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Abstract

Development of thin, dense and robust alkaline polymer membranes with high hydroxide ion
conductivity is key to advanced alkaline electrolysis as it can enable operation at higher current
density and/or efficiency, while improving the dynamic response of the electrolyzer. In this work,
a homogeneous blend membrane system based on poly(arylene ether sulfone) (PSU) and
poly(vinylpyrrolidone) (PVP) is explored as an alkaline ion-solvating polymer matrix. Increasing
PVP content in the blend drastically increases electrolyte uptake, and at PVP contents higher than
45 wt.% the membrane can support ion conductivity in a technologically relevant range of 10-100
mS cm’! or even higher when equilibrated in 20 wt.% aqueous KOH. The membrane system is
extensively characterized throughout the full composition range and the down-selected
composition composed of 25% PSU and 75% PVP is employed in a single cell lab-scale water
electrolyzer, showing excellent performance and stability during the course of one week at 500

mA cm at 60 °C in 20 wt.% KOH. Good performance stability was demonstrated for more than



700 h at 80 °C, but the gradually increasing KOH concentration due to evaporative loss of water

resulted in membrane degradation.

Keywords: Alkaline membrane, polymer blend, support electrolyte, polysulfone, water

electrolysis

1 Introduction

Water electrolysis provides a direct pathway for conversion of electrical energy to chemically
bonded energy in the form of hydrogen, and is therefore emerging as one of the technological
cornerstones in the renewable energy system [1]. Water electrolyzers constructed with alkaline
electrolytes are robust and can be built entirely of abundant materials, but are notorious for being
inefficient, having low rate capability and poor dynamic response capability [2]. The latter
drawbacks have triggered extensive research and development of more efficient high rate
electrolyzers with improved dynamic response characteristics based on proton exchange
membranes (PEM) during the last decades, but their high cost and noble metal dependency are
critical hurdles [3]. This implies that the scale of implementation is strictly limited by the
availability of critical raw materials [4].

The most rational direction in the further development of energy- and cost efficient
electrolyzers for large-scale applications is therefore to redesign the alkaline systems. One
approach towards this target is to develop porous diaphragms that are thinner, yet exhibiting better
gas-separation characteristic than the materials that are available on a commercial basis today [5].
This is a set of objectives that is difficult to achieve simultaneously without negatively impacting

ionic conductivity.



A more technologically sophisticated solution is cells based on anion exchange membranes
(AEM), which ideally makes it possible to operate the cell with pure water feed [6-10]. However,
a dilute alkaline supporting electrolyte is often used as it greatly improves the cell performance
[11-14]. This is indeed a promising approach, but the intrinsic instability of the cationic head
groups in the hydroxide form is a formidable challenge in the development of stable AEMs [15].

A third option is to employ a polymer membrane that is imbibed with an aqueous alkaline
electrolyte. This approach combines the mechanical robustness and gas separation characteristics
of the structural base polymer with the conductive properties of the imbibed aqueous alkaline salt
solution [16]. Membranes based on polybenzimidazoles are particularly interesting in this
connection as they are mechanically robust and can support ion conductivities as high as 0.1 S
cm! in aqueous KOH with concentrations around 20-25 wt.% [17-19]. The concept has been
intensively developed during the last few years [20-24], and we have now reached a stage where
performances comparable to the state-of-the-art PEM systems can be obtained with a cell and
electrode design that is completely free from noble metals [25].

The polybenzimidazole membranes show excellent stability in aqueous KOH in the lower
concentration range, but degradation becomes apparent when the concentration is increased [26]
and the membrane degradation is further accelerated during cell operation [21]. It is well-known
that the covalent bond between the (benz)imidazole and phenylene moieties in (benz)imidazole
derived polymers is a weak link in alkaline environment [27, 28]. Although steric protection of
this position [12, 29-31] or introduction of electron rich heteroatoms in the polymer backbone [32]
have proven effective strategies for mitigating the degradation, complete alleviation of the

degradation in (benz)imidazole derived polymers remains a challenge.



The poly(arylene ether sulfones) comprise a large family of polymers and many derivatives
in this group of materials combine excellent alkali resistance with good processing characteristics.
As such, they are used as polymeric binders in the modern porous diaphragms for alkaline water
electrolysis [33, 34]. Chemical modifications of the polymer backbone is relatively straightforward
and a large number of quaternary ammonium functionalized poly(arylene ether sulfones) have
been reported as AEMs for e.g. alkaline fuel cells [35]. However, the grafting of side chains with
cationic head groups seems to trigger backbone degradation of the polymer [36]. This is likely due
to a combination of the enhanced alkali uptake, which makes the vulnerable aryl ether bonds more
exposed to the hydroxide ions, and the electron deficiency of the cationic sites, which results in
electron redistribution and enhanced electrophilicity of the weakest links [37].

