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Abstract   The development of proton exchange membranes (PEMs) that simultaneously offer high proton conductivity and mechanical stability

remains a critical challenge for fuel cell applications. Herein, we report a hybrid dual-network elastomer–hydrogel PEM (EH-PEM) synthesized via
in situ polymerization of 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS), methyl methacrylate (MMA), and acrylic acid (AAc) within a hy-

drophilic methacrylated waterborne polyurethane (WPU−MA) elastomeric network. This design combines the elasticity and dimensional stability

of WPU−MA with the hydrophilicity and ionic characteristics of the AMPS/AAc network, forming continuous pathways for efficient proton trans-

port under hydrated conditions. The successful synthesis of WPU−MA was confirmed using Fourier-transform infrared spectroscopy (FTIR), dy-

namic light  scattering (DLS),  and gel  permeation chromatography (GPC).  The ion exchange capacity  (IEC),  water  uptake,  and electrochemical

impedance spectroscopy (EIS) analyses further verified the formation of interconnected ionic domains. A series of membranes with varying AMPS

contents were prepared, where increasing the AMPS content enhanced proton conductivity (16–98 mS·cm−1 at 80 °C) and reduced the activation

energy for proton transport (9.6–9.7 kJ·mol−1), while oxidative stability remained within 97%–62% retention after 96 h. Temperature-dependent

conductivity and reduced activation energy suggest a combined Grotthuss–vehicle proton transport mechanism, where hydrogen bond rear-

rangements and sulfonic/carboxylic groups synergistically facilitated proton migration. This strategy provides a scalable platform for flexible hy-

drocarbon-based proton exchange membranes with markedly improved mechanical integrity compared to conventional AMPS-based hydrogel

PEMs and demonstrates promising ex situ characteristics as a low-cost candidate material for potential use in proton exchange membrane fuel

cells.

Keywords   Proton exchange membrane; Elastomer–hydrogel; 2-Acrylamido-2-methyl-1-propanesulfonic acid (AMPS)–acrylic acid (AAc) copolymer;
Waterborne polyurethane

Citation:   Payam,  G.;  Radmanesh,  H.;  Jalili,  K. Dual-network  elastomer–hydrogel  proton  exchange  membranes  with  enhanced  conductivity  and
mechanical robustness. Chinese J. Polym. Sci. https://doi.org/10.1007/s10118-026-3846-8

 

INTRODUCTION

The  growing  global  demand  for  sustainable  and  clean  energy
has intensified research into highly efficient energy conversion
systems with minimal environmental impacts.[1−3] Among these
technologies,  proton  exchange  membrane  fuel  cells  (PEMFCs)
have attracted considerable attention because of their high en-
ergy density, rapid start-up capabilities, and relatively low oper-
ating temperatures.[4−8] The proton exchange membrane (PEM),
the core component of PEMFCs, enables proton transport from
the  anode  to  the  cathode,  while  preventing  electron  flow  and
fuel crossover.[9−11] Although Nafion, the most widely used com-
mercial  PEM,  exhibits  outstanding  proton  conductivity  and
chemical stability owing to its perfluorosulfonic acid backbone,
its  widespread  commercialization  is  hindered  by  high  produc-

tion  costs,  degraded  performance  under  low-humidity  condi-
tions, and high methanol permeability.[12−15] Consequently, the
development of alternative hydrocarbon-based PEMs that offer
high  ionic  conductivity,  mechanical  robustness,  and  low  fuel
crossover has become a primary focus of current research.[16]

Polymers  containing  sulfonic  or  carboxylic  acid  groups
have been extensively explored as proton-conducting materi-
als because of their strong acidity and high ion-exchange ca-
pacity.[17−20] Among them, 2-acrylamido-2-methyl-1-propane-
sulfonic  acid  (AMPS)  has  emerged  as  a  promising  candidate
owing  to  its  exceptional  proton-donating  ability,  strong  hy-
drophilicity, and thermal stability.[21,22] However, AMPS-based
membranes  frequently  suffer  from  excessive  water  swelling
and  poor  mechanical  strength.[23,24] To  address  these  limita-
tions,  various  strategies,  including  copolymerization,
crosslinking,  and  polymer  blending,  have  been  employed  to
balance ionic conductivity and mechanical integrity.[25,26] For
instance,  Diao et  al.[19] reported  crosslinked  AMPS  copoly-
mers exhibiting a proton conductivity of 38 mS·cm−1 and sig-
nificantly  reduced  methanol  crossover.  Similarly,  Li et  al.[22]
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developed  sulfonated  poly(vinyl  alcohol)/AMPS  interpene-
trating  networks,  achieving  conductivities  as  high  as  146
mS·cm−1 with excellent relative selectivity. Furthermore, Jiang
et  al.[17] fabricated  a  chitosan/P(AA-AMPS)  membrane  that
demonstrated  a  conductivity  of  36  mS·cm−1 and  methanol
permeability  one  order  of  magnitude  lower  than  that  of
Nafion.  These  results  show  that  the  careful  structural  design
of  ionic  polymers  can significantly  improve proton transport
while  maintaining  mechanical  stability,  paving  the  way  for
the development of more efficient PEMs.

