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It is a great challenge to develop membranes based on polyaromatic backbone chemistries that combine high
alkaline resistance with high ionic conductivity and low gas crossover for alkaline water electrolysis. Hence, a
new alkaline stable aromatic monomer containing side ion-solvating poly(ethylene oxide) (PEO) groups was
synthesized and polymerized with isatin and biphenyl via super acid catalyzed hydroxyalkylation to yield ion-
solvating copolymers. The prepared aryl-ether free backbone aromatic copolymers (P(IB-PEO)-y) have excel-
lent film-forming properties, high thermal stability, but moderate KOH electrolyte uptake and relatively low
conductivity. Therefore, to further enhance the electrolyte uptake and ionic conductivity, P(IB-PEO)-20 co-
polymers were blended with polybenzimidazole in ratios 80/20, 70/30, 60/40 and 50/50. The prepared blend
membranes exhibit high electrolyte uptakes (up to 97 wt%) while the highest ionic conductivity of 110 mS cm™!
at 80 °C was observed for PBI80/P(IB-PEO) blend. The KOH doped PBI70/P(IB-PEO) membrane shows a tensile
strength of 20 MPa and a significant increase in Young’s modulus (131%) compared to that of PBI80/P(IB-PEO).
The alkaline stability test demonstrated that PBI80/P(IB-PEO) membrane exhibits a substantially higher Young’s
modulus (144% increase) than non-aged analogue, after 1 month in 20 wt% KOH solution at 80 °C. Further,
PBI80/P(IB-PEO) and PBI70/P(IB-PEO) membranes retained 96-98% of their original conductivity after aging,
indicating their excellent alkaline resistance. Selected membranes were tested in a single cell electrolyzer to
probe feasibility and crossover behaviour.

1. Introduction

Water electrolysis is a key technology enabling the production of
hydrogen and oxygen via electrochemical splitting of water [1].
Hydrogen has been long recognized as a promising alternative energy
carrier to replace fossil fuels for power generation in transportation,
industrial sector and residential heating [2-4]. When hydrogen is
generated using renewable energy, it has the potential to be a
zero-carbon energy carrier, thus facilitating the green transition to a
more secure, sustainable energy system [5,6]. There are two commercial
water electrolysis technologies at low temperatures, the conventional
alkaline electrolyzers that use highly concentrated aqueous KOH solu-
tion as electrolyte and a porous separator and the proton exchange
membrane (PEM) electrolyzers. Although abundant and inexpensive
platinum-free catalysts can be utilized under alkaline conditions, alka-
line electrolyzers suffer from high internal resistance and product gas
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crossover through the porous separator. This has driven to the replace-
ment of the porous separator with a non-porous, dense polymeric
membrane, a proton exchange membrane system (PEM) that offers
several advantages including high-purity hydrogen production and high
current densities with a theoretical efficiency of 80-90%. Nevertheless,
PEM electrolyzers are expensive and depend on precious platinium
group electrocatalysts such as platinium for the cathode and iridium for
the anode. In addition, large scale system implementation is practically
unfeasible due to the limited availability of iridium which is much rarer
that platinum [7,8].

Anion exchange membranes (AEM) water electrolyzers have gained
much attention the last decade as an alternative solution that addresses
the drawbacks and combines the merits of PEM and conventional
alkaline water electrolyzers [7-13]. However, the insufficient OH™ ion
conductivity and mainly the lack of chemical stability of AEMs are
critical factors that hinder their practical use [14]. Regarding the
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chemical stability, both cationic moieties and polymer backbone in
AEMs are susceptible to nucleophilic attack by hydroxide ions, leading
to the loss of conductivity and mechanical strength, which in turn causes
a failure in alkaline electrolyzers. Therefore, several approaches have
been proposed to ameliorate the degradation of functional cationic
groups in alkaline media but so far, although much progress has been
made the durability of AEMs remains a big challenge [15].

Redesigning the AEM electrolyzers towards improved chemical sta-
bility and cell performance is a strategy to circumvent the limitations of
AEM technology. To succeed this, a recently suggested strategy is the
ion-solvating membrane concept [16-18]. In this concept, a dense
polymeric membrane in combination with a supporting aqueous alka-
line electrolyte (KOH solution) is required to achieve the good cell
performance, since the conductive properties are associated with
membrane’s ability to be doped in KOH solution and the presence of the
respective electrolyte. Typical ion-solvating membranes are based on
poly(ethylene oxide) (PEO) [19], poly(vinyl alcohol) (PVA) [20,21] and
polybenzimidazole (PBI) [22,23]. The most well investigated system is
the KOH (aq) doped poly(2,2’-(m-phenylene)-5,5-bibenzimidazole)
(m-PBI), which has demonstrated impressive cell performance [16].
However, very recently, PBI-based ion-solvating membranes such as
poly [2,2’-(1,4-naphthalene)-5,5'-bibenzimidazole] (NPBI) and its sul-
fonated functionalized analogues were explored as promising alterna-
tives for alkaline water electrolysis application [24,25]. In particular,
sulfonate grafted NPBI in which sulfonate side chains are attached to PBI
backbone shows improved KOH electrolyte uptake and consequently
higher ionic conductivity along with improved cell performance when
compared with the unmodified NPBI membrane [24].

The lack of cationic groups which are vulnerable to degradation by
hydroxide attack consists a major benefit of ion-solvating polymers.
Thus, the chemical stability of the polymer backbone in ion-solvating
polymers should be the only critical concern to be solved and conse-
quently the focus should be shifted towards alkaline stable backbone
chemistries with high electrolyte uptake.

For polymeric backbones, the presence of heteroatoms and electron-
withdrawing groups in the polymer backbone, particularly the polymers
containing arylene ether and sulfone linkages, is correlated with poor
alkaline stability [26]. Therefore, the search for alkaline stable back-
bones is directed towards polyaromatic backbone chemistries [27].
Among these synthetic methods of preparing aryl ether-free poly-
aromatics, superacid-catalyzed polyhydroxyalkylation has become an
easy synthetic route to get linear aromatic polymers with high molecular
weights polymers and high reaction efficiency [28-30]. Very recently,
aryl ether free polyaromatics were synthesized via super-acid catalyzed
polymerization and exhibited excellent chemical stability under alkaline
media [31-40].

