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lon-solvating membranes (ISMs) are an alternative to proton-exchange and
anion-exchange membranes for use in water electrolysers. ISMs do not have

fixedionic groupsin their structure but instead gain their ionic conductivity
through the uptake of liquid electrolyte. Although in principle they could offer
improved stability over anion-exchange membranes due to the absence of
easily degradable anion-exchange groups, stability gains have been modest.
Here we report poly(oxindole biphenylene)-based ISMs with highly stable
oxindole/KOH complexion pairs for use in water electrolysers. These ISMs
exhibit promising alkaline stability at 80 °C with a negligible conductivity
decay over more than 15,000 hand, thus, allow durable alkaline electrolysis
over 2,500 h, even at elevated temperatures and high operating voltages of
2.3 V.Moreover, they show ultralow gas permeation and, thus, low transient
response times (<1 s). They allow the use of non-precious-metal catalysts (Ni
and Ni/Fe) and can be operated over abroad temperature range (-35t0120 °C).

Water electrolysis canbe used to store electricity fromrenewable energy
sources in chemical bonds in the form of high-purity hydrogen'. Tradi-
tional alkaline electrolysers with a circulating 30-40 wt% KOH and a
porous diaphragm have the primary advantage of allowing the utilization
of inexpensive non-platinum-metal (PGM) catalysts (such as Ni foam)
under alkaline conditions*and even at elevated temperature®*. However,
the porous diaphragms in alkaline water electrolysers (AWEs) resultin
high gas permeation and blow-out of the electrolyte. Asaresult, these sys-
tems are not effective at elevated current densities (<500 mA cm™) and
display a high transient response time to maintainabalanced pressure,
making them unsuitable for renewable energy source applications®’.
Thus, polymericelectrolyte membranes (such as proton-exchange
membranes (PEMs) and anion-exchange membranes (AEMs)) have been

developed to replace porous diaphragms with liquid electrolytes®’.
In this case, the dense PEMs and AEMs have excellent ability as a gas
barrier. Thus, the use of dense membranes in water electrolysis allows
the design of a compact system with durable and resistant structural
properties at high differential pressures and rapid transient response
timesthatis adaptable tothe fluctuation of renewable energy sources,
such aswind and solar energy. Although PEM electrolysers have advan-
tages due to the high stability and durability of perfluorosulfonic acid
membranes, they have the disadvantage of high capital cost due to the
need for high loadings of platinum and iridium catalysts (IrQO,) as well
asprecious-metal-coated titanium porous transport layers and bipolar
plates®’. In contrast, an AEM electrolyser based ona polymer with fixed
cationic side groups® has the advantages of using alow-cost PGM-free
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Fig.1| DFT calculation and alkaline stability of model compounds. a, Calculated LUMO energies and isosurfaces of deprotonated model compounds and
HOMO energy of OH™. The higher the LUMO energy, the higher the alkaline stability of the molecule. b, Alkaline stability from *C NMR of 3,3-diphenylhydroxyindole

in8 MKOH at80 °C.

catalyst aswell aslow gas permeation. However, the insufficient alkaline
stability of AEMs (<5,000 h) and device durability at elevated tempera-
tures above 60 °C due to Sy2 substitution® and Hoffman elimination®
of fixed cationic groups and free radical attack'®in an electrochemical
environment remain crucial challenges for AWE applications.

Thus, an operationally flexible polymer electrolyte membrane
with high alkaline and device stability at elevated temperatures
(=80 °C), and good ion conduction is desired to bridge the gap in
these water electrolysis technologies®. When a polymer is used as a
membrane under alkaline water electrolysis, the fixed cationic groups
may substantially limit the stability. For example, alkaline-doped poly-
benzimidazole (PBI)" and ZrO,/PSf membranes', which do not have
fixed ionic groups, are much more stable than the sulfonated and qua-
ternized hydrocarbon polymers. Owingto the highly ionic conduction
of liquid KOH electrolytes, fixed cationic groups are not essential for
intrinsicion conductionin alkaline membranes. However, in this case,
functional groups are needed in the polymer so that a homogeneous
ternary polymer/water/KOH electrolyte system forms when imbibed
with KOH.

lon-solvating membranes (ISMs)**" utilize the uptake and
presence of an aqueous alkaline electrolyte to achieve ionic con-
ductivity. Thus, a weak-base polymer, such as PBI, when doped
with KOH was first demonstrated as an ISM (ref. 14). This system
exhibits promising alkaline stability for up to 2,000-5,000 h,
whichis much longer than that of an AEM with a fixed cationic group®.
Anassembled alkaline electrolyser with optimized RANEY-type elec-
trodesachieved animpressive performance of1.7 Acm2at1.8 Vand
a wide operating current density’’. Nevertheless, notable degra-
dation by the ring-opening of deprotonated benzimidazole moie-
ties in the cell potential and eventual cell failure were also observed
during long-term tests when the operating temperature was more
than 60 °C (refs. 12,15,16). Moreover, the fluctuation of renewable
energy and its distribution in cold regions, such as north-western
China, necessitates areadily repeatable low-temperature electrolyser
start-up process if additional heating is to be avoided. However,
the pure water in a PEM water electrolyser or the low concentra-
tion of aqueous KOH in an AEM water electrolyser may freeze under
such conditions, and thus, the electrolyser may fail during a cold
start-up without an additional heating system'”'®, Thus, realizing
stable operation over a broad range of temperatures in an alkaline
environment is a critical challenge for water electrolysers with a
polymer electrolyte membrane.