An alternative strategy to promote water or electrolyte uptake of membranes based on
poly(arylene ether sulfone) derivatives is to blend the polymer with a secondary highly hydrophilic
polymer, e.g. poly(vinylpyrrolidone) (PVP). This concept has been used for the preparation of
membranes for dialysis for many years [38, 39] and was recently investigated for high temperature
polymer electrolyte membrane fuel cells [40-42] and redox flow batteries [43, 44]. In the context
of alkaline water electrolysis, PVP has previously been used as hydrophilic additive to
poly(arylene ether sulfone) for the preparation of porous diaphragms by phase inversion casting
[45]. Furthermore, polymer blend membranes of PVP and poly(ether sulfone) (PES) at relatively
low PVP contents have been assessed with respect to electrolyte uptake, ion conductivity and cell
performance in alkaline electrolyzers [46].

This work presents a systematic study of blend membranes composed of poly(arylene ether
sulfone) (Udel® polysulfone, PSU) and PVP prepared by co-casting and covering the entire

composition range. It was found that the aqueous KOH uptake was promoted by PVP, particularly



at PVP contents higher than 45 wt.%. Even at PVP contents as high as 60-90 wt.%, mechanically
robust membranes with ion conductivity in a technologically relevant range of 27-167 mS cm! in
20 wt.% aqueous KOH was reached at room temperature. The blend membrane containing 75%
PVP was down-selected for further electrolysis testing with respect to cell performance and

stability during the course of one week at 500 mA cm™ at 60 °C in 20 wt.% KOH.

2 Experimental

2.1 Materials

Polysulfone (PSU, Udel® P-3500-NT-LCD) was supplied by Solvay and poly(vinylpyrrolidone)
(PVP, K15) from Aldrich. N,N-dimethylacetamide (DMAc) and potassium hydroxide pellets
(assay >85% KOH, <1% K2CO3) were from Sigma Aldrich. Density measurements were carried
out to determine the concentrations by comparison with data in the literature [47]. Zirfon Perl UTP
500 was supplied by Agfa and the polybenzimidazole (poly(2,2'-(m-phenylene)-5,5"-
bibenzimidazole), m-PBI) membrane was prepared as reported elsewhere [48]. For electrode
preparation, nickel foam (mean pore size/thickness: 800/2500 um and 450/1600 um) supplied by
Alantum was used. Ni(NO3)2:6H20 (purity 99.985%), (NH4)sM07024:4H20 (99%) and Urea

(98+%) were supplied by Alfa Aesar while Fe(NO3)3-9H20 (98%) was supplied by Sigma Aldrich.

2.2 Membrane preparation

The membrane casting solutions were prepared by co-dissolving PSU and PVP in DMAc by
vigorous stirring at room temperature, to give polymer blends with PVP contents ranging from 0-
90 wt.%. The PSU solid content was kept at 3.3 wt.% with respect to DMAc and the amount of

PSU was kept constant (0.3 g) for all casting solutions, which implies that the composition of the



membranes was controlled by changing the amount of PVP added. The membranes were cast on
Petri dishes with a diameter of 10.8 cm on levelled glass plates mounted in a Memmert UN 55
Plus oven, by gradually raising the temperature to 120 °C over two days. The Petri dishes were
partially covered during casting to maintain a high solvent partial pressure above the surface of
the casting solution. Transparent and visually homogenous polymer blend membranes were
obtained, which were delaminated in demineralized water and treated in demineralized water at 60
°C for 2 h. The membranes were stored in demineralized water until used. Doping with aqueous
KOH was carried out by equilibrating the membranes in 10 or 20 wt.% aqueous KOH at room

temperature for at least 16 h.

2.3 Electrode preparation

Electrodes were prepared following common procedures previously described in literature
modified for the current study [49, 50]. The NiFe layered double hydroxide (LDH) anodes were
prepared by a hydrothermal method. Nickel foam pieces (3.6 x 4.0 cm?, 800/2500 um) were
immersed into 80 mL aqueous solution containing metal nitrates (nickel:iron 1:1, total 6.25 mM)
and urea (62.5 mM) in a 100 mL PTFE lined autoclave, then kept at 120 °C for 12 h. Similarly,
the MoNi4 cathodes were prepared by immersing the nickel foams in 80 mL aqueous nickel nitrate
(40 mM) and ammonium molybdate (10 mM) at 150 °C for 6 h in a 100 mL PTFE lined autoclave.

The formed cathodes were then reduced (5% Hz in Ar) at 500 °C for 30 min.

2.4 Characterization



The water content of the membranes after the work-up procedure in demineralized water at 60 °C
for 2 h was determined on the total wet membrane mass basis by recording the mass before (mer)

and after (man ) drying at 110 °C, according to Equation 1.

Water content = ((mwer - Mary) / Mwer) x 100% (1)

The volumetric change following the drying process in the water content determination was
calculated according to Equation 2, where ty.; and t4, 1s the thickness (taken as the average of 5
points) of the wet and dry membranes, respectively, and dy.r and da, 1s the diameter of the wet and

dry membranes, respectively.

VOlume Change = ((tdry X T X (ddry/z)z) - (twet X T X (dwet/z)z)) / (twet X T X (dwet/z)z) X 100% (2)

Round samples, with a diameter of 32 mm in the wet state, were used for the water content and
volumetric change determination and prepared by die cutting. A series of membranes with one
sample of each composition was measured.