As such, the idea was to design and synthesize aryl-ether free aro-
matic backbone copolymers containing ion-solvating side PEO and isa-
tin segments. These polymeric structures combine very attractive
properties. In specific, the presence of both isatin and ion-solvating PEO
segments bearing polar ether groups which can solvate the K* cations
via acid-donor interactions promotes the high electrolyte uptake while
the poly aromatic backbone, free of alkaline labile aryl ether linkages
can ensure the high alkaline stability and the mechanical robustness. In
addition, the excellent alkaline stability of isatin based copolymers
owing to the steric effect of bulky adjacent phenyl ring to C2-carbon, is
already reported by several groups [33,36,40].

Herein, a new series of aryl-ether free main backbone copolymers
containing ion-solvating side PEO and isatin groups (P(IB-PEO)-y) were
prepared via superacid-catalyzed polyhydroxyalkylation of biphenyl,
isatin and PEO side functionalized p-terphenyl. To the best of our
knowledge, is the first attempt to use this synthetic route for preparing
ion-solvating polymers bearing two different groups that can interact
with KOH solution. High molecular weight ion-solvating polymers were
obtained and mechanically stable membranes were fabricated. In order
to tune the membrane properties and further promote electrolyte
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uptake, the polymers where blended with m-PBI at different ratios [41].
The membranes were systematically characterized with respect to
physicochemical properties and alkaline stability and evaluated in
alkaline electrolyzer tests.

2. Experimental
2.1. Materials

m-PBI powder and membranes were supplied by Blue Word Tech-
nologies. Poly(ethylene oxide) methyl ether tosylate, 2,5-dibromohy-
droquinone and 2,5-dibromo-1,4-bis(methoxy poly(ethylene oxide))
benzene were synthesized according to a known procedure [42,43].
Benzeneboronic acid (98%, Alfa Aesar), bis(triphenylphosphine)palla-
dium (II) dichloride (99.99%, Sigma Aldrich), potassium carbonate
(K2CO3, 99%), biphenyl (99%, Alfa Aesar), p-toluenesulfonyl chloride
(TsCl, 98%, Sigma-Aldrich), isatin (98%, Alfa Aesar), trifluoracetic acid
(TFA, 99%, Alfa Aesar), trifluoromethanesulfonic acid (TFSA, 99%,
Fluorochem), potassium hydroxide (+85% pellets, Merck), N,N-dime-
thylacetamide (DMA, 99.5%, Scharlab), toluene (Scharlab), ethyl ace-
tate (Sigma Aldrich), methanol (Sigma Aldrich), dichloromethane
(Scharlab), N,N-dimethylformamide-d; (99.50 atom% Deutero DE),
chloroform-d (99.80 atom% Deutero DE) were all used as received. Ni
foam (pore size 450 pm, thickness 1.6 mm) was obtained from Alantum.

2.2. Synthesis of PEO side functionalized p-terphenyl monomer

The PEO side functionalized p-terphenyl monomer was synthesized
in three steps, as shown in Scheme 1. The two first steps involving the
tosylation of poly(ethylene glycol) methyl ether followed by reaction
with 2,5-dibromo-benzene-1,4-diol, have already been described by our
group [42,43]. In the last step, the product 2,5-dibromo-1,4-bis(methox-
ypoly(ethylene oxide)) benzene reacted with phenylboronic acid via
Suzuki coupling to give the desired monomer. The detailed synthesis is
as follows. 2,5-Dibromo-1,4-bis(methoxy poly(ethylene oxide)) benzene
(7.67 g, 8.24 mmol, 1 eq), benzeneboronic acid (3.01 g, 24.7 mmol, 3
eq), PACIy(PPhs), (0.30 g 0.41 mmol, 0.05 eq), aqueous solution of 2 M
K2COs3 (20.6 mL) and toluene (42 mL) were added in a dry degassed
flask. The reaction mixture was heated under reflux for 24 h. After
cooling at room temperature, the water phase was separated from the
organic one. The water phase was extracted with toluene and the
combined organic phases were washed with water and brine, subse-
quently dried over MgSO,4 and concentrated under vacuum. The ob-
tained light brown oily product was further purified by using column
chromatography (toluene/ethyl acetate 1:1) and isolated in 76% yield.

2.3. Synthesis of P(IB-PEO)-y copolymers

The synthesis of aromatic copolymers bearing isatin and PEO side
functionalities was carried out via superacid-catalyzed step-growth
polymerization. A typical example of polymer preparation is as follows.
Isatin (0.44 g, 2.97 mmol), biphenyl (0.33 g, 2.16 mmol), p-terphenyl-
PEO (0.5 g, 0.54 mmol) and TFA (3.3 mL) were added into a dry
degassed flask, cooled to 0-5 °C using an ice bath and stirred for 0.5 h.
Subsequently, 3.8 mL of TFSA was slowly added into the mixture that
was left at room temperature under vigorous stirring for 4 h until a
highly viscous dark-green solution was obtained. Then, it was precipi-
tated into methanol and an orange fibrous polymer was formed. The
polymer was filtered off, washed with hot methanol and finally was
dried overnight in vacuum oven at 80 °C and isolated in 86-93% yield.
The synthesized copolymers are hereafter referred to as P(IB-PEO)-y,
where y denotes the molar percentage of PEO side functionalized p-
terphenyl monomer and IB abbreviation corresponds to biphenyl-isatin
segment.
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Scheme 1. Synthesis of PEO side functionalized p-terphenyl monomer.

2.4. Blend membrane preparation

The two blend components, P(IB-PEO)-20 and m-PBI were separately
dissolved in DMA to obtain 5 wt% solutions, respectively. The two so-
lutions were mixed together under stirring and the combined solution
was filtered through filter paper and cast onto a clean glass plate in an
oven at 80 °C for 24 h. The formed membranes were peeled off from the
glass plate and dried in a vacuum oven at 100 °C for at least 20 h.
Membranes with different compositions were prepared by adjusting the
weight ratio of the two blend components (see Table 1). The thickness of
the fabricated membranes was 50 pm and 100 pm respectively.