In this work, we demonstrate that ISM AWEs based on highly
stable oxindole/KOH complex ion pairs in poly(oxindole biphe-
nylene) (POBP), which have been prepared by superacid-catalysed
polymerization" and have previously been used for gas separation®,
AEMs? and ultrafiltration?, can avoid the limitations of traditional
water electrolysis based on AWEs, PEMs or AEMs, thus enabling
operations under a wide range of conditions that are not accessible
with existing electrolysis technology. This ISM can conduct ions
through stable oxindole/KOH complex ion pairs and enable AWE
operation using a non-precious-metal catalyst of Ni foam or Ni/Fe.
It has long durability over a broad temperature range from -35 to
120 °C and ultralow gas permeation and thus transient response
times (<1s).

LUMO energy and alkaline stability of
deprotonated anion

The operational durability of ISMsin AWEs at an elevated temperature
is dictated by the lowest unoccupied molecular orbital (LUMO) energy
of the deprotonated base moieties in water. The highest occupied
molecular orbital (HOMO) energy of OH™ (in water), as determined with
density functional theory (DFT) calculations®, is —3.068 eV, which is
lower than the LUMO energy of deprotonated benzimidazole anions.
Thus, nucleophilic attacks of OH™ are limited by the LUMO energy of
deprotonated benzimidazole anions. As aresult, ahigher LUMO energy
will make it more difficult for deprotonated benzimidazole anionsto be
attacked by OH™ anions. Asshownin Fig.1a, deprotonated benzimida-
zolehasaLUMO energy of -1.450 eV, whichis 1.618 eV higher than the
HOMO energy of OH". However, the LUMO energies of deprotonated
oxindole and 3,3-diphenylhydroxindole in water were calculated to be
-0.692and -1.125 eV, respectively. These values are greater than those
of the deprotonated benzimidazole anion, indicating the difficulty
of attack by OH™ and, thus, the potentially high alkaline stability. To
further confirm the alkaline stability of the deprotonated oxindole
anion, the model compound 3,3-diphenyloxindole was designed
and synthesized by superacid-catalysed reactions®*. Subsequently,
the alkaline stability of the model compound was determined in 8 M
KOH at 80 °C. As expected, no obvious degradation was observed
after 700 h of testing, as determined by *C nuclear magnetic reso-
nance (NMR) and 'H NMR (Fig. 1b and Supplementary Fig. 1). In con-
trast, benzimidazole degraded due to the ring-opening reaction of
imidazole groups after only 700 hunder the same testing conditions
(Supplementary Figs. 2 and 3).
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Fig.2|Preparation and characterization of POBP-ISM. a, Synthesis of POBP-
ISM. b, '"H NMR spectra of a POBP membrane. ¢, Composition with respect to the
total ISM (POBP/H,0/KOH) weight of the wet form. d, Mechanical properties of
POBP-ISMs as a function of KOH concentration. e, Gas permeability of

POBP-ISMs as a function of KOH concentration in the dry state. Error bars in c and
ewere generated from the standard error of the mean (s.e.m.) derived from three
measurements.

Synthesis, membrane preparationand
characterization

Subsequently, as shown in Fig. 2a, oxindole was successfully intro-
ducedintothe aryl-ether-free polymer by superacid-catalysed polym-
erization of biphenyl and isatin to produce POBP (ref. 25). A’TH NMR
analysis confirmed the polymer structure” (Fig. 2b). Despite the rigid
polymer backbone of POBP, as confirmed by the high glass transition
temperature (7,) of over 500 °C (Supplementary Fig. 4), high molecular
weights were obtained (MW > 60,000 Da), and the polymer displayed
excellent solubility in common solvents, such as dimethyl sulfoxide

(DMSO), N-methyl-2-pyrrolidone, N,N-dimethylformamide (DMF) and
N,N-dimethylacetamide (Supplementary Table1). Anintrinsic viscos-
ityin DMF of 2.20 dl g* (Supplementary Table 2) was achieved, which
satisfies the requirement for athin, transparent membrane with alarge
area (Fig. 2b).