Flexible  polymer  backbones  have  been  integrated  into
PEMs.[27] For  instance,  Hasani-Sadrabadi et  al.[28] developed
Nafion/AMPS-modified  montmorillonite  nanocomposites,
which  demonstrated  remarkable  improvements  in  tensile
strength and elastic recovery owing to strong interfacial inter-
actions between the polymer matrix and the inorganic phase.
Similarly,  Khalifa et  al.[29] synthesized  cellulose  acetate  graft-
ed  with  AMPS  and  methyl  methacrylate  (MMA),  achieving  a
proton conductivity  of  approximately  64 mS·cm−1 and an al-
most fourfold increase in Young’s modulus compared to pris-
tine  cellulose  membranes.  In  a  related  study,  Kim et  al.[25]

showed that incorporating flexible phenyl-acrylate crosslinks
within AMPS-based matrices significantly  increased both the
elongation  at  break  and  tensile  resilience  while  maintaining
high  ionic  conductivity.  To  address  the  trade-off  between
proton  conduction  and  dimensional/mechanical  stability  in
hydrated  polymer  electrolytes,  various  advanced  structural
modification  strategies  have  recently  been  explored.  For  in-
stance, incorporating inorganic nanostructures, such as natu-
ral  clay frameworks or two-dimensional mica nanosheets,  in-
to  polymer  matrices  provides  robust  physical  reinforcement
and  tailored  nanochannels  that  effectively  retain  protic
species  while  maintaining  structural  integrity.  Similarly,  the
design of  ionogel-based systems and ionic  liquid-embedded
architectures  has  emerged  as  an  effective  approach  for  con-
structing continuous proton-conducting pathways with high
chemical and thermal stabilities.[30−32]

A recent and promising strategy to enhance the mechani-
cal  properties  of  AMPS-based  materials  involves  their  incor-
poration  into  elastomer–hydrogel  systems.  Among  the  po-
tential  elastomeric  components,  waterborne  polyurethane
(WPU)  stands  out  because  of  its  highly  favorable  intrinsic
properties. The methacrylated derivative, WPU−MA, can read-
ily  undergo  radical  copolymerization  with  vinyl  monomers,
enabling the formation of semi-interpenetrating or covalent-
ly  cross-linked  hybrid  networks.[33,34] Building  on  these  ad-
vancements, this study aims to design and synthesize hybrid
elastomer–hydrogel  PEMs  (EH-PEM) via in  situ free-radical
copolymerization of AMPS, acrylic acid (AAc), and MMA, utiliz-
ing WPU−MA as an elastomeric crosslinker. Within this formu-
lated  system,  each  component  serves  a  distinct,  synergistic
purpose:  WPU−MA provides  elasticity  and structural  stability
under both hydration and thermal stress;  AMPS supplies sul-
fonic  acid  groups  to  form  continuous  proton-conducting
channels; AAc enhances water affinity and establishes hydro-
gen-bonding  networks  to  facilitate  proton  mobility;  MMA
contributes to structural rigidity and hydrophobic balance to
limit excessive swelling. This structural synergy yields a dual-
phase elastomer–hydrogel architecture that successfully cou-

ples  the  high  ionic  conductivity  of  the  hydrophilic  domains
with  the  mechanical  toughness  of  the  elastomeric
segments.[35,36] This design strategy aims to achieve a proper
balance between proton conductivity,  mechanical  durability,
and thermal  stability  using a  cost-effective and scalable  pro-
cess  for  next-generation  polymer  electrolyte  membranes  for
fuel cell applications.

EXPERIMENTAL

Materials
Isophorone diisocyanate (IPDI, 99%), poly(ethylene glycol) (PEG,
Mn=400  g·mol−1),  dimethylolpropionic  acid  (DMPA,  98%),  tri-
ethylamine  (TEA,  99%),  ethylenediamine  (EDA,  99%),  hydrox-
yethyl  methacrylate  (HEMA,  97%),  dibutyltin  dilaurate  (DBTDL,
95%), 2-acrylamido-2-methylpropanesulfonic acid (AMPS, 98%),
methyl methacrylate (MMA, 99%), acrylic acid (AAc, 99%), azobi-
sisobutyronitrile  (AIBN,  98%),  auxiliary  chemicals,  and  solvents
were  purchased  from  Sigma–Aldrich  and  used  without  further
purification.  Deionized  (DI)  water  was  used  for  all  experiments
and formulations.

