of the BMEL flow cell setup and photograph of the cell.
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Results:

Figure 9. BMEL polarisation curves with BM1 (black) or BM2 (red) measured in the first scan and in the final scan
(as measured, left handside, or iR-corrected, right handside). Fe(PO3)/Ni2P/Ni-foam anode, Co5.0NC cathode. Anolyte
0.1 M KOH, catholyte 0.1 M M H2SO4 with pump rate 100 mL/min.

Figure 9 compares the results obtained with BM1 or BM2, all other parameters and components being
fixed. The iR correction removes the additional voltage that is mainly due to the thick anolyte and
catholyte in the flow cell and allows us estimating the best polarisation curves that might be expected in
a zero-gap configuration of BMEL. In the initial polarisation curves, the results obtained with BM1 and
BM2 are comparable, with slightly better performance after iR-correction obtained with the thinner BM1
(black solid curve vs. red solid curve). However, at the end of the electrochemical testing, the thinner BM1
showed increased cell voltage by ca 1 V at 45 mA cm-2 (dashed black curve in Figure 9, left handside). Even
after iR-correction, a degradation in cell performance is visible (dashed black curve Figure 9, right
handside). This might be due to the delamination of the thin PFSA CEL and increased overvoltage for water
splitting at the CEM-AEM interface, or due to a partial mixing of anolyte and catholyte, with pH shift to
more neutral pH and possible changes in OER and HER electrocatalysis at each electrode. The pH in the
anolyte was continuously measured, and the data shows a decrease in pH with time for the cell with the
thin BM1 (Figure 9). This malfunctioning of the BPM1 was also clearly supported by significant changes in
the volumes of anolyte and catholyte before / after testing (+50 µL anolyte, and -50 µL catholyte). This is
in line with the BM working as an AEM, without water splitting at the interface, possibly due to early
delamination. In this case, the hydroxyl anions consumed by the OER are replaced by sulfate anions
conducted through the AEM from the cathode compartment. The cathode compartment, in contrast,
would experience consumed protons due to the HER and equivalent outgoing flux of sulfate ions from
cathode compartment to anode compartment, respecting the electric charge neutrality.
For BM2, in contrast, the performance slightly improved after electrochemical testing for the cell with
BM2 (Figure 9, red curves). The pH in the anolyte did almost not change over time, suggesting the stability
of BM2 in such conditions and its ability to prevent crossover of ions and to maintain the pH difference
(Figure 10, left handside). There was also no obvious change of anolyte and catholyte volume at the end
of the testing. Small decrease of anolyte pH was observed when the current density increased, but this
decrease was reversible when the cell was at rest (Figure 10, right handside). These minor pH changes
with BM2 may be due to the influence of O2 bubbles produced at anode and carried away in the anolyte
on the exact pH-value.
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Based on these results, the BM2 was chosen for subsequent tests. Figure 11 shows the BMEL polarisation
curves obtained with higher electrolyte concentration. As expected, the polarisation curves before iRcorrection are improved with increasing electrolyte concentration, due to the higher conductivity of the
anolyte and catholyte and ensuing lowered Ohmic resistance between each side of the BM and the anode
and cathode (Figure 11, left). After iR-correction however, the polarisation curves show similar
performance in high and low concentration electrolyte conditions, suggesting that the more acidic and
more alkaline pH conditions did not modify significantly the anode and cathode polarisation curves (Figure
11, right).

Figure 10. (left) pH changes over time in the anolyte reservoir for the cell with BM1 (black curve) or BM2 (red curve).
Right: Changes in pH and current density over time for the cell with BM2. Measurements performed with 0.1 M KOH
and 0.1 M H2SO4. Fe(PO3)/Ni2P/Ni-foam anode, Co5.0NC cathode.

Figure 11. Effect of electrolyte concentration on the BMEL polarisation curves with BM2, Fe(PO 3)/Ni2P/Ni-foam
anode, Co5.0NC cathode. Anolyte 0.1 or 1.0 M KOH, catholyte 0.1 or 0.5 M H 2SO4. Left) non iR-corrected and right)
iR-corrected polarisation curves.