The membrane composition after equilibration in aqueous KOH at room temperature for
at least 16 h was determined gravimetrically using an analytical balance by calculating the weight
fractions of polymer (PSU and PVP) (Xpopmer), KOH (Xkon) and water (Xwaer) as shown in
Equations 3-5. Here, maopea 1s the mass of the membrane after equilibration in aqueous KOH after
careful blotting with tissue paper, ma-, 1s the mass of the membrane after drying at 110 °C for 2 h
and Mdedopea 18 the mass of the polymer fraction (PSU + PVP) of the membrane after extensive

washing in demineralized water until neutral pH followed by drying at 110 °C for 4 h. A series of



membranes with one sample of each composition was measured. Eventual remaining traces of
water and KOH in the dried and dedoped samples would lead to a slight underestimation of the

corresponding mass fractions of the membranes.

X}aolymer = (mdedoped / mdoped) x 100% (3)
Xkon = ((mdry - mdedoped) / mdoped) % 100% (4)
water = ((mdoped - mdry) / mdoped) x 100% (5)

The chemical stability of the membranes was assessed by aging the membranes in 20 wt.% KOH
at 60 °C for one week in sealed polypropylene bottles.

Scanning electron microscopy (SEM) imaging (backscattered) was carried out on the
membrane surfaces (sputter coated with carbon) using a Carl Zeiss EVO MA10. The Fourier
transform infrared (FTIR) spectra were recorded using a Perkin Elmer Spectrum Two equipped
with a universal attenuated total reflectance (ATR) accessory. The 'H nuclear magnetic resonance
("H NMR) spectra were recorded on a Bruker Ascend operating at 400 MHz. Deuterated
chloroform (CDCl3) was used as solvent and the chemical shifts are given relative to the solvent
residual signal at 7.26 ppm. The thermogravimetric data were acquired using a Netsch STA 409
PC under air and using a linear heating gradient of 5 °C min™!. Tensile tests were carried out using
a Testometric Micro 350 universal materials testing machine at a crosshead speed of 10.00 mm
min’!, using dog-bone shaped specimens (2 mm wide and 28 mm between the shoulders). At least

4 specimens of each membrane type were prepared by die-cutting using a hydraulic press and



stored in demineralized water until they were mounted for testing. The mounting and testing was
carried out rapidly under ambient atmosphere (during approximately 5 minutes), to minimize loss
of water from the samples during the measurement.

The ion conductivity was measured at room temperature in tubular conductivity cell made
of two separate PTFE blocks. Electrodes made of nickel mesh with point-welded electrical
connections were fixed in each block using PTFE gaskets. The cell diameter was 0.9 cm and when
assembled, the interelectrode distance was 2.0 mm. The cell was filled with electrolyte through
holes in each block, and purged with electrolyte using a syringe to remove trapped air. The
resistance between the electrodes was recorded at room temperature by electrochemical impedance
spectroscopy (EIS) using a VersaStat 3 from Princeton Applied Research at 10 mV amplitude and
in the frequency range 10%-10° Hz and taken as Z. at Zy = 0 Q. The ion conductivity ¢ of the
membranes was calculated according to Equation 6, where ¢ is the thickness of the membrane, R
is the resistance with the membrane mounted between the electrodes, Rpiank is the resistance of the
electrolyte filling the gap between the membrane and the electrodes (1.0 mm on each side) and 4

1s the cross-sectional area of the cell.

=1t/ ((R-Roiank) * A) (6)

2.5 Electrolysis tests

Single cell alkaline water electrolysis tests were done in a 11.6 cm? flow cell. The cell house was
made from steel and coated with electroless nickel. The cell house employed a pin-type flowfield.
Prior to cell assembly, the prepared electrodes were die cut to circular 11.6 cm? discs (©38.5 mm),

pressed with spacers to a thickness of 470-500 um (to reduce the likelihood of membrane



puncture), and sonicated in water for 5 minutes. 11.6 cm? was used as the active area for current
normalization. The electrolysis tests were carried out using the membranes composition with an
initial PVP content of 75 wt.% (cast to different thicknesses), which were pre-doped overnight in
20 wt.% KOH at room temperature before the electrolysis tests. The membranes were thereafter
cut to fit the cell and assembled together with the cell house, electrodes, and PTFE and EPDM
gaskets, in horizontal position by carefully alignment of components. The cell was mounted in a
test setup built primarily from PFA and PTFE. Heating and temperature probing was done directly
in the cell house. For electrolyte, 400 mL of 20 wt.% KOH solution was circulated by
PSU/Hastelloy gear pumps at 70 mL min™' in partially separated electrolyte circuits [51]. The
generated gasses were vented from 500 mL PTFE bottles used as electrolyte reservoirs by loosely
mounting the bottle caps to condensate vapors but enable gas dissipation.