Membrane Preparation

Synthesis of waterborne polyurethane-methacrylate
(WPU−MA)
WPU−MA  was  synthesized  using  a  sequential  five-step  proce-
dure,  as  illustrated  in Fig.  1.  Initially,  PEG-400  (4000  mg,  10.0
mmol)  and  a  drop  of  the  DBTDL  catalyst  were  charged  into  a
three-necked  flask  equipped  with  a  magnetic  stirrer  and  a  re-
flux condenser. The system was purged with nitrogen and heat-
ed to 60 °C. A solution of IPDI (6736 mg, 30.3 mmol) in 12 mL of
dry  acetone  was  then  added,  and  the  reaction  proceeded  un-
der continuous stirring for 3 h to afford an NCO-terminated pre-
polymer. Following this, DMPA (1680 mg, 12.5 mmol) dissolved
in DMF (3 mL) was added dropwise, and the mixture was main-
tained at 60 °C for an additional 2 h. The temperature was then
lowered to 50 °C, and HEMA (650 mg, 5.0 mmol) in 3 mL of ace-
tone was introduced to graft  methacrylate  functionalities  onto
the  polyurethane  chain  ends,  and  the  reaction  mixture  was
stirred  for  1  h.  To  neutralize  the  carboxyl  groups  from  DMPA,
TEA  (1740  µL,  12.5  mmol)  was  added  at  40  °C,  followed  by  30
min  of  stirring.  Finally,  chain  extension  and  self-emulsification
were achieved by dropwise addition of EDA (334 µL, 5.0 mmol)
diluted in 12 mL of DI water at 30 °C, followed by vigorous me-
chanical stirring at 2000 r·min−1 for 1 h. Residual acetone was re-
moved  under  reduced  pressure,  yielding  a  stable  WPU−MA
aqueous  dispersion  with  a  solid  content  of  approximately  48
wt%.

Preparation of EH-PEM
EH-PEMs were prepared via in situ free-radical copolymerization
using WPU−MA as an elastomeric crosslinker and AMPS, MMA,
and AAc as co-monomers (Fig. 2). The precursor feed ratios and
the corresponding sample designations are listed in Table 1. In a
typical  procedure,  a  predetermined  amount  of  AMPS  is  dis-
solved  in  DMF  at  room  temperature.  Subsequently,  WPU−MA,
MMA, and AAc were added, and the mixture was stirred until a
uniform solution was obtained. Polymerization was initiated by
adding 100 µL of 10 wt% AIBN in DMF, followed by stirring for
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10  min  to  ensure  a  uniform  initiator  distribution.  The  solution
was  then  degassed  under  reduced  pressure  to  eliminate  the
trapped  air  bubbles.  The  mixture  was  cast  between  two  glass
plates separated by a silicone spacer to control the membrane
thickness, and cured in an oven at 60 °C for 24 h. After cooling to
room  temperature,  the  membranes  were  carefully  demolded
and immersed in 1 mol·L−1 HCl for 24 h to protonate the sulfon-
ic  and  carboxylic  acid  groups  and  to  remove  any  residual  sol-

vent. Finally, the films were washed and soaked in DI water for
24 h to remove trace HCl before characterization.

Characterization Methods

WPU−MA prepolymer characterization
Fourier  transform  infrared  (FTIR)  spectroscopy  (Bruker  Tensor
27) was employed to identify the functional groups of the syn-
thesized  WPU–MA,  with  spectra  collected  from  4000  cm−1 to
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Fig.  1    Stepwise  synthesis  of  WPU–MA,  highlighting  prepolymer  formation,  methacrylate  functionalization,  neutralization,  and  chain
extension/self-emulsification.
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400  cm−1.  Dynamic  light  scattering  (DLS,  Zetasizer  Nano)  was
used to determine the hydrodynamic size and polydispersity in-
dex (PDI) at 25 °C, using diluted samples (about 0.1 mg·mL−1 in
DI  water).  The molecular  weight  of  WPU was  measured by  gel
permeation chromatography (GPC) using THF as the eluent.

Field emission scanning electron microscopy (FESEM)
The morphological characteristics of the EH-PEM samples were
examined  by  FESEM  (VEGA,  TESCAN,  Czech  Republic).  The  EH-
PEM  samples  were  freeze-dried  and  subsequently  fractured  to
expose their cross sections for further analysis. Before the analy-
sis, the samples were subjected to a gold-coating process to im-
prove the imaging quality and ensure accurate observations.