The Ohmic resistance in the cell was measured by GEIS at different current densities, and the results ae
shown in Figure 12 for the cell with BM2, and for the low and high concentration electrolyte conditions,
revealing the drop in Ohmic resistance from ca 47 Ohm·cm2 at 0.1 M KOH / 0.1 M H2SO4 to ca 10 Ohm·cm2
at 1.0 M KOH / 0.5 MH2SO4 conditions. The pH in the anolyte was also found stable over time (during the
course of the electrochemical experiments) at these higher concentrations, with minor decrease occurring
as the current density increased, but this was reversible when the cell was thereafter at rest (Figure 12).
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Figure 12. HFR values for the cell with BM2 measured at different current densities. Measured by galvanostatic
electrochemical impedance spectroscopy with an AC amplitude of 10 % of the DC current. Fe(PO3)/Ni2P/Ni-foam
anode, Co5.0NC cathode.

Figure 13. Left: pH change over time in the anolyte reservoir for the cell with BM2 and for measurements performed
with 1.0 M KOH and 0.5 M H2SO4. Right: pH and current density changes over time. Fe(PO3)/Ni2P/Ni-foam anode,
Co5.0NC cathode.

2.4 BMEL TESTS WITH PLATINUM CATHODE AND PGM-FREE ANODE
For comparison to AEMEL tests acquired with Pt/C cathode and Fe(PO 3)/Ni2P/Ni-foam anode (CREATE
deliverable D3.3), and also to assess the additional overvoltage at the cathode (Co 5.0NC catalyst) relative
to the overvoltage with a PGM-cathode, BMEL tests were performed first with BM2 and replacing the
Co5.0NC cathode with a commercial Pt/C cathode. Table 3 shows the key components studied in this
subsection. Then, additional BMs were studied (BM3-BM4, only with the Pt/C cathode).
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Table 3. Description of key components of the BMEL and testing conditions in this subsection.

Label

Description

Anode

Fe(PO3)/Ni2P/Ni-foam Decorated Ni foam; loading 0.3 mgNiFeOx cm-2

Anolyte

1.0 M KOH

200 mL reservoir

BM2

See Table 2

Bipolar membrane BM3

See Table 2

BM4

See Table 2

Co5.0NC

1 mgCo5.0NC cm-2 on a gas diffusion layer

Pt/C

Pt/C on microporous GDL. Loading of 0.2 mgPt·cm-2

0.5 M H2SO4

250 mL reservoir

Cathode
Catholyte

Figure 14 shows the BoL (solid curves) and EoL results (dashed curves) with the Co5.0NC cathode (blue
curves) and the Pt/C cathode (green curves). At high current density (> 150 mA·cm-2), the results obtained
with the Co5.0NC cathode are better than those obtained with the Pt/C cathode (Figure 14 - left). At low
current density, and after correction for Ohmic drop in the cell, the benefit of the higher HER kinetics of
Pt/C versus Co5.0NC is visible, with ca 200-250 mV lower cell voltage with Pt/C (Figure 14, right). This is in
line with the 250 mV overvoltage needed to reach -1 mA·cm-2 HER with Co5.0NC in RDE setup (Figure 7),
while Pt is known to have zero overpotential for the HER onset in acid medium.

Figure 14. Effect of cathode catalyst on the BMEL polarisation curves. Co 5.0NC or Pt/C cathode. Left) non iR-corrected
and right) iR-corrected polarisation curves. Anolyte 1.0 M KOH, catholyte 0.5 M H2SO4. Fe(PO3)/Ni2P/Ni-foam anode,
BM2. Room temperature.

As in Figure 12, the HFR was 10-12 Ω cm2 (dependent on the current density) and independent of cathode.
This Ohmic resistance is mainly due to the anolyte and catholyte, in this flow cell configuration. With the
stable BM2, the polarisation curves acquired with constant scan rate of the current density or acquired
point-by-point with 5 min galvanostatic mode are comparable, and the latter curves are shown on Figure
15.
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Figure 15. IR corrected polarization curves. Obtained by galvanostatic measurements at the given current density
for 5 min. The average voltage of the last 30 s of each galvanostatic measurement is shown. Co5.0NC or Pt/C cathode.
IR-corrected polarisation curves. Anolyte 1.0 M KOH, catholyte 0.5 M H2SO4. Fe(PO3)/Ni2P/Ni-foam anode, BM2.
Room temperature