Atough, flexible and transparent POBP membrane was obtained
by casting. Subsequently, the POBP membrane was submergedinaque-
ous KOH to obtainanion-conductive ISM (Fig. 2a). The composition of
theternary electrolyte system (POBP/H,0/KOH) of the ISM was used to
evaluate the concentration of KOH inthe ISM, as this has animportant
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influence on theionic conductivity. Generally, a high concentration of
KOH electrolyte leads to a high KOH concentration in the ISM. Thus,
as shown in Fig. 2c, the concentration of KOH in the POBP/H,0/KOH
system increased from 6.31% to 18.46% when the KOH was increased
from1Mto 8 M. However, these values are slightly lower than those of
the membrane-based polybenzimidazole (mPBI), which ranged from
7.66 t0 20.43%. Because of the similar ion-pair interaction between a
deprotonated anion and a K ion (118.23 kcal mol™ for deprotonated
oxindole and 108.24 kcal mol ™ for benzimidazolium, respectively), as
confirmed by the DFT calculation (Supplementary Fig. 5), and, thus,
the similar pKa values®?, it is believed that the relatively low KOH
absorption of the POBP membraneis attributed to its lower concentra-
tion of oxindole functional groups than that of the imidazole groups
in mPBI. In addition to the KOH concentration in the membrane, the
water concentration also plays a key role in ionic conductivity”. The
water uptake of the membrane increased from10.13% to 23%, whereas
that of KOH increased from 6.31% to 13.45% when the KOH electro-
lyte was increased from 1 M to 6 M, respectively (Fig. 2c). The water
uptake of the membrane decreased when the concentration of KOH
electrolyteincreased to 8 Mdespiteitsincreased KOH concentration.
Thus, the POBP membrane doped with 6 M KOH had the highest wet-
tability (Supplementary Fig. 6). It is believed an that excessive KOH
concentration will result in a decrease in the amount of water held in
the polymer matrix due to the concentrating effect of the polymer
phase with respect to water in the higher KOH concentration regime
and extensive crystallization of the polymer matrix®, as evidenced
by the gravimetric (Fig. 2c) and X-ray diffraction (XRD) results. The
results for the composition and hydrophilicity of the membranes
initially suggested that the optimum concentration of KOH for the
POBP-ISMsis 6 M, which was fully verified by the subsequent conduc-
tivity analysis. Further information on the swelling behaviour and XRD
ofthe KOH-doped POBP membraneis givenin Supplementary Note 1
(including Supplementary Figs. 7-9).

'H NMR, IR spectroscopy and X-ray photoelectron spectros-
copy (XPS) were conducted to confirm the chemical structures of
KOH-doped POBP-ISMs. As shown in Supplementary Fig. 10, the proton
peak for NH in the oxindole in KOH-doped POBP-ISMs completely
disappears after treatment with KOH, even at a low concentration of
1M, indicating successful deprotonation. Moreover, the chemical
shifting of benzene peaks to higher levels in the'H NMR results (Supple-
mentary Fig.10) further suggests the successful formation of anions,
whichactaselectron-donating groups for the benzene ring. Obviously,
the chemical shifting of benzene peaks increases with an increasing
concentration of KOH. We assume that the high KOH concentration
results in a strong interaction between deprotonated oxindole and K
ions”®. Moreover, DFT calculations show that both the N and O atoms
interact with K ions. We assume that the N anion in oxindole tends
to form a conjugated anion by rearrangement and equilibrium?*?’
(Fig.2aand Supplementary Figs. 5 and 11). Thus, the stretching vibra-
tionbands ofthe C=0in oxindoleat1,710 cm™ weaken after KOH doping
inthe POBP membrane (Supplementary Fig.12). Moreover, the negative
shifts of the N 1s and O 1s spectra of POBP and the appearance of new
peaks assigned to N-Kand O-K further suggest that there are ion-pair
interactions between deprotonated oxindole and K ions (Supplemen-
tary Figs.13and 14)*. Inaddition to the KOH/oxindole ion pairs, a large
amount of free KOH was also absorbed in the membrane, as confirmed
by the KOH peaksinthe XPS spectra (Supplementary Fig.13), consistent
withthe XRD results, which caninduce the excellention conduction of
POBP-ISMin a KOH solution.

POBP membranes also displayed excellent mechanical proper-
ties, with a stress of 75.5 MPa and a strain at break of 9.3% (Fig. 2d).
More interestingly, the KOH-doped POBP membrane demonstrated
negligible stress loss but an increased strain at a break of 31% after
KOH doping at a high KOH concentration of 6 M. On increasing the
concentration of KOHto 8 M, the tensile strengthincreased to 63.4 MPa

comparedto 58.2 MPain 6 M, further indicating the increased degree
of crystallinity and weakened plasticization of water*°, which was
confirmed by XPS and XRD results. Similar behaviour has also been
observed in a PBI-ISM system®. Further information on the thermal
stability of KOH-doped POBP membranes is given in Supplementary
Note 2 (including Supplementary Figs. 15 and 16). Furthermore, the
gas permeability is another important property for ISMs used in AWEs,
as it determines not only the Faradaic efficiency but also the safety
of operation™°, As shown in Fig. 2e, the gas permeability of pristine
POBP membraneswas17.8 barrer (1.05 x10"® mol™ cm™ s bar™) for H,
and1.8 barrer (1.06 x 10 mol cm™s™ bar™) for 0,at 35 °C (1 barrer=
107° cm? (STP) cm cm™s™ cmHg™). However, after doping with KOH,
the gas permeabilities of the POBP membranes decreased significantly
withincreasing KOH concentration. The KOH-doped POBP membrane
in 6 M KOH showed a H, permeability of 6.2 barrer (3.64 x 10™ mol”
'em™s™ bar™) and an O, permeability of 0.2 barrer (1.17 x 1077 mol™
cm'sbar™). These values are much lower than those of Nafion, the
prototypical PEM used in existing commercial PEM water electrolysis,
indicating promising applications of AWEs as membranes at elevated
operating pressures (Fig. 2e).