2.5. Characterization

The proton Nuclear Magnetic Resonance (*H NMR) spectra were
recorded on an Advance DPX 400 MHz spectrometer (Bruker). The
samples were dissolved in DMF-d; or CDCl3 and the chemical shifts are
reported relative to tetramethylsilane (TMS) which was used as internal
standard. The intrinsic viscosity of P(IB-PEO) copolymers was deter-
mined at 25 °C using an Ostwald viscometer with the copolymers dis-
solved in DMA. The efflux time was measured three times at four or five
different concentrations of each sample. The reduced and inherent vis-
cosities were calculated according to the following equations:

In (i—:)

c

(€8]

Ninh =

B

Nyea = 2 c (2)

Where t; is the efflux time for the polymer solution with concentration c
and ty is the efflux time for the blank sample. The intrinsic viscosity was
determined by extrapolating both 7,1, and #.eq to zero concentration and
calculating the average intersection with the y-axis.
Thermogravimetric analysis (TGA, Labsys TG, Setaram Instrumen-
tation) was performed in the temperature range from room temperature
to 800 °C under nitrogen atmosphere and a heating rate of 20 °C min~?.
Attenuated Total Reflection Fourier Transform Infra-Red (ATR-FTIR)
spectra were recorded on a Platinum ATR spectrometer (Bruker). The
cross-surface imaging was carried out using a LEO Supra 35VP scanning
electron microscope (Zeiss). The specimens were prepared by fracturing
the membranes in liquid nitrogen. Mechanical properties including
tensile strength, elongation at break and Young’s modulus were

Table 1
Blend composition.

Membrane Blend ratio m-PBI: P(IB- m-PBI(wt P(IB-PEO)-20 (wt
Name PEO)-20 %) %)
PBI80/P(IB- 80/20 80 20
PEO)
PBI70/P(IB- 70/30 70 30
PEO)
PBI60/P(IB- 60/40 60 40
PEO)
PBI50/P(IB- 50/50 50 50

PEO)

measured using a Precision Universal/Tensile Tester (Autograph AGS-X,
Shimadzu) at a cross speed of 10 min/min at room temperature. At least
five identical samples were measured for each membrane and the
average value was selected.

Contact angle measurements were recorded using the sessile drop
method on a Kruss drop shape analyzer (DSA25). Dry membrane sam-
ples were fixed on the stage and wiped with lint free cloth, after which a
2 pl water drop was deposited. The drop was left to settle for 10 s before
sampling.

2.6. Electrolyte uptake and swelling ratio

Membranes were dried under vacuum at 80 °C for 24 h before
electrolyte uptake and swelling measurements. The dried membranes
were immersed in 20 wt% aqueous KOH solution for 15 h at 80 °C. The
electrolyte uptake, which is the difference in the weights before (mgy)
and after soaking the membranes in electrolyte solution (my.t), was
calculated according to Equation (3).

Myper — Mepy
Electrolyte uptake = Ty 100%
mtiry

3

The swelling ratios SR, and SR; were determined based on the
measured area (a) and thickness (t) before (dry dimensions) and after
immersion (wet dimensions) in 20 wt% aqueous KOH solution for 15 h
at 80 °C. The swelling ratios were then calculated according to Equations
(4) and (5), where awer and agry are the areas (length x width) of the wet
and dry membranes, and tyey, tary are the thicknesses of the wet and dry
membranes, respectively.

SR, =3 — 4 1009 )
adry
tyer — tdrjv 0
SR, === 100% 5)
dry

2.7. lIonic conductivity

The through plane ionic conductivity of the membranes was
measured at 20, 40, 60, 80 °C by ac impedance spectroscopy. The
measurements were carried out using a home-made Teflon cell on
AUTOLARB electrochemical workstation (PGSTAT 302 N) equipped with
a frequency response analyzer ranging from 10 Hz to 1000 kHz. The
membranes were sandwiched between two perforated plate nickel
electrodes of active area 4 cm? and the cell was filled with 20 wt%
aqueous KOH solution. Before conductivity measurements, the samples
were equilibrated in the respective doping solution at 80 °C for 15 h. The
ionic conductivity was calculated according to Equation (6), where [ is
the thickness of the membrane, A is the active area of the electrodes and
R is the ohmic resistance between the electrodes (taken as the intercept
with the real axis of the Nyquist plot).

oo l
TAXR

©

For each membrane, two samples were prepared and measured and
the average value of the two measurements was reported.
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2.8. Alkaline stability

The alkaline stability of the membranes was evaluated in 20 wt%
aqueous KOH solution at 80 °C. Sampling was done at pre-determined
intervals and the changes in mechanical properties, hydroxide conduc-
tivity were recorded and the structural variation before and after alka-
line stability test were also analyzed by ATR-FTIR and TGA.

2.9. Electrolyser testing

Alkaline electrolysis test was carried out by die-cutting membrane
and Ni foam to circular specimens with a diameter of 56 mm for
membrane, and 36 mm for electrodes (10 cmz). The membrane was
doped in electrolyte overnight before test, and Ni foam electrodes were
pressed to a thickness of 300 pm. Membrane and electrodes were
assembled with PTFE gaskets chosen to match the assembly, in a lab
scale single cell electrolyser. Heating was done directly in the flowfield
plate, and 20 wt% KOH electrolyte was circulated at 80 mL min~" in a
partially separated mode. Following an initial break-in at 100 mA cm ™2
for 1 h at 40 °C, sequential measurements were carried out at 40, 60 and
80 °C. First impedance spectroscopy was recorded for all temperatures
at both 10 and 100 mA cm™2 in the range 10° to 10~ Hz using an RMS
amplitude of 5-10% of the applied current density. Thereafter crossover
was probed by applying a constant current density for 6 h segments, at
50, 100, 150, 200 and 400 mA cm’z, followed by a polarization curve.
This was repeated for all temperatures, starting at 40 °C, after which EIS
measurements were repeated. Lastly the experiment was continued for
one day at 40 °C and 100 mA cm 2. Power was supplied by an Elektro
Automatik PS 5040 40 A power supply, and system control, as well as
heating and data logging was managed by a LabView interface.
Impedance spectroscopy was recorded using a VersaStat 3 potentiostat
(Princeton Applied Research). Impedance fitting was done using RavDav
[Graves, C. RAVDAV data analysis software, version 0.9.7, 2012].

Hydrogen in oxygen levels was measured in the oxygen stream after
passing through a drying column containing indicating silica gel. The
hydrogen sensor was a direct electrochemical Hy sensor, 0-40.000 ppm
supplied by Geopal Systems. Recorded values were linearly scaled on
basis of calibration measurements with a 1000 ppm Hj in Ny reference
gas, carried out after the cell test experiment.

The electrolyte degassing vessels were continuously flushed with
nitrogen (16 mL min 1) to reduce gas sensor latency and improve signal
consistency. Presented Hy levels, Xyo, have been corrected for the ni-
trogen gas fraction unless otherwise stated. The hydrogen crossover flux
@u2 was calculated according to Equation (7), where Npg is the oxygen
production rate calculated from the applied current, and Ny, the ni-
trogen flushing rate, assuming a negligible loss of O, and N5 due to
Crossover.