Initial cells tests were done with the prepared NiMo cathodes and NiFe anodes and were
conducted according to the following protocol: After reaching a stable temperature at 60 °C, 100
mA cm was applied for 30 minutes. This was followed by EIS measurements and a polarization
curve, after which the cell was left at 500 mA cm™. After almost one week another set of EIS
measurements were recorded followed by a final polarization curve. A secondary cell test was
operated at 80 °C with a proprietary cathode and a pressed plain nickel foam anode (450/1600
um). The cell was initiated at 100 mA cm™ for 30 min after which the initial polarization curve
was recorded. The cell was left at 500 mA cm™ for >700 h, with polarization curves being recorded
every week. Water was added regularly on basis of the faradaic consumption of water. Polarization
curves were recorded stepwise galvanostatically with a residence time of 2 minutes per setpoint.
Data shown represent an average over the last minute at each setpoint. Power was supplied by an

Elektro Automatik EA-PS-5040-40 A power supply, and controlled through a LabVIEW interface.



EIS were done by briefly stopping the cell and temporarily switching cables to a VersaStat 4, and
recorded galvanostatically at 10 and 100 mA cm™, over the frequency range 100,000-0.05 Hz with
an amplitude corresponding to 10% of the setpoint. Data were fitted with a L-R-RQ-RQ equivalent

circuit model.

3 Results and discussion

3.1 Membrane preparation

Homogeneous membrane casting solutions were obtained by co-dissolving PSU and PVP in
DMACc during stirring at room temperature, and membranes with PVP contents ranging from 0-90
wt.% were cast by solvent evaporation by heating from room temperature to 120 °C. The chemical
structures of the membrane constituents and the membrane formation processes are illustrated in
Figure 1. Visually homogeneous and transparent membranes were obtained throughout the whole
composition range and the membranes with PVP contents higher than 45 wt.% appeared slightly
yellowish. The transparency and visual homogeneity of the obtained membranes indicate that the
polymers are fully miscible in the whole composition range, which seems supported by differential
scanning calorimetry studies on blends of PVP with PSU [42] or a structurally similar polysulfone

derivative (poly(ether sulfone), PES) [40, 46].



Co-casting from DMAc, 120 °C
0-90 wt.% PVP

70 wt.%RSU__-
30 wt.% PVP

90 wt.% P

P e

Figure 1 Chemical structure of PSU and PVP and photographs of the membranes after casting.

After casting, the membranes were delaminated from the glass substrates in water and further
treated in demineralized water at 60 °C for several hours. As seen from the SEM micrographs of
the membrane surfaces in Figure S1, the water treatment did not result in any apparent formation
of pores on the micrometer scale. Even on the nanometer scale, transmission electron microscopy
imaging carried out by Lu et al. [46] on a poly(ether sulfone) blend with PVP showed no signs of
porosity after treatment in alkaline ethanol. Hayama et al. [38] used atomic force microscopy
(AFM) to image surfaces of the PSU-PVP blend system on the nanometer length scale. It was
revealed that nanometer sized agglomerates were formed on the membrane surfaces and the size
of the agglomerates tended to decrease with decreasing PVP molecular weight. At PVP molecular

weights comparable to that of the PVP used in the present work, the size of the PVP agglomerates



was estimated to around 10 nm. As this is similar to or slightly larger than the calculated Stokes
diameter of the polymer, one can conclude that the PVP agglomerates are composed of one single
to a few polymer chains [38]. This seems further supported by the small angle X-ray scattering
data reported by Wu et al. [52], which show the dimensions of the polymer agglomerates is around
15 nm. On even smaller length scales, X-ray diffraction data show that the polymer blends are
amorphous throughout the entire composition range [53].

Since PVP is a highly hydrophilic polymer that is soluble in water one might expect that
the PVP is washed out from the membrane during work-up in hot water. However, as shown in
Figure 2a, the FT-IR spectra of the dry membrane surfaces after treatment in water showed the
characteristic PVP carbonyl absorption at around 1600-1700 cm™. Pure PVP shows a peak
maximum at around 1650 cm™, as also clearly observed in the spectra of the membranes with an
initial PVP content of 60, 75 and 90 wt.%. At PVP contents lower than 45 wt.% the peak maximum
shifted to around 1680 cm!, which indicates a change in the chemical environment of the carbonyl
group of PVP. This suggests that the carbonyl groups of PVP are involved in the interactions with
PSU. The interactions were apparently non-covalent, since the membranes readily dissolved in
organic solvents (e.g. chloroform). At higher PVP contents of 60-90 wt.%, the carbonyl signal is
dominated by the excess PVP that is not interacting with PSU, resulting in a carbonyl signal with
an identical peak maximum as pure PVP. The area under the PVP absorption band area relative to
the characteristic PSU peaks (e.g. at 1580, 1230 or 560 cm™) increased as the PVP content
increased, supporting that major fraction of PVP remained in the membrane after work-up.

The "H NMR spectra of the polymer blend membranes after work-up in water and drying

are shown in Figure 2b, and confirm the presence of both polymers. Pure PSU showed well-



resolved peaks with a coupling pattern and integrals perfectly matching its chemical structure. The
spectrum of pure PVP appeared as a series of multiplets at 1.5-4 ppm.