Ionic conductivity

AsshowninFig.3a, theion conductivity in the through-plane direction
of the POBP membrane was recorded as a function of KOH concentra-
tion and temperature. As expected, the ion conductivity of the mem-
braneincreased with KOH concentration because there were more sites
foriontransportation witha higher-concentration KOH-doped POBP
membrane. Moreover, the enhancement of water movement and ion
migrationinduced higherionic conductivity at elevated temperatures
(Fig. 3a). The highest ion conductivity of 86.72 mS cm™ was achieved
when the POBP membrane was doped with 6 MKOH at 90 °C. Although
this valueislower than that of the mPBI membrane because of its lower
degree of KOH doping under the same testing conditions, it is high
enough for this material to serve as an ISM for AWEs. Upon further
increasing the concentration of KOH to 8 M, the ionic conductivity
of the POBP membrane decreased, probably due to its lower water
uptake, as discussed above.

Alkaline and oxidative stability

Membrane stabilities, including alkaline and oxidative stabilities,
which are crucially important for the practical operation of these
membranes in AWEs, were comprehensively evaluated. Impressively,
thearyl-ether-free polyaromatics showed robust alkaline stability even
under harsh conditions of 8 M KOH at 80 °C. No appreciable change
in ionic conductivity (Fig. 3b) was observed even over a long test
period of15,000 h, whichis much longer than the stability of PBI-ISMs
(refs.12,15) and previously reported AEMs (ref. 9). Moreover, as shown
in Fig. 3d, no detectable change in the chemical shift in the'H NMR
spectra was observed, further demonstrating the excellent alkaline
stability of the polymer backbone and functional groups of oxindole.
Furthermore, asshownin Supplementary Fig.17, there was no obvious
change in the chemical shiftin the’H NMR spectra of POBP before and
after the ex situ alkaline stability test (120 °C, 6 M KOH over 300 h),
further demonstrating the excellent alkaline stability of the POBP-ISMs
even at an elevated temperature of 120 °C. These results were further
confirmed by stability testing of model compounds, as discussed above.
Therefore, itis remarkable that the POBP-ISMs show competitive alka-
line stability and reasonable ion conductivity, which have seldom been
achieved simultaneously in previous reports.

The oxidative stability with respect to weight was investigated
by immersing membranesinFenton reagent®. As showninFig. 3¢, the
mPBImembrane had poor oxidative stability withasteep weight decline
of approximately 35 wt% within 300 h. In contrast, the POBP-ISM exhib-
ited impressive oxidative stability. It remained intact and flexible even
after over1,000 h, with aweight loss of less than11 wt%. This weight loss
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ofthe POBP-ISM was confirmed to be caused by an -11% decrease in the
thickness, indicating the reasonable surface oxidative degradation of
the membrane. More importantly, no obvious changes were observed
in the mechanical properties or chemical structures of aged POBP
membranes, as confirmed by the Fourier-transforminfrared (FT-IR) and
NMR spectra (Fig. 3d and Supplementary Figs. 18 and 19). This excel-
lent oxidative stability was attributed to the aryl-ether-free polymer
backbone*and the lower water uptake of POBP (-7 wt%) in which water
was an effective catalyst for radicals to attack the hydrogen—carbon
polymer backbone'**.

AWE device performance and durability

To demonstrate the device performance of POBP-ISMs, an AWE
was designed (supplementary Fig. 20) and applied at 80°Cina6 M
aqueous KOH solution using naked Ni foam as a catalyst in both the
anode and the cathode due to its high stability despite its low activ-
ity. As shown in Fig. 4a, the POBP-ISM exhibited better performance
than the state-of-the-art polyphenylene sulfide (PPS) and Zirfon dia-
phragms. The superior performance of the POBP-ISM was attributed
to its relatively low high-frequency resistance (HFR), which was as
low as ~0.203 Q cm?at 125 mA cm2in 6 M KOH at 80 °C. This value is
notably lower than for PPS (0.402 Q cm?) and the Zirfon diaphragm
(0.287 Q cm?). Notably, the thicknesses of PPS (700 + 10 um) and Zir-
fon (500 +10 pm) affected their resistance and, thus, the AWE perfor-
mance. A highly active catalyst is believed to be an effective approach
for improving the performance of water electrolysis. As expected

(Fig.4b), the NiFe-anode-catalysed electrolyser using POBP-ISMs and
aPt/C cathode outperformed the AWEs with a naked Ni foam or Ni/Al
alloy catalyst. The optimized electrolyser in 6 M KOH at 80 °C had a
current density of 2.0 A cm2at 1.9 V, which is comparable to that of
the state-of-the-art Nafion 115 in a PEM electrolyser and almost five
times higher than that of traditional AWEs based on Ni foam or Ni/Al
alloy catalysts (-0.4-0.5Acm2at1.9 V).