No> + N,
Ph :0?—_1\/12 @)

XH2,meas

The final relative hydrogen in oxygen gas fraction is found from the
flux density by Equation (8).

PH2 ®)

Xppoy = —2H2
H2,co N()z i Om

3. Results and discussion
3.1. Monomer, polymer synthesis and characterization

The super acid catalyzed hydroxyalkylation became recently a very
attractive route to yield ether-free aromatic polymers combining the
thermal stability with the mechanical robustness and the alkali resis-
tance [31-33]. The synthesis and study of polyaromatics containing
isatin segments for use as AEMs following this route was reported very
recently, suggesting the excellent chemical stability of isatin segments
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under both ex situ and in situ electrolyzer durability testing [33,36,40].
Inspired by these works, a series of new copolymers was synthesized via
the facile super acid catalyzed hydroxyalkylation using biphenyl, isatin
and PEO side functionalized p-terphenyl as comonomers to study the
feasibility of the ion-solvating concept. Isatin was selected due to the
presence of N-H group, which can be deprotonated under alkaline
conditions, to promote water and KOH uptake. The PEO side function-
alized p-terphenyl was chosen as it combines the mechanical robustness
of the terphenyl moiety with the ion-solvating properties of PEO side
functionalities. This monomer was synthesized in three steps as shown
in Scheme 1. The monomer synthesis started with tosylation of poly
(ethylene glycol) methyl ether followed by reaction of tosylate product
with 2,5-dibromo-benzene-1,4-diol, as already reported in the literature
[42,43]. In the last step, reaction with phenylboronic acid via Suzuki
coupling yields in the desired monomer. The structural identity and the
purity of the synthesized monomer was confirmed by 'H NMR spec-
troscopy (Fig. 1a). The signals from the aromatic protons appeared as
three multiplets between 7.30 and 7.60 ppm and as a singlet located at
7.00 ppm. The strong signal in the 3.54-3.63 ppm region corresponds to
the methylene protons of the ethylene oxide repeating units, while the
peaks at 4.10 and 3.73 ppm are attributed to the methylene protons in @
and p position to the oxygen of the C-O bond, respectively [43].

PEO side functionalized p-terphenyl monomer was used as a model
compound to probe the stability of the PEO side functionalities due to
their contribution on KOH uptake. The stability was evaluated by
immersing the monomer in 20 wt% KOH solution at 80 °C for 1 month.
As depicted in Fig. 1b, no new signals were appeared in the H NMR
spectrum, indicating the excellent alkaline stability of PEO groups.

The polycondensation type reaction between isatin (ketone) and
electron-rich phenyl monomers took place at room temperature using a
superacidic reaction mixture of TFSA/TFA to produce high molecular
weight copolymers containing exclusively aromatic and isatin groups in
the stiff backbone structure and side ion-solvating PEO functionalities
(Scheme 2). Protonation of ketone group of isatin by TFSA leads to the
formation of a super electrophilic compound, which then rapidly reacts,
with the aromatic monomers. The polymerization was performed using
a 10% molar excess of isatin to increase both the polymerization rate
and degree of polymerization, as the presence of a small excess of
carbonyl monomer greatly improves the polycondensation efficiency
[44].

Tuning the feed ratio between biphenyl and PEO side functionalized
p-terphenyl yielded in a series of copolymers with different molar

Fig. 1. 'H NMR spectrum of PEO side functionalized p-terphenyl monomer a)
before and b) after alkaline treatment with 20 wt% KOH solution at 80 °C for
1 month.
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Scheme 2. Synthesis of P(IB-PEO)-y copolymers.

percentages of ion-solvating PEO groups (Table 2). To balance the
conductivity and the solubility of P(IB-PEO)-y copolymers, y was
controlled between 20 and 30%. When y was 100%, the resulting ho-
mopolymer was a sticky solid without film-forming ability. Solubility
tests showed that the obtained copolymers were insoluble in common
organic solvents, such as chloroform, tetrahydrofuran, but are soluble in
dimethylsulfoxide (DMSO), N-methyl-2-pyrrolidone (NMP), N,N-dime-
thylacetamide (DMA) and N,N-dimethylformamide (DMF). Therefore,
due to their insolubility in CHCls, GPC analysis could not be performed
to estimate the molecular weights. The intrinsic viscosity [;] of P(IB-
PEO)-30 and P(IB-PEO)-20 in DMA was calculated to be 0.58 and
0.69 dL g’l, respectively (Table 2). These values are also comparable
with other aryl-ether free polyaromatics bearing isatin groups prepared
by superacid-catalyzed polymerization [33,34]. Although P(IB-PEO)-20
copolymers with higher intrinsic viscosity values (i.e. 0.95-1.09 dL g™1)
were also obtained, their partial solubility in DMA was a limiting factor
for the preparation of membranes.

The molecular structure of the prepared copolymers was confirmed
by 'H NMR spectroscopy. The 'H NMR spectrum of copolymer P(IB-
PEO)-20 (DMF-d; was used as a solvent) is illustrated in Fig. 2. The
signal at 10.8 ppm is attributed to the N-H proton of isatin [33,36]. A set
of signals were observed between 7.10 ppm and 7.75 ppm, which were
ascribed to the protons of terphenyl, biphenyl rings and isatin phenyl
signals. The central peak at 3.43 ppm corresponds to the methylene
groups of the ethylene oxide repeating unit while the signals at 4.20 and
3.73 ppm are assigned to the protons of methylene groups in a and
position to the oxygen of the C-O bond. The peak at 3.23 ppm (peak 13)
is ascribed to the to the terminal -OCHgz groups of the PEO chain [43].
The actual composition of the synthesized copolymers and thus the
molar ratio of PEO functional groups in the P(IB-PEO)-y copolymers was
calculated by comparing the integral area of N-H peak with the PEO
protons (peaks 1 and 11 respectively). As shown in Table 2, the molar
ratio of PEO functional groups calculated from the 'H NMR data agrees
very well with the feed ratio, suggesting the high reactivity of
monomers.

The structural identity of the synthesized copolymers was further
supported by ATR-FTIR spectroscopy (Fig. S1). The broad peak located
at 3485 cm s assigned to the N-H stretching of isatin in P(IB-PEO)-20
while the characteristic band at 1710 cm™! corresponds to the C=0
stretching of the amide bond [36]. In addition, the peaks at 1619, 1484
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cm ! and 2868 cm ! are assigned to the C=C stretching of benzene ring
and the stretching vibration of methylene groups of PEO side chains,
respectively.