The peak integral ratios of the PSU and PVP signals were used to calculate the PVP content
in the polymer blends after the work-up in water, and the results are summarized in Figure 2¢ by
the black markers. The calculation was based on the relative peak integrals of the signals at 7.85
ppm for PSU (4H) and the broad multiplet of PVP at 1-4 ppm (which was corrected for the
contribution from the PSU methyl signal at 1.70 ppm). The discussion about the composition after
aging in KOH will follow in section 3.2. The PVP content determined for the membranes prepared
from the blends with PVP contents of 0-45 wt.% was in good agreement with the nominal initial
composition of the blend. For example, the PVP content of the membranes prepared from the
polymer blends containing 15, 30 and 45 wt.% was determined to 17, 23 and 42 wt.% after work-
up in water, respectively. As suggested by the FT-IR spectra, it represents the composition range
where there is little excess PVP that is not bound through interactions with PSU. At high initial
PVP contents, i.e. 60-90 wt.%, larger discrepancies between the initial nominal PVP content in the
casting solution and the PVP contents determined by '"H NMR after work-up were observed. This
further supports the FT-IR data, which suggested that excess PVP was present in the membranes
that was not immobilized by interactions with PSU. After work-up in water, the PVP content of
the membrane prepared from a polymer blend containing 90 wt.% PVP was determined to 73
wt.%. The data indicate that partial wash-out of PVP occurred during work-up for the membranes
with initial PVP contents in the higher end of the composition range. It should be remarked that
the total PSU loading in the membrane was kept constant and thus the total membrane thickness
increased with increasing PVP content, which is another parameter that could influence the

leaching behavior of the water-soluble component.
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Figure 2 FT-IR (a), 'H NMR (b) and PVP contents determined from the '"H NMR peak integrals
(c) of the dried polymer blends with an initial PVP content of 15-90 wt.%. Spectra for pure PSU
(0%) and PVP (100%) are shown for comparison in (a) and (b). The dotted line in (¢) is included
as guide for the eye and the PVP contents after aging in 20 wt.% aqueous KOH for one week at

60 °C are shown for comparison.

As shown by the thermogravimetric curves in Figure 3, pure PSU showed negligible weight loss
at temperatures up to around 400 °C. PVP, on the other hand, showed an initial weight loss around
100 °C, likely corresponding to the evaporation of water. An onset temperature of decomposition
was observed at 132 °C, followed by gradual weight loss until a major onset of decomposition was
reached at about 390 °C. Apart from the water evaporation at around 100 °C, the membranes based
on the polymer blends showed no apparent weight loss at temperatures up to 300 °C. Even a small
fraction of PSU in the blend (90% PVP) resulted in a significant improvement of the thermal

stability as compared with pure PVP. It indicates significant intermolecular forces between the



polymers, which ultimately result in stabilization of PVP as discussed in the previous paragraphs

in connection to Figure 2a and 2c.
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Figure 3 Thermogravimetric curves of the dry membranes (after work-up in water) prepared
from the polymer blends containing 30, 60 and 90 wt.% PVP. The data for pure PSU and PVP
are shown for comparison. The measurements were carried out under air at a linear heating

gradient of 5 °C min'.

To avoid eventual irreversible changes in the membrane hydration characteristics, the water
content and corresponding volume changes (instead of water uptake and swelling) were
determined from the weight and volume changes upon drying, as shown in Figure 4. As previously
reported [44], the water mass fraction of the membrane increased with increasing PVP content of
the membranes, and reached 9, 34 and 61% of the total wet membrane mass for the membranes
with a PVP content of 30, 60 and 90 wt.% in the initial polymer blend, respectively. At PVP

contents below 45 wt.%, the water evaporation was accompanied by minor volume reductions.



This suggests that water was mainly absorbed into the free volume of the polymer blend. The
membranes with PVP contents higher than 45 wt.% were brittle after drying, which complicated
the volume determination in the dry state. However, it is evident that the drying of the membranes
with PVP contents higher than 45 wt.% was accompanied by significant volume reductions. The
water uptake and swelling behavior of the membranes indicate that the cohesive intramolecular
PSU interactions that prevent the pure polymer from swelling in water are weakened at PVP
contents above 45 wt.%. Instead, the membrane characteristics are dominated by the highly
hydrophilic PVP component, which supports further water uptake and volume swelling.
Ultimately, excessive water uptake and swelling would enhance the leaching of PVP from the
polymer blend system, which was also confirmed by the quantification using NMR and discussed
above. The leaching of PVP seemed more pronounced in the higher end of the composition range,

which would leave more free volume for water and thus a more significant volume change during

drying.
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Figure 4 Membrane composition after equilibration in water (top) and volume change after
drying (bottom). The standard deviation as indicated by the error bars was calculated based on

repeated thickness and diameter measurements on the same sample.