Mechanical properties
The  mechanical  strengths  of  the  membranes  were  evaluated
using a universal testing machine (Zwick/Roell Z010). The speci-
mens were shaped into dumbbells  according to the ISO 527-2

Type B  standard.  Testing was  conducted at  room temperature
at a crosshead speed of 10 mm·min−1.

Water uptake (WU)
The samples (1 cm × 1 cm) were dried in a vacuum oven at 40 °C
for 24 h to obtain the dry mass (mdry) and then soaked in deion-
ized water at room temperature. After 48 h, excess surface wa-
ter was gently removed using a filter paper before recording the
wet mass (mwet).

The WU was calculated using the following equation:

WU (%) = mwet −mdry

mdry
× 100 (1)

Ion-exchange capacity (IEC)
The dried membrane samples were immersed in 1 mol·L−1 HCl
for  24  h  to  completely  protonate  the ―COOH  and ―SO3H
groups.  The  membranes  were  then  rinsed  thoroughly  with
deionized  water  until  a  neutral  pH  was  reached,  and  subse-
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Fig.  2    Schematic  illustration  of  EH–PEM  preparation:  (a) in  situ copolymerization  of  WPU−MA  with  AMPS,  MMA,  and  AAc,  and  (b)  resulting
membrane formation.
 

Table 1    Formulation of EH-PEM precursor mixtures with varying AMPS contents.
 

Sample mWPU−MA (mg) mMMA (mg) mAMPS (mg) mAAc (mg) mAIBN (mg) mDMF (mg)

A-00% 400 1200 0 600 10 1200
A-10% 400 1200 200 400 10 1200
A-20% 400 1200 400 200 10 1200
A-30% 400 1200 600 0 10 1200

4 Payam, G. et al. / Chinese J. Polym. Sci.  

 
https://doi.org/10.1007/s10118-026-3846-8

 

https://doi.org/10.1007/s10118-026-3846-8
https://doi.org/10.1007/s10118-026-3846-8
https://doi.org/10.1007/s10118-026-3846-8
https://doi.org/10.1007/s10118-026-3846-8
https://doi.org/10.1007/s10118-026-3846-8
https://doi.org/10.1007/s10118-026-3846-8
https://doi.org/10.1007/s10118-026-3846-8


quently placed in 1 mol·L−1 NaCl for 24 h to exchange H+ with
Na+ ions.  The  released  H+ ions  were  titrated  with  0.01  mol·L−1

NaOH using phenolphthalein as the indicator.
The IEC (mmol·g−1) was calculated as:

IEC =
VNaOH × cNaOH

mdry
(2)

where VNaOH is the volume of the NaOH titrant (mL), cNaOH is the
molar  concentration  (mol·L−1),  and mdry is  the  dry  mass  of  the
membrane (g). Each measurement was repeated thrice, and the
average value was reported.

Proton conductivity measurement
The  proton  conductivity  (σ)  of  the  membranes  was  measured
using  electrochemical  impedance  spectroscopy  (EIS)  in  a
through-plane  two-electrode  configuration.  Hydrated  mem-
brane discs (area≈0.63 cm2) were placed between stainless steel
electrodes and equilibrated in DI water for 24 h before testing.
Impedance measurements were performed with an impedance
analyzer over a frequency range of 0.2 MHz to 1 Hz by applying
an  AC  amplitude  of  10  mV  at  various  temperatures.  The  resis-
tance (R) was extracted from the high-frequency intercept of the
Nyquist plots. The proton conductivity was calculated using the

following equation:

σ = L
R × A

(3)

where L is the membrane thickness (cm), R is the measured re-
sistance (Ω), and A is the contact area (cm2).

RESULTS AND DISCUSSION

Characterization of EH-PEM Membrane
Fig. 3(a) displays the FTIR spectra of the final WPU–MA product
along with its precursors: the polyurethane-isocyanate prepoly-
mer (PU-NCO), PEG, and HEMA. In the PEG spectrum, character-
istic  C―O  stretching  vibrations  of  the  ether  backbone  ap-
peared  at  990–1210  cm−1,  whereas  broad  O―H  stretching  vi-
brations were observed between 3100 and 3600 cm−1. The PU-
NCO  prepolymer  spectrum  showed  a  sharp  absorption  band
corresponding  to  the ―NCO  group  at  2100–2500  cm−1.  Fur-
thermore, the HEMA spectrum featured characteristic bands for
methacrylate groups (C＝C and C＝O) at 1600–1790 cm−1. The
WPU−MA  spectrum  confirms  the  successful  synthesis  by  inte-
grating key absorption bands from its precursors, including the
N―H  stretching  of  the  urethane  linkage  (3200–3450  cm−1),
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while showing the complete disappearance of the ―NCO band.
The  particle  size  distribution  of  the  WPU–MA  aqueous  disper-
sion was characterized by DLS, as shown in Fig. 3(b). The results
revealed  a  narrow  size  distribution,  with  an  average  hydrody-
namic diameter of approximately 261 nm and a low PDI of 0.25.
The synthesized WPU−MA exhibited a number-average molec-
ular  weight  (Mn)  of  7531  Da  and  a  weight-average  molecular
weight (Mw)  of 9359 Da, according to GPC results (Fig.  3c).  The
resulting dispersity  (PDI  = Mw/Mn)  of  1.24  indicates  a  well-con-
trolled step-growth polymerization process.