Comparison of BM2, BM3 and BM4 was finally done with the Pt/C cathode and PGM-free anode and the
initial polarisation curves are shown in Figure 16. The results show that in the region 10-300 mA·cm-2,
BM3 resulted in the lowest performance (highest cell voltage) while BM2 and BM4 resulted in comparable
cell voltages. Above 300 mA·cm-2 however, the cell with BM2 showed a sudden increase in cell voltage,
not observed with the other two membranes. The inset in Figure 16 shows the low current density region
of polarisation curves.
Relating the performance at high current density to BM structure, what sets apart BM2 from BM3-BM4 is
a) thicker AEL (but same nature of AEL, i.e. FAA-3), b) thicker CEL, and c) sPEEK vs. PFSA in CEL. Therefore,
it seems that thick AEL and CEL is a main reason for the poor performance of BM2 at high current density,
and in turn this might be assigned to a more difficult access of water to the interlayer region, where water
is split into hydronium an hydroxyl ions. Further, the higher overpotential needed for water splitting with
BM3 than with BM4 at any current density can be assigned to the thinner interlayer in BM3 than in BM4,
because the nature and thickness of the AEL and CEL are the same in BM3 and BM4 (Table 2). A thinner
interlayer implies less interfacial area between CEL and AEL, explaining lower kinetics for water splitting.
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Figure 16. IR-corrected polarization curves for BMEL with three different BMs. Anolyte 1.0 M KOH, catholyte 0.5 M
H2SO4. Fe(PO3)/Ni2P/Ni-foam anode, Pt/C cathode, Room temperature.
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In the low current density region, the cell with BM2 performs well (as well as BM4) in spite of its thick AEL
and CEL in BM2. Therefore, it seems that the BM performance at low current density is mainly related to
the interlayer thickness, BM2 and BM4 having similar interlayer area weight (2-2.5 and 2.2 mg cm-2,
respectively, see Table 2) while BM3 has too little of interlayer weight (1.5 mg cm-2).
The performance after the series of electrochemical measurements was unmodified or only very slightly
decreased for BM2, but significantly decreased for BM3 and BM4 (Figure 17). Two factors may be
responsible for the improved stability of BM2: the thicker AEL (40 µm of FAA-3, versus only 10 µm for the
other two) or the thickness of the CEL (50 µm vs. 10 µm for the other two), or the nature of the CEL (sPEEK,
versus PFSA for the other two).

Figure 17. IR-corrected polarization curves for three different BMs, before and after the same series of
electrochemical experiments. Anolyte 1.0 M KOH, catholyte 0.5 M H2SO4. Fe(PO3)/Ni2P/Ni-foam anode, Pt/C cathode,
Room temperature. Obtained by a galvano-dynamic measurement between 0-450 mA cm-2 with a sweep rate of 10
mA s-1.