As shown in Figure 5a, the water-saturated membranes showed decreasing tensile strength and
increased elongation at break as the PVP content of the polymer blend increased. The gradual
change in tensile behavior as the composition of the membrane changes is largely connected to the
differences in water content, as water is well known to exert a strong plasticizing effect in other
polymer electrolyte systems based on e.g. perfluorosulfonic acid [54] or polybenzimidazole
membranes [55]. At PVP contents higher than 45 wt.%, i.e. where the intermolecular PSU
interactions that work against further swelling are weakened by PVP, the yield point was

dramatically reduced. For example, as summarized in Figure 5b, the pure PSU membrane showed



a yield point of 75 MPa, which can be compared with 3 MPa for the membrane with a PVP content
of 75 wt.%. While the pure PSU membrane showed an elastic modulus of nearly 2900 MPa, the
elastic modulus of the membranes with PVP contents of 60 and 75 wt.% was 417 and 130 MPa,
respectively. The membrane containing 90% PVP suffered from extreme plasticization due to the
high water uptake, and showed very limited elastic deformation in contrast to the membranes with
lower PVP contents. The elastic modulus of the membrane containing 90 wt.% PVP was as low
as 9 MPa and the corresponding yield strength was nearly negligible, clearly showing that the
tensile behavior was dominated by plastic deformation. For comparison, the elastic modulus of a
fully hydrated polybenzimidazole membrane is similar to that of the pure PSU membrane but drops

to about 390 MPa after equilibration in 25 wt.% aqueous KOH [26].
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Figure S Representative stress-strain curves (a) and elastic modulus (b) of the membranes

prepared from the polymer blends containing 0-90 wt.% PVP.

3.2 Doping with aqueous KOH

Since the blend membranes are not containing any ionizable groups that can dissociate in the
presence of water, further equilibration in an aqueous electrolyte is needed in order to obtain a
membrane that can support ion conductivity. The membranes were therefore treated in aqueous
KOH at room temperature for at least 16 h in order to replace the water within the membrane
structure with aqueous electrolyte. The composition of the membranes with initial PVP contents
of 0-90 wt.% after equilibration in 10 or 20 wt.% are shown in Figure 6. As shown in Figure 2c,
partial crosslinking or wash-out of PVP may occur during the equilibration in aqueous KOH and
the polymer fractions of the membranes are therefore given as the total polymer fractions (PSU +
PVP). The leaching of PVP was most significant at initial PVP contents higher than 45 wt.%. In

analogy with the water uptake data, the electrolyte content of the membrane increased with



increasing PVP content of the membrane and particularly at PVP contents higher than 45 wt.%.

At a PVP content of 75 wt.%, the aqueous electrolyte dissolved within the membrane structure

constituted about half of the membrane mass. This is similar to the electrolyte uptake of

polybenzimidazole membranes equilibrated in 20-25 wt.% aqueous KOH [18]. At 90 wt.% PVP

content in the polymer blend, the membrane was composed of nearly 70 wt.% aqueous electrolyte,

yet with sufficient mechanical robustness for handling and processing.
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Figure 6 Composition of the membranes prepared from the polymer blends containing 0-90

wt.% PVP after equilibration in aqueous KOH with concentrations of 10 wt.% (solid symbols)

and 20 wt.% (open symbols).

The 1on conductivity of the membranes prepared from polymer blends with PVP contents of 30-

90 wt.% was recorded in 10 or 20 wt.% KOH at room temperature after equilibrating the

membranes at same concentration for 16 h. In contrast to an anion exchange membrane, the blend



membranes in the present work are not containing any ionizable groups and the conductivity is
solely supported by the aqueous electrolyte absorbed into the membrane structure [25]. The data
are summarized in Figure 7 as indicated by the solid symbols, clearly showing that the ion
conductivity increased with increasing electrolyte uptake due to the increasing PVP content of the
initial polymer blend. For example, in 10 wt.% aqueous KOH the ion conductivity of the
membranes prepared from the polymer blends containing 30, 60 and 90 wt.% PVP was 8.3 x 10
7.6 x 103, 3.3 x 102 S cm!, respectively. The conductivity of the membranes in 20 wt.% was
in general higher than that recorded for the corresponding membranes in 10 wt.% KOH due to the
intrinsic conductivity behavior of the absorbed electrolyte [56]. Similarly, in 20 wt.% KOH, the
conductivity increased by nearly 4 orders of magnitude as the PVP content of the initial polymer
blend increased from 30 to 90 wt.% and reached a value as high as 0.17 S cm™'. At PVP contents
below 30 wt.% in the initial polymer, the ion conductivity was too low to be measured, apparently
due to the low electrolyte uptake. For comparison, the conductivity of polybenzimidazole
membranes in 20 wt.% is typically around 0.09 S cm™ at room temperature [21].