Morphological Properties
Fig. 4 presents cross-sectional SEM micrographs of the EH-PEM
membranes  with  varying AMPS content.  As  the  AMPS content
increased,  a  gradual  evolution  of  the  membrane  morphology
was  observed,  characterized  by  the  formation  of  larger  and
more  interconnected  pores.  This  behavior  is  closely  associated
with the progressive substitution of AAc by AMPS in the precur-
sor  formulation.  Because  acrylic  acid  provides  carboxylic  acid
groups  capable  of  forming  extensive  intermolecular  hydrogen
bonds, replacing AAc with AMPS reduces the number of hydro-
gen-bonding  sites  within  the  polymer  network.  Consequently,
the  density  of  the  physical  crosslinking  decreases,  allowing
greater  polymer  chain  mobility  during polymerization and sol-
vent  evaporation.  The  increased  chain  mobility  facilitated  the
coalescence  and  growth  of  neighboring  hydrophilic  domains,
resulting  in  a  more  open  porous  architecture  with  larger  pore
sizes.  Furthermore,  the  higher  concentration  of  sulfonic  acid
groups introduced by AMPS enhanced the hydrophilicity of the
membrane, promoting greater water uptake and swelling of the
ionic  domains.  These  effects  collectively  contribute  to  the  for-
mation  of  more  continuous  proton-conducting  pathways,
which is consistent with the improved proton conductivity ob-
served for membranes with higher AMPS content.

Physicochemical Properties of EH-PEM Membranes
The IEC of the EH-PEMs was measured to assess the density of

the  ionizable  sites  available  for  proton  transport.  As  shown  in
Fig.  5(a),  the  IEC  values  progressively  decreased  from  3.9
mmol·g−1 for the A-00% sample to 1.3 mmol·g−1 for the A-30%
sample.  This  decline  reflects  the  reduced  AAc  content,  as  AAc,
with a lower molecular weight, introduces more carboxylic acid
(―COOH) groups per unit mass than the AMPS monomer. Con-
sequently,  substituting  AAc  with  AMPS  diminished  the  overall
density  of  acidic  functionalities.  Nevertheless,  this  reduction  in
IEC  does  not  translate  into  a  decrease  in  proton  conductivity.
While  there  are  fewer  total  acidic  groups,  the  sulfonic  acid
(―SO3H)  groups  provided  by  AMPS  possess  a  significantly
higher  inherent  acidity  and  degree  of  dissociation  than  the
weaker ―COOH groups. Therefore, the superior proton-donat-
ing capability of the ―SO3H groups effectively compensated for
the  lower  overall  IEC,  ensuring  robust  and  enhanced  proton
conductivity.  Furthermore, the theoretical IEC values estimated
from  the  monomer  feed  ratios  were  higher  than  the  experi-
mental  values.  This  discrepancy  suggests  partial  neutralization
of acidic groups during polymerization, alongside potential ion-
pairing interactions between the ―COOH/―SO3H groups and
the cationic urethane residues within the WPU−MA matrix. Such
interactions  foster  localized  hydrogen-bonding  networks  that
stabilize  the  membrane  structure  but  concurrently  reduce  the
effective number of exchangeable protons. As illustrated in Fig.
5(b),  the  WU  of  the  EH-PEMs  increased  substantially  with  in-
creasing  AMPS  content,  rising  from  approximately  22%  for  A-
00% to 262% for A-30%. This pronounced enhancement is  pri-
marily  driven  by  the  incorporation  of  the  strongly  hydrophilic
―SO3H groups from AMPS, which effectively attracted and co-
ordinated water molecules via ion-dipole interactions.