The thermal stability of the prepared copolymers was investigated by
TGA. As shown in Table 2 and Fig. S2, all copolymers showed a two-step
weight loss. The first onset of degradation at around 330 °C is attributed
to the loss of PEO side groups, which is in line with other PEO based
polymers [43]. The second degradation step begins at 420 °C and cor-
responds to the polymer backbone decomposition, which is consistent
with other reported ether-free polyaromatics based AEMs [33,36]. In
conclusion, these copolymers display excellent thermal stability and
consequently can meet the requirement for alkaline electrolyzer
applications.

Due to their high molecular weights, transparent, mechanical robust
and flexible membranes were prepared by solution casting from 5 wt%
solution in DMA. The resulting membranes are depicted in Fig. 3.

Having in mind that electrolyte uptake plays a key role in achieving
high ionic conductivity, the electrolyte uptake for the prepared co-
polymers is reported in Table 2. The pristine copolymers exhibited
moderate electrolyte uptake values up to 45 wt%. It was anticipated that
since PEO has ion-solvating properties, the copolymer with the higher
PEO molar content should possess higher electrolyte uptake. Surpris-
ingly, the opposite behaviour was observed, which could be ascribed to
the formation of a more compact structure in the case of copolymer with
30% PEO molar content, which impedes electrolyte uptake. In partic-
ular, intermolecular interactions increase with increasing PEO content
due to participation of polar ether groups in strong interchain forces,
thus resulting in a more compact structure with decreased free volume
and consequently limited electrolyte uptake ability. The conductivity of
the prepared membranes was studied at room temperature (Table 2).
The prepared copolymers exhibit relatively low hydroxide conductivity
values in the range of 0.1-0.8 mS cm ™.

3.2. Blend membrane preparation and characterization

To further promote electrolyte uptake and to reach technologically
relevant conductivities for electrolysis applications, the respective P(IB-
PEO)-20 copolymer was blended with m-PBI, which can be sufficiently
doped with KOH solution to ensure high hydroxide conductivity. The
resulting blend membranes (PBI/P(IB-PEO)) containing 80, 70 and 60
wt% m-PBI content were transparent and flexible, as depicted in Fig. S3.
Moreover, all blend membranes present a homogeneous structure, as
revealed by SEM (Fig. S4).

3.2.1. Electrolyte uptake, swelling ratio and contact angle

Both m-PBI and copolymer bearing isatin and PEO groups can absorb
water and KOH via acid-base and hydrogen bonding interactions, un-
dergoing dimensional changes during doping with aqueous KOH solu-
tion (20 wt%). In Fig. 4a, the electrolyte uptake of blend membranes is
plotted against the m-PBI content in the blends. It is evident that elec-
trolyte uptake is increased with increasing m-PBI weight content in
blends. For instance, the blend with 80 wt% m-PBI content displayed an
electrolyte uptake of 97%, which was lower compared to that of pure m-
PBI (124%) but higher than that of the pure P(IB-PEO)-20 copolymer
(42%). It shows that the electrolyte uptake could be carefully tuned by
adjusting the ratio between the individual polymers with intrinsically
different affinity for the aqueous electrolyte. Similar KOH uptake data

Table 2

Molecular characteristics and physical properties of P(IB-PEO)-y copolymers.
Polymer Composition x/y (mol%) H NMR composition x/y (mol%) [71dL g’lb Ta,50% (°C) Electrolyte uptake (%) o(mS cm™1)?
P(IB-PEO)-20 80/20 80/20 0.69 368 45 0.8
P(IB-PEO)-30 70/30 72/28 0.58 351 31 0.1

@ Measured in 20 wt% KOH at room temperature.
b In DMA at 30 °C.
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Fig. 2. 'H NMR spectrum of P(IB-PEO)-20 copolymer in DMF-d.

Fig. 3. Photographs of the prepared membranes based on P(IB-PEO)-20 co-
polymers indicating their transparency and flexibility.

were also reported for other PBI based blend membranes for use in
electrochemical devices [45,46].

Regarding swelling (Fig. 4b), a moderate increase of the geometric
surface area (SW,) of the blend membranes was observed after doping
varying between 9 and 16%, in contrast to thickness (SW¢), which is
substantially increased up to 60%. However, the area and thickness
increase observed in the blend membranes were significantly lower than
that of pure m-PBI membrane (49% and 125%, respectively). The
anisotropic swelling observed in these membranes was also reported for
m-PBI membranes at KOH concentrations higher than about 10 wt% [24,
25,47-49]. For PBI-based membranes, different swelling directions were
observed for different molecular structures. In particular, Hu et al. re-
ported that NPBI membrane doped in 6 M KOH showed a higher
swelling thickness (120%) than area (~40%) [24]. On the contrary, the
same group reported that the sulfonated analogue of NPBI exhibited

1309 g)
120
110

100 +

90 4

Electrolyte uptake (%)

804
70 _/

60 T T T T T

SW, (%)

much lower swelling thickness compared to area, probably due to nature
of the polymer structure such as layered structure, intra-layer and
interlayer molecular forces [25]. In our work, the high swelling thick-
ness of blend membranes results from the increased polymer interchain
distance of m-PBI backbones induced by the addition of KOH. Conse-
quently, the prepared m-PBI rich blends display comparable electrolyte
uptakes with pure m-PBI thus enabling the ionic conductivity while at
the same time experience much lower swelling which is beneficial for
the dimensional stability during electrolyser operation.

The contact angle of water for blends with 80, 70 and 60% m-PBI was
measured to 84.3 + 1.4°, 84.2 + 1.2° and 82.9 + 1.9° respectively
(Fig. S5). The different membrane compositions do not display a clear
trend within the error range, and contact angles show that in the dry
state the membranes are not particularly hydrophilic. This indicates that
the hydrophilic nature of the ion-solvating membranes is not realized
until the doping with KOH.

3.2.2. Thermal stability

The TGA curves of the prepared blends are depicted in Fig. S6. All
blend membranes exhibited an initial weight loss (13-14 wt%) up to
300 °C, ascribed to the residual water and DMA solvent that is held
inside the matrix after drying under vacuum. Therefore, all curves were
normalized based on the dry weight membrane to facilitate comparison.
A small weight loss appeared at 350-500 °C and a second one at beyond
600 °C, corresponding to the thermal decomposition of P(IB-PEO)-20
copolymer and m-PBI backbone [47], respectively.