In order to assess the stability of the membranes, the conductivity was recorded after aging
in 20 wt.% aqueous KOH at 60 °C for one week as shown by the open symbols in Figure 7. The
ion conductivity followed the same trend as observed before aging, and increased with increasing
PVP content of the initial polymer blend as a result of the increasing electrolyte content of the
membrane structure. The ion conductivity after aging in 10 wt.% KOH was nearly unchanged
compared to that of the as-prepared membrane. However, after aging in 20 wt.% KOH the
conductivity of the membranes at PVP contents >60 wt.% was lowered. As shown in Figure S2,
the FT-IR spectra of the membranes after aging (and after washing and drying) were nearly

identical with the corresponding spectra of the as-prepared membranes. This suggests limited



compositional changes of the polymer fraction of the membranes. Similarly, the 'H NMR spectra
after aging, washing and drying of the membranes with PVP contents of 0-60 wt.% in the initial
polymer blend were nearly identical with the spectra of the as-prepared membrane, as shown in
Figure S3. The corresponding PVP contents as determined by '"H NMR for the aged membranes
are shown in Figure 2¢, showing that no significant leaching of the PVP component occurred
during the aging test. The membranes with PVP contents of 75% and 90% were partly insoluble
after the aging test. The partial crosslinking was evidenced by the formation of a gel fraction,
which was insoluble in chloroform. The partial crosslinking was possibly triggered by hydrolytic
ring opening of the lactam rings in alkaline environment [57, 58]. Hydrolytic ring opening of the
lactam rings in PVP would likely change the appearance of the FT-IR spectrum in the carbonyl-
stretching region, which was not observed, and the degree of crosslinking should therefore be
relatively low.

The standard deviation of the measured conductivity calculated from the multiple
impedance scans recorded for the same sample did not exceed the size of the data points. However,
repeated measurements on different samples would likely introduce more significant deviation,
particularly for the samples at high PVP contents. This is due to the small difference between R
and Rpiank (Equation 6), which implies that small variations in measured resistance for R translate

to large variations in the calculated conductivity.
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membranes prepared from the polymer blends containing 30-90 wt.% PVP.

3.3 Water electrolysis testing

To assess the practical feasibility of the membranes as separators in alkaline water electrolyzers,
the membrane composition with 75% PVP was down-selected for cell tests. This composition
exhibited the best compromise between mechanical robustness and ionic conductivity among the
evaluated compositions. Membranes were cast to thicknesses of approximately 50, 120, 180 and
240 pm (undoped, wet-state), which upon doping resulted in membrane thicknesses of 50, 115,
210 and 255 pum. The 50 um membrane showed minor defects originating from the casting and
was prone to short-circuiting during assembly, possibly caused by slight gasket-electrode overlap,

and was hence excluded from the presented data.



During the test, the cells were kept at 500 mA cm™ at 60 °C in 20 wt.% KOH for 7 days,
representing conditions slightly milder than conventional electrolyzers, which normally operate
near 80 °C and at 25-35 wt.% KOH. The steady state polarization behavior at the beginning of the
test and at the end (after 7 days) are shown in Figures 8a and 8b, respectively. Data recorded using
a Zirfon diaphragm and a m-PBI membrane are also shown for comparison. Interestingly, the cells
based on the PSU-PVP blend membranes showed comparable performance regardless of their
thickness. This suggests that the membrane contribution to the total cell resistance is minor, and
variation towards high current density are likely also associated with variations in the volume of
entrapped gas within the electrodes and variances in electrode performance. Although gas
entrapment is mostly an electrode effect, the hydrophilicity of the separator may play a role. Below
200 mA cm? (see Figure S4), the behavior shows the expected trend, with a higher cell voltage
for the thicker membranes. The cells equipped with PSU-PVP membranes exhibit somewhat larger
cell resistance, as indicated by the slope of the polarization curve, than the cell with m-PBI, but
substantially lower resistance than the Zirfon based cell. We note that the Zirfon cell experienced
an increase in resistance between the initial and final measurements likely cause by some degree
of pore blocking. Either by gas entrapment or nucleation inside the diaphragm or by particulate
contamination predominantly on the anode side, which likely takes place while recording the initial
polarization curve when current densities exceed 200 mA cm™. This phenomenon was only
observed for the Zirfon based cell and manifested as continuously increasing voltage (not reaching
steady state value) at the different setpoints of the initial polarization curve (Figure S5).
Furthermore, visual inspection upon disassembly of all the cell tests revealed contamination of the
separator at the anode side, likely due to insufficient stability of the Ni-Fe anodes used in the

present study. The polymer membranes are likely less susceptible to contamination by particulate



matter than the porous diaphragm due to their homogeneous nature without distinct pores, and will

not experience blocking of surface or internal pores by accumulating gas.
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Figure 8 Steady state polarization curves recorded after break-in (a) and after 165-170 h (b) at
500 mA cm in 20 wt.% aqueous KOH at 60 °C. Nyquist plots of EIS measurements recorded
prior to initial and final polarization at 10 mA cm™ (c) and at 100 mA cm (d) for selected cells.
The shown PSU-PVP data is based on a 255 um membrane. Points represent measured data, and
lines represent a fit based on an L-R-RQ-RQ equivalent circuit fit. Time evolution of the cell

voltage (e).