The oxidative stability of the EH-PEMs was evaluated by im-
mersing the samples in 1 mol·L−1 H2O2 solution at room tem-
perature for 48, 72, and 96 h (Figs. 5c and 5d). All membranes
exhibited  gradual  mass  loss  over  time  owing  to  oxidative
degradation  initiated  by  hydroxyl  (·OH)  and  hydroperoxyl
(•OOH) radicals  generated during the slow decomposition of
hydrogen  peroxide.  The  rate  of  degradation  was  highly  de-
pendent  on  the  AMPS  content.  After  96  h,  the  A-00%  mem-
brane  demonstrated  the  highest  resistance,  retaining  about
97% of its initial mass, whereas the A-10%, A-20%, and A-30%
samples retained approximately 77%, 69%, and 62%, respec-
tively. This enhanced oxidative stability is primarily attributed
to the absence of AMPS-derived sulfonic acid groups and the
corresponding  lower  hydrophilicity  and  water  uptake  of  A-
00%, which reduce its susceptibility to oxidative degradation.
For  the  AMPS-containing  membranes,  incorporation  of  the
WPU−MA elastomeric segments still contributed to the over-
all  durability  relative  to  conventional  hydrogel-based  PEMs,
as  urethane  linkages  can  partially  quench  radicals  and  dissi-
pate local oxidative stress through dynamic hydrogen bond-
ing  and  reversible  network  rearrangement,  yielding  a  bal-
anced  performance  for  A-20%  (retention  of  about  69%  at
96 h).

Characterization of Mechanical Properties
The mechanical  performance and deformation behavior of  the
prepared  EH-PEMs  were  assessed  through  tensile  testing  (Fig.
6).  The results  indicate that the mechanical  properties strongly
depend on the monomer composition; increasing the AAc con-
tent  significantly  enhanced  both  the  tensile  strength  and
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Fig.  4    Cross-sectional  SEM  images  of  EH-PEM  membranes  with
different AMPS contents: (a) A-00%, (b) A-10%, (c) A-20%, and (d) A-
30%.
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Young’s  modulus  of  the  networks  (Figs.  6a–6c).  This  behavior
arises  from  the  elevated  IEC  associated  with  higher  AAc  incor-
poration, which introduces a larger number of acidic functional-
ities compared to the equivalent mass fraction of AMPS. The in-
creased density of carboxylic groups facilitated extensive hydro-
gen-bonding  interactions,  thereby  reinforcing  the  physically
crosslinked  network.  Such  intensified  intermolecular  interac-
tions  account  for  the  observed  increase  in  the  stiffness  and
strength, which is concomitant with a decline in the elongation
at break. Furthermore, because all the specimens were evaluat-
ed  under  equilibrium  swelling  conditions,  the  absorbed  water
inevitably  influenced  their  mechanical  characteristics.  Samples
with  higher  AMPS  fractions  exhibited  greater  water  uptake,
wherein the absorbed water molecules effectively acted as plas-
ticizers.  This  plasticization  effect  diminishes  intermolecular
chain interactions, consequently lowering the modulus and ulti-
mate strength, while improving extensibility. Quantitatively, in-
creasing  the  AMPS  content  decreased  Young’s  modulus  from
110  MPa  to  10  MPa,  increased  the  elongation  at  break  from
100% to 260%, and reduced the ultimate tensile strength from
1.7 MPa to 0.9 MPa. The toughness initially increased from 1640
kJ·m−3 to 1760 kJ·m−3, and then decreased to 1505 kJ·m−3.

To evaluate the energy dissipation and fatigue resistance of
the  EH–PEMs,  cyclic  tensile  loading–unloading  tests  were
conducted  for  10  consecutive  cycles  at  a  fixed  strain.  As
shown  in Figs.  6(d)–6(f),  the  A-20%  sample  demonstrated  a
significant self-recovery capability, retaining about 72% of its
original  form  after  the  final  cycle.  However,  increasing  the
AMPS content to 30% led to a drastic reduction in the recov-

ery  efficiency  (dropping  to  about  15%),  accompanied  by  a
more pronounced residual strain. This disparity suggests that
the  A-20%  composition  maintains  a  more  robust  and  re-
versible  network  of  hydrogen  bonds,  which  act  as  dynamic
crosslinks  to  dissipate  energy  and  facilitate  elastic  recovery.
The inferior performance of A-30% may stem from an imbal-
ance  in  the  network  density  or  increased  chain  slippage,
which  limits  the  reversible  reformation  of  the  hydrogen-
bonded  structure. Figs.  6(g)–6(i)  further  elucidate  the  struc-
tural  and  mechanical  evolution  of  EH-PEMs. Fig.  6(g)  shows
the as-prepared sample immediately after  demolding,  which
contained  residual  DMF  and  exhibited  a  soft,  highly  compli-
ant  nature.  Upon  solvent  exchange  with  water  (Fig.  6h),  the
sample  underwent  a  distinct  macroscopic  transition  from  a
flexible,  soft  state  to  a  mechanically  robust  configuration,
which  is  indicative  of  enhanced  physical  cross-linking  and
network densification. Fig. 6(i) shows the EH-PEMs under vari-
ous deformation modes, including bending and twisting, un-
derscoring  their  remarkable  flexibility  and  resilience  under
mechanical stress.