We also investigated the performance of POBP-ISM in various
concentrations of KOH (Supplementary Fig. 21). A high KOH con-
centration induced better performance, probably due to the high
ion conductivity (Fig. 3a) and low resistance of the ISMs (Fig. 4c¢).
Thus, because of the remarkable dependence of the ion conduc-
tivity and the area resistance on temperature (Fig. 4c), the operat-
ing temperature of the electrolyser exerted a substantial influence
on the performance of the electrolyser. As shown in Fig. 3a, a high
temperature resulted in high conductivity and, thus, better electro-
lyser performance. Surprisingly, an ISM-based electrolyser easily
started at temperatures as low as =35 °C without any external heat-
ing system, with a starting time of less than 1s even after a freezing
time of 60 h (Supplementary Figs. 22-24), which is unattainable for
PEM or AEM AWEs due to the freezing of pure water. Compared to
state-of-the-art porous PPS and Zirfon diaphragms, AWEs based on
dense POBP-ISMs showed significant enhancements of1,700-2,700
times in the transient response times at -35 °C (Supplementary
Fig.25), whichis believed to contribute to the lower area resistance
of the POBP membrane even at an ultralow temperature of =35 °C
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POBP-ISM (45 + 5 um) and PPS diaphragm (700 + 10 pm). d, Polarization
characteristics and HFR of electrolysis with POBP-ISMs and Ni-foam catalysts as a
function of operating temperature from -35to 120 °C, electrolyte concentration
from 6 to10 M and pressure from O to 5 bar. The error bars were generated from
the standard error of the mean (s.e.m.) derived from three measurements.

(Fig.4c). Thisresult at =35 °Cis comparable to that of PBI-ISM, despite
the lower conductivity of POBP, due to its lower concentration of
ion-pair moieties (Supplementary Fig.26). This resultindicates that
the highly alkaline stable POBP-ISMis a promising membrane material
for anISMalkaline electrolyser for fluctuating renewable energy that
requires an electrolyser that can be quickly and repeatedly cooled
before starting up.

Moreover,asshowninFig.4d and Supplementary Fig.27,improved
electrolyser performance and lower HFR were observed at operating
temperatures of 110 and 120 °C. When the operating temperature was
120 °Cin 6 MKOH atatmospheric pressure, the performance was lower
than that of ISMs at 80 °C, probably due to the lower water uptake at
temperatures greater than the water boiling point without pressure,
which may have increased the area resistance (Fig. 4c). Thus, when
the operating temperatures were lower than the boiling point of KOH
solution, which was realized by increasing the pressure to 5 bar or
the KOH concentration to 10 M, the performance increased and HFR
decreased with an increase of temperature (Fig. 4d and Supplemen-
tary Fig. 28), indicating the good operability at high temperatures.
Like the ultralow-temperature operability, operating PEM and AEM
electrolysers at high temperatures of over 80 °C is also unattainable
duetothelower T, of Nafionand theinstability of the AEMs (refs. 6,9),
respectively. Therefore, the POBP-ISM alkaline electrolyser has been
demonstrated to have one of the broadest operating temperature

ranges achieved thus far for water electrolysis, as it can operate
smoothly from-35t0120 °C.

The high alkaline and oxidative stabilities of the polymer elec-
trolyte membrane are believed to induce high electrolyser device
durability. Theinsitu durability of POBP-ISM was investigated at 80 °C
using 6 MKOH alkaline electrolysers with Nifoam as a catalyst. Impres-
sively, the cell voltage remained steady at a voltage as high as 2.3 V for
over 2,500 hat 500 mA cm™(Fig. 5a). This superior cell durability was
much better than that of mPBI-ISM, for which cell performance obvi-
ously decayed after only130 hunder the same testing conditions. The
ring-opening degradation mechanism of benzimidazole moieties in
mPBIwas confirmed by 'HNMR and FT-IR spectroscopy (Supplemen-
tary Figs.29 and 30). In contrast, after 2,500 h of cell durability testing,
the POBP-ISM still showed good solubility and retained its original
chemical structure (Supplementary Figs. 31 and 32). No appreciable
new peak or chemical shifts of protons were observed in the 'H NMR
and FT-IR spectra, suggesting it has one of the longest periods of sta-
bility of alkaline electrolysers under harsh operational environments
at a high voltage (-2.3 V), a high temperature (80 °C) and a high KOH
concentration (Fig. 5b and Supplementary Fig. 33).