3.2.3. Mechanical properties
The mechanical robustness of pristine and KOH doped blend

140
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40 .
100

SWi (%)

60

T
70 80 90 100

m-PBI content in blends (wt%)
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80 90

m-PBlI content in blends (wt%)

T
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Fig. 4. a) Electrolyte uptake and b) area and thickness swelling plotted against m-PBI weight content after doping in 20 wt% KOH solution at 80 °C for 15 h.
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membranes was assessed by measuring stress-strain curves. The tensile
strength, the Young’s Modulus and the stress-strain curves are given in
Fig. 5a, b and 5c, 5d, respectively. Table 3 summarizes the mechanical
properties of the blend membranes. Concerning the dry membranes,
both blends showed similar tensile strength with that of pure m-PBI
(159-167 MPa), while the Young’s modulus of PBI8O/P(IB-PEO) was
slightly higher than that of the former (5212 and 4870 MPa for blend
and pure m-PBI, respectively). The tensile strength of pristine m-PBI is
predominately determined by the hydrogen bonding between imidazole
moieties (-NH- and -N = groups) [47,48]. The incorporation of P
(IB-PEO)-20 copolymer that contains N-H and carbonyl groups in the
m-PBI matrix probably promotes the hydrogen bond formation between
the two polymers, thus resulting in superior mechanical properties of the
corresponding blends. After doping, both tensile strength and Young’s
modulus are drastically decreased due to water and KOH plasticization.
These results are consistent with other PBI-based systems [24,25,47,48].
In particular, the KOH doped NPBI ion-solvating membrane presented
reduced tensile strength compared to its dry analogue suggesting that
KOH degraded the strength of the membrane which is probably ascribed
to plasticization effect caused by water molecules [24]. In this work, the
original hydrogen bonds between the two polymers are partially cleaved
in the course of alkaline doping process, leading to increased polymer
interchain distance of m-PBI backbones which is turn results in inter-
molecular forces decrease and eventually to mechanical strength dete-
rioration. By increasing the weight content of P(IB-PEO)-20 copolymer
in blends the mechanical properties are improved. Particularly, PBI70/P
(IB-PEO) membrane shows a slightly increase in tensile strength (20
MPa) and a significant improvement in elastic modulus (131%)
compared to that of PBI80/P(IB-PEO).

3.2.4. Ionic conductivity

The conductivity of all prepared membranes was studied at room
temperature, but due to the low ionic conductivity of the blend mem-
branes with 50 and 60 wt% m-PBI content (not shown here), only the
blend membranes with 70 and 80 wt% m-PBI content were further

180

Dry membranes
160 -

140 -
120+
100 -

80

601 —m-PBI

—— PBIBO/P(IB-PEO)
PBI70/P(IB-PEO)

Tensile strength (MPa)

40 -

20
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Table 3
Summary of mechanical properties of pristine blend and alkali doped blend
membranes.

Membrane Tensile strength Elongation at break  Young’s Modulus

type (MPa) (%) (MPa)

Dry membranes

m-PBI 160 + 40 4+1 4870 + 785

PBI80/P(IB- 159 + 25 4+1 5212 + 881
PEO)

PBI70/P(IB- 167 £ 9 7+2 4869 + 235
PEO)

20 wt% KOH doped membranes

m-PBI 19+7 101 +£53 136 + 45

PBI80/P(IB- 14 +5 48 +19 134 +73
PEO)

PBI70/P(IB- 20 £+ 2 79 +18 310 + 35
PEO)

After alkaline treatment for 30 days

PBI80/P(IB- 17 + 4 41 + 20 327 + 24
PEO)

evaluated. Thus, the ion conductivity of the latter was studied as a
function of temperature (Fig. 6a). The conductivity was found to in-
crease with increasing temperature, as expected owing to the increased
electrolyte absorption and ion mobility. The conductivity values for
PBI80/P(IB-PEO) and PBI70/P(IB-PEO) at 80 °C was 110 mS em ! and
74 mS cm ™, respectively. The higher ion conductivity of the former can
be probably attributed to its higher electrolyte uptake. For comparison,
the conductivity of pure PBI in 20 wt% KOH is 85, 102, 107 and 110 mS
cm ! at 20, 40, 60 and 80 °C [18]. Both blend membranes showed high
conductivity values, confirming their potential for use in electrolyser
systems. Fig. 6b presents the Arrhenius plots for the two blend mem-
branes. The activation energy (E,) for the two blend membranes was in
the range from 14 to 19 kJ/mol. For comparison, the activation energy
of the KOH doped m-PBI was found to be in the range of 8-16 kJ/mol
and tended to increase slightly with increasing KOH concentration [18].
The activation energy values of both systems fall in the range for the
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Fig. 5. a) Tensile strength, b) Young’s Modulus and c), d) Stress-strain curves of the dry and KOH doped blend membranes in 20 wt% KOH at 80 °C for 15 h.
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Fig. 6. a) Ionic conductivity as a function of temperature and b) Arrhenius plots of blend membranes.

Grotthuss transportation mechanism.

3.2.5. Alkaline stability

The alkaline stability of membranes is considered a critical factor
that strongly affects the durability of alkaline water electrolyzers. The
alkaline stability was assessed by immersing the membranes in 20 wt%
KOH solution at 80 °C. After 1 month, none of the membranes (80/20,
70/30 and 60/40 compositions) were broken and they all preserved
their mechanical robustness as illustrated in Fig. S7. In addition, PBI80/
P(IB-PEO) membrane shows even a slight increase in tensile strength
while the Young’s modulus is increased by 144% compared to the cor-
responding blend before aging (Table 3). One possible explanation is
that m-PBI’s imidazolide groups strongly interact with isatin and/or PEO
groups via ion-dipole interactions, contributing also to the mechanical
strength. Fig. 7 shows the room temperature ion conductivity of the
blends PBI80/P(IB-PEO) and PBI70/P(IB-PEO) as a function of the aging
time. The conductivity of both membranes remained almost unchanged
after 1 month in hot alkaline solution at 80 °C, (retain 96-98% of their
origin conductivity), indicating their excellent hot alkaline resistance. It
should be stressed out that during the aging test the conductivity values
were slightly scattered probably owing to the variation of samples’
thickness, which affects electrolyte uptake.

Further, a comparison of the ATR-FT-IR data did not indicate
degradation (Fig. 8) since no new peaks which would suggest hydrolysis
of imidazole ring or hydroxide attack to carbonyl group of isatin were

Fig. 7. Ionic conductivity of the blend membranes after aging in 20 wt%
aqueous KOH solution at 80 °C (measured at room temperature in 20 wt
% KOH).

observed. In addition, the TGA study reveals that aging did not affect the
thermo-oxidative stability of the blends, particularly blend PBI80/P(IB-
PEO) exhibits even improved thermal stability compared to the non-
treated analogue, as depicted in Fig. S6.