Proton Conductivity and Electrochemical Behavior
EIS was conducted to investigate the bulk and interfacial  resis-
tances of the EH-PEMs. Figs. 7(a)–7(g) show the Nyquist plots for
the  samples  with  varying  AMPS  contents  (A-00%  to  A-30%)
recorded across a range of temperatures. All spectra exhibited a
depressed semicircle in the high-frequency region, correspond-
ing to bulk ionic conduction through the membrane,  followed
by  an  inclined  linear  tail  at  low  frequencies,  which  arises  from
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Fig. 5    Physicochemical properties of EH-PEMs: (a) ion-exchange capacity (IEC), (b) water uptake, and (c, d) oxidative stability in 1 mol·L−1 H2O2 at
room temperature.
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electrode  polarization  and  diffusion-related  processes  at  the
membrane–electrode  interface.  The  deviation  from  an  ideal
semicircle suggests non-ideal  capacitive behavior,  likely due to
structural heterogeneity and distributed relaxation times within
the  dual-network  system.  To  quantitatively  interpret  the
impedance  response,  the  experimental  data  were  fitted  using
the  equivalent  circuit  model  illustrated  in Fig.  7(h),  which  con-
sists of an interfacial resistance (Rint),  a constant phase element
(Cint)  representing  non-ideal  capacitive  behavior,  and  a
Warburg  diffusion  element  (W)  associated  with  ion  diffusion.
With  increasing  temperature  and  AMPS  content,  the  diameter
of  the  impedance  semicircle  decreased  markedly,  indicating  a
significant  reduction  in  membrane  resistance  and  a  corre-
sponding increase in proton conductivity. This behavior can be
explained  by  the  presence  of  several  synergistic  factors.  First,
the  incorporation  of  AMPS  introduced  a  higher  density  of
strongly acidic ―SO3H groups, which exhibited greater dissoci-
ation  than ―COOH  groups,  thereby  increasing  the  concentra-
tion of mobile protons.  Second, the formation of interconnect-
ed hydrophilic domains facilitates the development of continu-
ous proton-conduction pathways. Third, elevated temperatures
enhance  the  segmental  mobility  of  polymer  chains  and  pro-

mote  water-assisted  proton  transport.  Under  fully  hydrated
conditions,  these  factors  collectively  favor  a  combined  vehicu-
lar and Grotthuss-type proton transport mechanism, where pro-
ton hopping through hydrogen-bonded networks  and the dif-
fusion  of  hydronium  ions  occur  simultaneously.  As  a  result,
membranes  with  a  higher  AMPS  content  exhibited  markedly
improved  electrochemical  performance,  demonstrating  the  ef-
fectiveness  of  the  dual-network  design  in  optimizing  proton
transport.

The proton conductivities of the hybrid EH-PEMs (A-00% to
A-30%) were evaluated using EIS over a temperature range of
20−80 °C under fully hydrated conditions. As depicted in the
temperature  conductivity  profiles  (Fig.  8a),  the  conductivity
exhibited a consistent monotonic increase with temperature,
highlighting  the  thermally  activated  nature  of  proton  trans-
port.  Elevated  temperatures  enhance  both  the  polymer  seg-
mental mobility and water self-diffusion, which facilitates the
reorganization  of  hydrogen-bond  networks  and  lowers  the
energy barrier for proton migration. Among the samples, the
A-30% membrane exhibited the highest  conductivity,  reach-
ing approximately 50–98 mS·cm−1 over the investigated tem-
perature  range,  whereas  the  A-00%  membrane,  which  lacks
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Fig.  6    Mechanical  characterization  of  EH-PEMs.  (a–c)  Representative  tensile  stress-strain  curves  and  the  corresponding  Young’s  modulus,
elongation at break, ultimate tensile strength, and toughness of the EH-PEMs with varying AMPS contents; Fatigue resistance of (d) A-20% and (e)
A-30% EH-PEM samples during 10 consecutive tensile loading–unloading cycles; (f) Recovery behavior of the EH-PEMs after cyclic tensile loading;
(g)  As-prepared  sample  immediately  after  demolding  in  the  presence  of  DMF,  showing  a  soft  and  compliant  nature;  (h)  Sample  after  solvent
exchange with water, exhibiting a transition to a stronger and more consolidated structure; (i) Optical images of the hydrogel under bending and
twisting deformations, demonstrating excellent flexibility and mechanical durability.
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sulfonic acid groups, showed significantly lower values (about
3–16  mS·cm−1).  This  pronounced  difference  highlights  the
critical role of AMPS-derived ―SO3H groups in generating ef-
ficient  and  continuous  proton  conduction  pathways.  Al-
though the ion exchange capacity decreased with increasing
AMPS  content,  the  substantially  higher  proton  conductivity
suggests that proton transport was governed not only by the
higher intrinsic acidity of the sulfonic acid groups, but also by
the reorganization of the membrane morphology. Cross-sec-
tional  SEM observations  revealed a  finer  and more  homoge-
neous internal morphology at higher AMPS contents, which is
consistent  with  the  formation  of  more  continuous  hy-
drophilic pathways that facilitate through-plane proton trans-
port.