Furthermore, the POBP-ISM AWE had excellent stability at 120
and -35 °C without any obvious decline for 1,000 h (Supplementary
Fig. 34). In contrast, the performance of alkaline electrolysers made
with Zirfon or mPBI membranes rapidly decreased under the same

Nature Energy | Volume 9 | April 2024 | 401-410

406


http://www.nature.com/natureenergy

Article

https://doi.org/10.1038/s41560-023-01447-w

4.0

. POBP-ISM
mPBI-ISM

354 4
3.0 -

2.5

2.0 16.6 uV h™

Cell potential (V)

1.0 + /A

Ni/Ni foam at 500 mA cm™, 6 M KOH, 80 °C
6] T
0o 500

T T 1
1,000 1,500 2,000 2,500

Time (h)

Fig. 5| Durability of POBP-ISM AWEs. a, In situ durability of an electrolyser
consisting of Ni foam with POBP-ISM at 80 °C. Solid blue circles are the cell
voltage durability of POBP-ISM. The solid orange circles are the corresponding
HFR of POBP-ISM. The hollow blue squares are the cell voltage durability of
mPBI-ISM. The hollow orange squares are the corresponding HFR of mPBI-ISM.
b, Comparison of in situ durability and cell voltage of present POBP-ISM and
current ISMs and AEMs. Red dots denote the present work based on POBP-ISMs.

b
e
2.4 4 A
S e o ™
E 2.2
£ A A
2 20 AAAR N
= N A
Q
O 18 AMAGA @ ISMs 50-90 °C
A AEMs 25-75 °C
16 A
A @ This work
-35-120 °C
14 & T T T T T
0 500 1,000 1,500 2,000 2,500 3,000

In situ durability (h)

Hollow black triangles are for the reported AEMs (refs. 1,6,9,34-48). The solid
black circles are ISMs (refs. 13,15,33,49,50). The red dots show the excellent
long-term durability (500-2,500 h) and the broad operating temperature range
(-35t0120 °C) of our POBP-ISM alkaline electrolysers under present harsh
operational environments at a high KOH concentration compared to state-of-
the-art ISMs and AEMs.

testing conditions. Furthermore, there was asharp decayin the dura-
bility of an electrolyser made with mPBI-ISM at 120 °C in 6 M KOH
under 5 bar (Supplementary Fig. 34). Surprisingly, the POBP-ISM could
retainits performance for more than 100 h under such the same test-
ing conditions. Although the membrane broke during the durability
testing, it was assumed that the high operating pressure resultedin the
mechanical failure of the membrane, which was probably due to the
unsmooth surface of the Nifoam. Thus, we further tested POBP-ISMin
anelectrolyser at 120 °Cunder atmospheric pressure. Weincreased the
KOH concentration to10 Mtoincrease the boiling point. As expected
(Supplementary Fig. 34c), the POBP-ISM could be operated at 120 °C
in 10 M KOH and 110 °C in 6 M KOH for more than 500 h. The '"H NMR
spectrum of POBP after in situ durability testing, as shown in Supple-
mentary Fig. 35, further confirmed its stability. Combined with these
high stabilities and durability, particularly at elevated temperatures
(=80 °C), the use of a non-precious-metal catalyst, broad operating
temperature range, broad KOH concentration range and low gas per-
meation of the ISM, an operationally flexible AWE with a POBP-ISM was
successfully achieved.

Conclusions

Insummary, we established highly stable oxindole/KOH complexion
pairsin POBP-ISMs for AWEs. The high LUMO energy of deprotonated
oxindole anions was confirmed by DFT calculations and induced an
exciting alkaline stability of the POBP membrane without appreciable
conductivity loss over15,000 hin8 MKOH at 80 °C. The aryl-ether-free
polymer backbone and lower water uptake of the POBP membrane
furtherincreased the excellent oxidative stability in a Fenton reagent
(>1,000 hat 80 °C). Anunoptimized POBP-ISM AWE with a nickel-foam
electrode was operated successfully over abroad temperature window
(-35t0120 °C) with arapid start-up (<1s) even at alow temperature
of =35 °C. High performance with an operating current density of
2.0 Acm™at1.9 Vwasachieved when an Ni/Fe catalyst was utilizedinan
anode. Thisresult was comparable with that of an IrO,-anode-catalysed
PEM electrolyser. This operational flexibility of POBP-ISM AWE over a
wide range of temperatures, a non-precious-metal catalyst, low tran-
sient response times and long durability, which is not feasible with
existing water electrolysis technology, could enable the simplification
and cost reduction of electrolyser systems for green hydrogen produc-
tion. However, at elevated temperatures of more than120 °C, realizing
dimensional, oxidative and polymer backbone alkaline stabilities are
still the major challenges in the development of ISMs for AWEs.

Methods

Materials

Biphenyl (99%), trifluoromethanesulfonic acid (TFSA, 99%), trif-
luoroacetic acid (TFA, 99%), benzene (99%), 2-phenylbenzimidazole
(99%) and isatin (98%) were obtained from Energy Chemical. Dichlo-
romethane (DCM, 99.5%), DMF, DMSO, N-methyl-2-pyrrolidone (NMP),
N,N-dimethylacetamide (DMAc), ethanol (99.7%) and potassium car-
bonate (K,CO,) were purchased from Sinopharm Chemical Reagent
Factoryand used asreceived. Aqueous solutions of KOH with concen-
trations of 1,2, 4, 6 and 8 mol "' were prepared by dissolving potassium
hydroxide pellets (Macklin, GR) in deionized (DI) water.