From the polarization curves at the end of the test (Figure 8b) it is clear that the electrode stability
varied between the cell tests, as seen by a substantial difference in the activation region. The
electrode degradation was supported by EIS measurements recorded at 10 mA cm™ (Figure 8c)
and 100 mA cm? (Figure 8d), which show an increase in total cell impedance from the initial to
the final (day 7) measurement. The time evolution of the cell voltage during the one week of
operation at 500 mA cm is shown in Figure 8e. All cells exhibit the largest degree of deactivation
during the initial 24 h, after which the cell voltage predominantly stabilize within a voltage window
with fluctuations of varying irregular behavior. The notable jumps in cell voltage during steady
state operation seen for most of the cell tests are associated with resupplying water to the
circulating electrolyte, affecting both temperature and concentration gradients temporarily.

EIS was employed to separate the ohmic resistances from the electrode polarization
resistances. The Nyquist plots in Figure 8c and 8d compare the thickest PSU-PVP membrane
(~255 pum) with the reference Zirfon and m-PBI membranes. The initial area specific series
resistance as estimated by equivalent circuit fitting of the 100 mA ¢cm measurements, are for the
cell based on the PSU-PVP blend membrane 328 mQ cm? and for the m-PBI membrane 147 mQ

cm?. Assuming that the membrane is the sole contributor, this correspond to ionic conductivities



of about 78 and 71 mS cm’!, which are in good agreement with the ex-situ conductivity data in
Figure 7 and as reported previously for m-PBI [21]. On the other hand, the Zirfon based cell shows
a larger series resistance contribution in comparison to the PSU-PVP and m-PBI based cells, as
well as a large difference between the first (412 mQ cm?) and last EIS (588 mQ ¢cm?) measurement,
further supporting that physical pore blocking occurred during the test as discussed above.
Notably, both resistances measured are larger than that given by the specification sheet of Zirfon
under similar conditions (<300 mQ cm? [59]). We suspect that effects from current constrictions
and non-ionic ohmic losses are significant, and that we thus overestimate the area specific
resistance of all the membranes to some extent. Perhaps more interestingly, the internal resistance
of the cell based on m-PBI decreased during the stability test, which likely is a consequence of
membrane thinning due to degradation [21, 26]. However, the area specific series resistance of the
cell based on the PSU-PVP blend membranes remained nearly unchanged during the tests,
confirming good stability of the membrane under the applied experimental conditions on the
investigated timescale.

After 7 days of electrolysis operation at 500 mA cm™ at 60 °C in 20 wt.% KOH, the cells
were turned off and disassembled. The PSU-PVP appeared visually intact and could be completely
dissolved in DMSO-ds after washing in water and drying. The '"H NMR spectra of the used
membranes (Figure S6) showed no apparent signs of degradation, apart from a signal at 1.26 ppm
which may originate from hydrolyzed PVP. The PVP content after the electrolysis tests as
estimated from the integrated 'H NMR spectra was 32, 49 and 55 wt.%, for the membranes with
thicknesses of 115, 210 and 255 um, respectively. This indicate that gradual leaching of PVP

appear to take place but is limited to the near surface region of the membranes, as indicated by the



larger relative degree of leaching for the thinner membranes. Nonetheless, it suggests that covalent
anchoring of the hydrophilic component is a rational strategy to prevent leaching.

In order to assess the membrane system under more challenging operating conditions, the
temperature was increased to 80 °C for a single test with a 120 pm membrane. The test duration
was extended to more than 700 h. As indicated by the polarization data shown in Figure 9a, the
cell performance remained stable during the test duration. However, as shown in Figure 9b, the
cell voltage at a 500 mA cm™ fluctuated between 1.9-2.1 V during the test period due to
concentration changes of the electrolyte. While water was supplied to the electrolyte periodically
to compensate for the water consumption from the electrochemical processes, evaporative losses
of water were not accounted for and resulted in dryout of the cell after 760 h and membrane failure.
This was likely due to the dramatic concentration increase of KOH and embrittlement of the
membrane (see discussion in connection to Figure 4). The results suggest that electrolyte
management is critical to ensure longevity of the membranes and that further improvements

towards improving robustness is still desired.
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4 Conclusions

Co-casting of polysulfone (PSU) and poly(vinylpyrrolidone) (PVP) from dimethylacetamide gives
visually homogeneous and transparent polymer blend membranes throughout the whole
composition range. The water uptake increases with increasing PVP content of the membrane and
result in significant swelling at PVP contents higher than 45 wt.%. Despite its high solubility in
water, the major fraction of PVP is effectively immobilized and remains in the membrane after
work-up in water, and even after aging in 20 wt.% KOH at 60 °C for one week. The swollen
membranes with initial PVP contents above 45 wt.% support ion conductivity in technologically
relevant range (10-100 mS cm!) after equilibration in 10-20 wt.% aqueous KOH, while sufficient
mechanical robustness for handling and processing is maintained. Replacing the conventional
state-of-the-art separator with the PSU-PVP blend membrane system, containing 75 wt.% PVP,
reduced the cell voltage by several hundred millivolts when operated at intermediate current
densities of 500-1000 mA cm™. The performance of the membrane was stable for at least one week
of operation 500 mA c¢cm? in 20 wt.% KOH at 60 °C. At 80 °C, the cell performance was stable
for >700 h, but evaporative losses of water resulted in a gradually increasing KOH concentration

of the electrolyte and ultimately and enhanced membrane degradation.
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