The excellent alkaline stability could possibly be attributed to the
strong attractive interactions (hydrogen bonding, ion-dipole) developed
between the two polymers. It is worth to mention that although
deprotonation of N-H group of isatin can take place under alkaline
conditions leading to the formation of azanion [50], the presence of
water promotes the reversible reaction. In addition, despite being
vulnerable to hydroxide attack, C2- carbonyl group of isatin was not
degraded via ring-opening. The excellent alkaline resistance is possibly
related to the presence of adjacent phenyl ring to C2-carbon, thereby
increasing the sterical hindrance and stabilization against hydroxide
attack at this carbon. However, even if ring opening occurs, this
degradation pathway cannot lead to polymer backbone cleavage as re-
ported by Long et al. [51], highlighting the excellent alkaline stability of
isatin based copolymers. The alkaline stability is further supported by
the participation of isatin group in hydrogen bonding/columbic in-
teractions with K*. After aging, the peak at 1702 cm ™ attributed to the v
(C=0) stretching vibration of isatin becomes broader while a new peak
appears at 1689 cm ™! indicating that carbonyl group probably partici-
pates in hydrogen bond formation or ionic interaction with K* (Fig. S8)
[50]. In addition, the band at 1610 cm ! corresponding to v (C=N) bond
of m-PBI is significantly reduced and is shifted towards lower

Fig. 8. ATR-FT-IR spectra of blend membranes before and after aging in 20 wt
% KOH solution for 30 days at 80 °C.
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wavenumbers (1593 cm™!), suggesting the hydrogen bond formation.

3.2.6. Electrolysis cell testing

For single cell electrolysis testing, the PBI80/P(IB-PEO) composition
was down selected, since it displayed the best overall characteristics.
The membrane was cast to a dry thickness of ca 100 pm, and was
approximately 150 pm after doping, just prior to mounting. Polarization
curves recorded at different temperatures are shown in Fig. 9. The
overall cell performance is limited by the choice of plain nickel foam
electrodes, but they serve as a stable choice for benchmarking mem-
branes, as they are not dependent on optimized catalyst layers and
ionomers to provide reliable measurements. The slope at high current
density is often associated with ohmic losses, which predominantly
relate to the membrane resistance in idealized systems. However, as
evident from the figure, the cell does not inhibit a fully linear trend even
at high current density.

To quantify the data, linear fits were done for data points at 300 mA
em~2 and above. The data is summarized in Table 4, together with
extracted Rg values from impedance fitting. The membrane resistance,
Rs, from impedance data was obtained by fitting an L-R-RQ-RQ-RQ
equivalent circuit model. Nyquist plots and associated fits are available
in the supplementary, in Fig. S9. Two of the RQ elements represent the
kinetic parts of the anode and cathode respectively, while the third RQ
element is ascribed to the porous nature of the electrodes and is largely
current density independent. However, more detailed analysis of the EIS
response is beyond the scope of this work, where emphasis is on the
membrane, and the obtained resistance values. The data in Table 4 is
from data recorded at 10 mA cm’z, both at beginning (BoT) and end of
test (EoT). It is clear that values obtained by linear fits are not repre-
sentative for the membrane performance, as it shows significantly
higher resistance values, and as such the slope does not represent a good
method for assessing membrane resistance with the used electrode
configuration.

Comparing the obtained data with ex-situ conductivity data, we
observe somewhat lower conductivities in-situ. This could be ascribed to
differences in conductivity due to contributions from K" under non-
polarized conditions ex-situ, or be influenced by the presence of bub-
bles in the electrode-membrane interface under direct current condi-
tions even at low current density. Alternatively, it may be influenced in
part by the local electrolyte environment in the cell, such as

Fig. 9. Polarization curves recorded at 40, 60 and 80 °C in 20 wt% KOH, using
a 150 pm PBI80/P(IB-PEO) membrane, with Ni foam electrodes. Polarization
curves of a commercial 100 pm m-PBI in 25 wt% at 80 °C is shown
for reference.
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Table 4
Membrane resistance obtained from linear fits and impedance data. Calculated
conductivity is based on a membrane thickness of 150 pm.

Temperature Linear fit 10 mA cm’z, BoT 10 mA cm’z, EoT

R Rs c Rg c
°C Q cm? Q cm? Scm™! Q cm? Sem™!
40 0.662 0.349 0.043 0.304 0.049
60 0.565 0.302 0.050 0.258 0.058
80 0.454 0.255 0.059 0.215 0.069

concentration gradients, which build up during electrolyzer operation.
Another observation is the apparent decrease in resistance over the
course of the four day test. Unlike AEM’s, there are no ion exchange
groups in ion-solvating membranes that can degrade, and thereby cause
a direct loss of conductivity [16]. One possible explanation is an
increased doping degree as the membrane is exposed to KOH at higher
temperatures in the cell test. Prior to the cell testing, the membrane is
doped only at room temperature, but the electrolyte uptake is higher at
80 °C than at lower temperatures (Table S1). Another possibility is slight
changes in concentration and concentration gradients across the cell
resulting in a slightly different environment for the membrane between
beginning and end of test. Such changes can facilitate morphological
rearrangements and allow the membrane to take up more electrolyte
and thereby decrease the cell resistance. For pure m-PBI, the morpho-
logical makeup of the membrane has recently been shown to have
drastic influence on the membrane conductivity [52]. While it was
previously shown that the electrolyte uptake and structural rearrange-
ments of pure m-PBI occur on the minutes to hours’ time scale [53], the
blend nature of this material may exhibit a different and more con-
strained behaviour. It can be envisioned that the higher mobility at
increased temperature can promote further restructuring of the poly-
mers in the membrane allowing for extra electrolyte uptake. Alterna-
tively, membrane backbone degradation could manifest as gradual
thinning, which due to the presence of electrolyte would not negatively
influence cell resistance, but rather increase the KOH fraction between
the electrodes and thus reducing cell resistance. Nonetheless, the
membrane looked pristine after test, as shown in Fig. S10, with no
indication of any substantial damage during the experiment.