Synthesis of 3,3-diphenyloxindole and POBP
3,3-diphenyloxindole was obtained by mixing an excess of benzene
(10 ml, 0.113 mol) and isatin (1.66 g, 11.3 mmol) with TFSA (10 equiv.)
at 0 °C overnight. To produce high-molecular-weight POBP polymer,
isatin (32 g,21.8 mmol), biphenyl (30 g,19.4 mmol) and hydrous dichlo-
romethane were typically combined in a 500 ml round-bottom flask.
Trifluoroaceticacid (34.0 ml) and TFSA (126.0 ml) were added dropwise
at 0 °C. Thereaction mixture was agitated at O °Cforanadditional 8 h
and then placed into an aqueous ethanol solution and 1 M K,CO; to
remove the residual acid. Finally, with a 99% yield, the white fibrous
productwasfiltered, rinsed with DI water and dried overnightinavac-
uumoven at 80 °C. The intrinsic viscosity of POBP was determined to
be 1, = 2.20 dl gin DMF at 30 °C. In the 'H NMR (400 MHz, DMSO-d,,
ppm), §=10.85(s,1H), 7.58 (s, 4H), 7.25 (s, 6H) and 6.99 (s, 2H).

Characterizations of structure

'H NMR and C NMR spectroscopy was performed by using a Bruker
DPX-400 instrument with DMSO-d, and tetramethylsilane as the sol-
vents and the internal reference, respectively. The FT-IR spectra were
recorded on a PerkinElmer Spectrum Two in attenuated total reflec-
tance mode. XPS was performed on a Physical Electronics PHI5600
withan X-ray source operated at12 kVand 350 W.XRD was carried out
using a D8 ADVANCE A25 equipped with a Cu Ko source (1 =1.54184 A)
in the range 5-50° 26 at a scan speed of 4°/26 per minute and a step
size 0f 0.02°/26. The d spacing for the amorphous or crystalline peak
maxima was calculated according to the Bragg equation.

Membrane preparation
Thesolution (filtered 8 wt% POBP in DMF) was cast ina clean glass dish
at 80 °C for at least 24 h in an oven. After immersing the glass in DI
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water, the membrane was pulled off and left until it disengaged from
the glass. POBP-ISMs were obtained by immersing the membrane in
aqueous KOH with concentrations ranging from 0 to 8 Mat 80 °C for at
least aweek. The thickness of the obtained membrane was 45 + 5 pm.

Characterization of the POBP-ISMs

The hydrophilicity of the membranes after doping in different aqueous
KOH concentrations ranging from O to 8 M was determined from the
contact angle, using DI water on the surface of the membranes. The
KOH content and water content of the ISMs were determined gravi-
metrically using the method described by previous works™'. The
weight fractions of POBP (W,), water (W,,) and KOH equivalents (W)
were calculated as follows:

m
W, = =25 X 100%, )
m-—m
W, = m=May) 1004, @)

(mdry - mdedoped)

P % 100%, 3)

WKOH =

where misthe weight of amembrane sample after being carefully wiped
with tissue paper, my,, is the weight of a sample after drying at 120 °C
for12 hinavacuumand me4opeq is the weight of asample of membrane
after extensive washingin DI water until neutral pH followed by drying
at120 °Cfor12 h. The swelling ratios (SRs) inthe surface area (SR,) and
thickness (SR;) of the membranes were recorded to determine the
swelling characteristics of a dried membrane. The SRs of the mem-
branes were calculated as follows:

Tet — T,
SRy = 9% 11009, @)
7-dry
Aget — A
SRy = £ 74Y »100%, )
Adry

where Ty, and Ay, are the thickness and surface area of a dried mem-
brane before doping and T, and A, are the thickness and surface
area of a hydrated membrane, respectively. The pure gas permea-
tion properties of membranes were evaluated by a constant-volume/
variable-pressure method (constant downstream volume permeation
apparatus). Before testing, each membrane was degassed for 24 h.
Three different samples of the membranes equilibrated in aqueous
bulk KOH solution were tested, and the deviation was less than 5%. The
permeability was calculated as follows:

Vol dp
PypTRA ™ dt’

P=10" x (6)

where Pis the permeability (barrer) and 1 barrer =10"° cm? (STP) cm
cm?s?cmHg™ V,is the calibrated permeate volume (cm?), [is the
membrane thickness (cm), P, is the upstream pressure (cmHg), A is
the effective membrane area (cm?), Tis the operating temperature (K),
Ris the gas constant (0.278 cm® cmHg cm™ (STP) K™) and dp/dt is the
rate of change of the steady-state downstream pressure (cmHg s™).
The storage modulus and tan § of POBP membranes were measured
by a dynamic thermomechanical analysis system (Q800, TA Instru-
ments). Membrane samples were cut into 9 mm x 40 mm rectangles
and then measured with a preload force of 0.01 N and a force track of
125% under N, atmosphere. The sample was ramped at 4 °C min until
460 °C. The peak of tan § represents the glass transition temperature
(T,) ofamembrane sample. The mechanical properties of amembrane

were measured using a mechanical testing instrument (CMT-4502,
MTS Systems Co.) at a crosshead speed of 5 mm min™ at 40% relative
humidity. The thermal stability of doped membranes was investigated
by thermogravimetric analysis using a PerkinElmer TGA-7 thermo-
gravimetric analyser at a heating rate of 10 °C min™ under a nitrogen
atmosphere. All membranes were dried in a vacuum oven at 110 °C
overnight before analysis.