3. DISCUSSION AND CONCLUSION
To compare results obtained in AEMEL and BMEL modes, we plotted the AEMEL polarisation curve (non
iR-corrected) with the iR-corrected BMEL polarisation curves, because the overwhelming contribution of
Ohmic resistance in flow cell setup is coming from the liquid anolyte and catholyte and not from the BM
itself. The same anode was used (Fe(PO3)/Ni2P/Ni-foam) and very similar cathodes (Pt/C, 0.2 or 0.5 mg Pt
cm-2) were used as well for the comparison. The results shown in Figure 18 highlight similar cell voltages
for the onset of water electrolysis (ca 1.5 V, related to the onset for OER at the anode and sluggish OER
kinetics), but a high additional cell voltage (∆E) at high current for the BMEL vs. AEMEL (compare green
and orange curves). Since the HER on Pt is known to be faster in acidic medium (cathode side of BMEL)
than in alkaline medium (cathode side in AEMEL), this gap can be entirely assigned to the BM, and in
particular to the water splitting in the AEL-CEL interlayer of the BM. The magnitude of ∆E vs. current
density is highly similar to the U-I curves measured for BMs outside cells, as shown in Figures 1 and 3.
Improving further BM, and especially water splitting in the interlayer, will be necessary for competitive
performance of BMEL with AEMEL. Recent works have shown that carefully selected catalysts for the
interlayer of BMs can drastically reduce the overpotential needed for water splitting, although IrO x has
mostly been used hitherto as interlayer catalyst when obtaining high performance in BMEL.3-4 While these
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recent reports have shown that this water splitting overpotential can be drastically decreased with IrO 2
or RuO2 at the AEM/CEM interface within the BM, this would result in the practical displacement of PGM
elements (Ir, Ru) currently required at the anode of PEMEL to inside the BM, thereby not allowing the
elimination of PGM from polymer-electrolyte electrolyzer device. A significant reduction of the ∆E
magnitude in Figure 18 is also expected if the BMEL were operated at the same temperature of 60°C than
used for the AEMEL (room temperature used for the BMEL tests in this report). In Figure S6 of Ref. 3, the
BMEL cell voltage was reduced by ca 0.2 V at 50 mA·cm-2 when increasing the temperature from 20 to
50°C. Assuming the same positive temperature effect for our BMs, the ∆E value between BMEL and AEMEL
performance in Figure 18 would be reduced from ca 0.4 V to only 0.2 V at 50-60°C.

Figure 18. Comparison of BMEL and AEMEL performance. AEMEL polarisation curve recorded at 60°C using
fumapem® VM‐FAA‐ 3‐50 membrane and Pt/C cathode with 0.2 mg Pt cm‐2 loading. The anode was 2.7 mg cm-2 FeNi-Ox/Ni foam. 0.1 M KOH in water as electrolyte feed. BMEL polarisation curve recorded at room temperature using
either BM2 or BM4, 1M KOH and 0.5 M H2SO4 as anolyte and catholyte, Fe-Ni-Ox/Ni foam anode and either a
Pt/cathode with 0.2 mgPt cm‐2 loading (green curve) or Co5.0NC with 1 mg cm-2 (blue curve). The BMEL curves are iRcorrected (mostly, for the high Ohmic drop in the electrolyte due to several mm between the BM and each electrode
in the flow cell mode) while the AEMEL curve is not iR-corrected. The orange curve is the same as the one shown in
Figure 5.

Last, switching from Pt to a Co-based cathode in BMEL additionally leads to an increase of ca 250 mV in
cell voltage (compare blue vs. green curve in Figure 18), in line with onset potential for HER for Co-NC of
ca -200 mV vs. RHE (Figure 7) while it is known to be near 0 mV vs. RHE for Pt.

4. RECOMMENDATIONS AND FUTURE WORK
Bipolar membranes still need to be improved for BMEL application, in particular the overvoltage related
to water splitting at the interlayer must be further reduced. While this might be reached with the addition
of novel catalysts, the latter should be PGM-free, otherwise the potential cost advantage of BMEL vs.
AEMEL to switch to PGM-free cells would be lost. PGM-free HER catalysts in acid medium also need to be
improved to close the gap with Pt-based cathodes. Regarding the application of BM for fuel cell, an issue
is the exchange of the AEL (usually in bromide-form) into OH-form, while keeping the CEL in its proton
form. This could be obtained with a pretreatment of BM in a flow cell setup operated in electrolysis mode,
in situ forming OH- and H+ in the interlayer, before transferring such a BM for fuel cell testing.
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5. APPENDIX
Acronyms
BM
BMEL
AEM
AEMEL
AEL
CEM
CEL
IL
IEC
EW
PFSA
sPEEK
ORR
OER
HER
HOR
HFR
GEIS
RDE

bipolar membrane
bipolar membrane electrolyzer
anion exchange membrane
AEM electrolyzer
anion exchange layer
cation exchange membrane
cation exchange layer
interlayer
ion exchange capacity in mmol/g
equivalent weight in g/mol
perfluoro sulfonic acid
sulfonated polyetheretherketone
Oxygen reduction reaction
Oxygen evolution reaction
Hydrogen evolution reaction
Hydrogen oxidation reaction
High frequency resistance
Galvanostatic electrochemical impedance spectroscopy
Rotating disk electrode
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