3.2.7. Hydrogen crossover

The hydrogen crossover across the membrane is a severely neglected
issue in literature, even though separation of gas is a critical membrane
function. Diffusive crossover has been shown to be quite substantial for
PEM systems [54], but it is not well investigated for alkaline mem-
branes. It has previously been shown by Trinke et al. that crossover
measured under cell conditions, does not necessarily represent one well
determined material parameter [55]. Rather, it is a combined result of
membrane and electrode configuration, due to the highly oversaturated
nature of the gas evolved at the electrodes. In this work, we have
examined the hydrogen crossover as part of the electrolysis test by
applying steady state conditions for 6 h steps and measuring the
resulting hydrogen in oxygen levels. Fig. 10a shows the hydrogen in
oxygen level, corrected for the applied nitrogen carrier gas, whereas
Fig. 10b shows the calculated hydrogen flux density. Equivalent data for
the direct measurement influenced by the nitrogen is shown in Fig. S11,
and the underlying time dependent data can be seen in Fig. S12 for each
temperature sequence. Measurements exhibit a steep rise or drop a few
minutes after changing current setpoint, after which a new level set in,
with some variation over time due to fluctuations in the balance of plant
in our test setup. Note that the variations generally are in the timescale
of 10-30 min. The data plotted in Fig. 10 represent average values over
the last 5 h of each setpoint.

Assuming constant diffusive flux on basis of the hydrogen partial
pressure on each side of the membrane, one will expect a constant flux,
and downward trending hydrogen levels as current density goes up. This
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Fig. 10. Crossover measurements of a) nitrogen corrected hydrogen in oxygen level and b) corresponding hydrogen flux density values.

is generally observed in this current range, for both other ion-solvating
membranes [52], diaphragms [55,56], as well as PEM systems [55,57].
At a first glance we observe the expected drop in hydrogen level with
current density, as the degree of dilution by the generated oxygen in-
crease. However, investigating the corresponding crossover flux, we see
a general increasing trend with current density, which we ascribe to a
higher degree of local supersaturation at the electrode-membrane
interface, causing a stronger local concentration gradient of dissolved
hydrogen across the membrane. Similar observations have been
observed for both PEM systems and alkaline separators, and the
apparent non-linear behaviour of the current density dependent increase
in hydrogen flux resemble data previously reported for Zirfon with a
similar electrode configuration [55,56]. It should also be remarked that
the direction of the electroosmotic drag in alkaline environment is from
the cathode towards the anode, which should contribute to increasing
flux of Hy with increasing current density. On the other hand, at high
current densities a larger KOH concentration gradient is established
across the membrane, and common osmotic pressure will tend to drive
the electrolyte towards the cathode side, resulting in dryout and cell
failure if electrolyte circulation is completely separated. Previous work
estimates crossover contributions due to electroosmotic drag to be
negligible compared to diffusion [55,58], but recent work suggests that
the effect can become significant at high current densities [57]. The
measurements here were recorded in a partially separated electrolyte
configuration, in which the electrolyte loops are connected via a by-pass
tube, located between outlet of the gas-separator vessels and the circu-
lation pumps. This allows for electrolyte level equilibration between the
primary KOH storage vessels, as we otherwise observe severe electrolyte
migration from anode to cathode. This causes drastically increased
crossover as the anolyte loop eventually dry out and ultimately cell
failure. The influence on measured levels using partially separated
electrolyte loops has previously been shown to be negligible when using
Zirfon [59]. While we also expect the effect to be minor in our case, it is
not impossible that dissolved hydrogen in the electrolyte by-pass
migrating towards the anode can contribute to some degree. Different
measurements carried out with a closed by-pass displayed a severe
accumulation of electrolyte on the cathode side, and we expect a
counteracting movement of electrolyte in the by-pass channel. The
observed behaviour also show a very strong increase with temperature.
The effect is much more pronounced than observed with Zirfon [59].
While solubility decrease with temperature, that effect is likely inhibited
as the local conditions are supersaturated. As such, temperature in-
creases the diffusivity, and perhaps influences the morphology of the
membrane, ultimately leading to a substantial increase in crossover flux.
Comparing the crossover level at 40 °C and 100 mA cm 2 between the
first day to the last day of testing, the hydrogen in oxygen level increase
from ca 0.22% to about 0.29%, suggesting some morphological changes
of the membrane across the duration of the experiment. Assessing

10

specific permeability values is tricky from the obtained data due to the
supersaturated nature of the electrolyte. By linear extrapolation of the
50-200 mA cm 2 datapoints to zero current density, we calculate spe-
cific permeabilities of 5.6, 5.6 and 7.1 x 1072 mol s ! em™! for 40, 60
and 80 °C respectively. This is very similar to values observed for
Tokuyama A201 by Ito et al. [60], although the detailed conditions and
cell configuration vary. However, clearly the almost identical calculated
specific permeabilities does not adequately catch the temperature and
current density dependent behaviour in our case, which as an example
shows more than 5 times higher H, in O, levels at 400 mA cm™2 going
from 40 to 80 °C.

4. Conclusions

Alkaline stable monomers and their corresponding copolymers
containing both PEO and isatin segments with ion-solvating properties
were synthesized via super acid catalyzed hydroxyalkylation. The syn-
thesized copolymers show excellent film forming ability, high thermal
stability, moderate KOH uptake and conductivity. To boost electrolyte
absorption and consequently conductivity, these copolymers were
blended with polybenzimidazole at different weight ratios. The fabri-
cated membranes exhibit a moderate swelling ability compared to that
of neat m-PBI and high electrolyte uptakes (up to 97 wt%). The PBI80/P
(IB-PEO) blend showed the highest ionic conductivity value of 110 mS
cm ! at 80 °C. Evaluation of the mechanical properties revealed that the
KOH doped PBI70/P(IB-PEO) membrane possesses a tensile strength of
20 MPa and a much higher Young’s modulus (131%) compared to that of
PBI80/P(IB-PEO). Alkaline stability study unveiled the excellent alka-
line resistance of the prepared PBIS80/P(IB-PEO) and PBI70/P(IB-PEO)
membranes since they preserved 96-98% of their original conductiv-
ity after aging for 1 month in 20 wt% KOH solution at 80 °C. Further, the
changes in the mechanical properties were also recorded after aging
revealing that the aged PBI80/P(IB-PEO) membrane exhibits superior
Young’s modulus (144% increase) compared to that of the non-aged
analogue, probably attributed to the strong interactions developed be-
tween m-PBI’s imidazolide groups with isatin and/or PEO groups. Single
cell electrolyzer testing of the selected PBI80/P(IB-PEO) membrane
demonstrated that in situ calculated values are lower than ex-situ con-
ductivity values. In addition, hydrogen crossover was measured and
hydrogen in oxygen levels were found comparable to similar work in
literature, showing estimated specific permeabilities around 5 x 107'2
mol s™! em™!
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