Computational details and simulations

The alkaline stability was assessed as follows. Theoretical calculations
of 3,3-diphenyloxindole and 2-phenylbenzimidazole salt molecules
were performed by Dmol embedded in the Materials Studio software
system package?’. The GGA-BLYP functional and double numerical
plus polarization basis set were used for the calculations. The single
molecules were all optimized with a self-consistent field convergence
value of 10"°Ha. Considering the solution surroundings, the impact of
the solvent (water, £ =78.54) was incorporated into the calculations.

Conductivity measurement

The through-plane conductivity of POBP after alkaline equilibration
by immersion in aqueous KOH was obtained using impedance spec-
troscopy with animpedance/gain phase analyser (Bio-Logic VSP-300)
over the frequency range from 50 mHz to 100 kHz according to previ-
ous reports™’>*, Separate samples had an active area of 2.0 cm? and
were mounted between two chambers of a H cell with a Pt electrode.
The interspace was filled with the corresponding KOH solution. The
conductivity was calculated as follows:

t

= AX®—Roam)” @

o

The arearesistance was calculated as follows:

AR = A X (R — Ryjani) (8)

where t (cm) is the thickness of the membrane, R (Q) is the resistance
of the electrodes with the membrane, R, (Q) is the resistance of the
electrodes without the membrane and A (cm?) represents the available
cross-sectional membrane area.

Chemical stability

The alkaline stability was assessed as follows. The POBP was evaluated
in 8 MKOH at 80 °C and 6 M KOH at 120 °C, and the variations in the
membranes before and after the alkaline stability test were also ana-
lysed by FT-IR spectroscopy, 'HNMR and conductivity measurements.
The oxidative stability was assessed as follows. A Fenton test (4 ppm Fe**
in3 wt%H,0,at 80 °C) was used to detect the weight loss and chemical
changesinmembranes caused by radical-induced oxidation. After a cer-
tain period, the membranes were removed, thoroughly washed with DI
water and dried at 120 °C for 8 hbefore testing. To continue the test, the
membrane samples were placed in newly produced Fenton solutions.

Performance and durability for AWE

The AWE experiments were carried out using our homemade electrolys-
ers®’, Anoptimized membrane electrode assembly (MEA) was prepared
asfollows. A catalyst-coated membrane was used to fabricate the MEA
using Fe-Ni as the anode and Pt/C as the cathode. Typically, the anode
catalyst was a suspension of a catalyst, isopropanol, DI water and an
ionomer (FAA-3). The catalyst link of the cathode was a suspension of
Pt/C,isopropanol, DIwater and the ionomer. An unoptimized MEA was
prepared asfollows. A catalyst-coated substrate was used to fabricate the
MEA using nickel foamor Ni-Alelectrodes as the anode and cathode. The
electrolysis cell consisted of flow-field plates withalinear pattern made
fromnickel, electrodes (9 cm?),amembrane (4 cm?) and gaskets (25 cm?).
Heating elements and athermocouple were placed withinthe flow-field
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plates to control the temperature. A CT-4008-5V10A-FA instrument
(NEWARE) controlled by a cell testing system was used for the power
supply. The KOH electrolyte was actively circulated through the elec-
trodes at 60 ml min™. The electrolyser was conditioned at 10 mA cm™
for 40-60 min to reach a steady state. The polarization curves for the
MEA were measured in galvanostatic mode at 10-2,500 mA cm ™ from
-35t0120 °Cunder atmospheric or predetermined pressure. The tran-
sient response times were found from /-Vcurves, whichwererecorded
after 0,15,40 and 60 h of operation by scanning the current density at
-35°C. The transient response time of the AWE was determined from
the cell potential over the theoretical electrolytic potential. Gas was
generated at theanode and cathode poles. Electrochemical impedance
spectroscopy was performed in constant current density mode on a
multichannel electrochemical station (Ivium). The frequency was in
the range 10°to 0.1 Hz, and the amplitude was 100 mA.

The durability of the AWE as assessed as follows. The aforemen-
tioned approach using nickel-foam electrodes was utilized to assess the
insitu durability of the ISMs. The electrolyser was set to 500 mA cm™
with6 MKOH at-35,80,110 0r 120 °C,10 MKOH at 120 °C under atmos-
pheric pressure and 6 M KOH at 120 °C under 5 bar. The water and
electrolyte were supplied manually, generally after approximately 12 h.

Data availability

Theauthorsdeclare that the data supporting the findings of this study
are available within the paper, Supplementary Information and Source
Datafiles. Further data beyond the immediate results presented here
areavailable fromthe corresponding authorsuponreasonable request.
Source data are provided with this paper.
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