Arrhenius plots of lnσ versus 1000/T (Fig. 8b) display nearly
linear relationships, indicating that proton transport follows a
thermally  activated  process.  Calculated  activation  energies
(Ea)  decreased  progressively  with  increasing  AMPS  content
(Fig. 8c),  suggesting that the incorporation of AMPS reduced
the energetic barrier for proton migration through the forma-
tion  of  well-connected  hydrophilic  channels.  The  relatively
low Ea of A-20% and A-30% (13.45 and 9.56 kJ·mol−1) is consis-
tent with the coexistence of Grotthuss (proton hopping) and

vehicle  (diffusion-assisted)  proton  transport  mechanisms,  as
reported for similar proton exchange membranes in the liter-
ature.[16,17] This  behavior  is  attributed  to  the  formation  of
well-connected  hydrophilic  domains  that  promote  proton
hopping  and  facilitate  long-range  ion  transport.  In  addition,
the  incorporation  of  the  elastomeric  WPU−MA  backbone
played a crucial role in maintaining mechanical integrity. This
stabilization  helps  preserve  the  continuous  ion-conduction
pathways  under  operating  conditions.  The  synergy  between
the elastic polyurethane domains and hydrophilic AMPS/AAc
clusters effectively combined mechanical flexibility with high
proton  conductivity.  This  combination  enables  efficient  pro-
ton  transport  while  preserving  the  structural  integrity,  high-
lighting the  potential  of  the  WPU–MA/AMPS/AAc system for
application in polymer electrolyte membranes for fuel cells.

A comparative analysis  (Fig.  8d) revealed that the conduc-
tivity of the A-30% membrane was comparable to or exceed-
ed that of several recently reported hydrogel-based and zwit-
terionic  PEMs.[16,17,34] Additionally,  the  physicochemical  and
mechanical  properties  of  Nafion 117,  as  the  benchmark  pro-
ton  exchange  membrane,  together  with  those  of  the  devel-
oped EH-PEM, are summarized in Table 2 to facilitate a direct
comparison of their overall performance.
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Fig. 7    (a–g) Nyquist plots of EH-PEMs with varying AMPS contents under different temperatures; (h) Along with the equivalent circuit model used
for data fitting.
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Fig. 8    (a) Temperature-dependent proton conductivity of A-00%–A-30% membranes; (b) Arrhenius plots of lnσ versus 1000/T with corresponding
activation  energies;  (c)  Variation  of  activation  energy  among  the  membranes;  (d)  Comparison  of  proton  conductivity  with  reported  PEMs;  (e)
Schematic illustration of proton transport mechanisms (Grotthuss and vehicular) within the membrane matrix.

 

Table 2    Comparison of the physicochemical properties of Nafion 117 and the developed EH-PEM membranes.
 

Membrane
Proton conductivity

(mS·cm–1)
IEC

(mmol·g–1)
Water uptake

(%)
Tensile strength

(MPa)
Young’s modulus

(MPa)

Nafion 117 5−83 (25−85 °C) [18]

69.6 (30 °C) [17]

59.8 [19]

81 [28]

78 [25, 37]

110 [16]

0.93 [38]

0.909 [17]

0.97 [19]

0.91 [4]

32−35 [39]

22−25 [40]

14.82 [19]

16 [4,37]

18.94 [41]

21 [4]

0.75−1 [38]

32−42 [39]

25.9−36.7 [42]

18.20 [41]

250−270 [42]

1 [25]

Our system 16−98 at 80 °C 1.35−3.95 22%−262% 0.9−1.7 10−110
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The  schematic  illustration  in Fig.  8(e)  further  depicts  the
dual proton transport mechanism within the membrane ma-
trix: (i) the Grotthuss mechanism, which involves proton hop-
ping through hydrogen-bonded networks, and (ii) the vehicu-
lar mechanism, which is based on the diffusion of hydronium
ions. The relatively low activation energy of the A-30% mem-
brane  (≈10  kJ·mol−1)  indicated  the  coexistence  of  these  two
mechanisms,  with the Grotthuss pathway becoming increas-
ingly  dominant  at  higher  AMPS  contents  because  of  the
dense  hydrogen-bonding  network  formed  by ―SO3H
groups.[16]

CONCLUSIONS

Hybrid elastomer–hydrogel proton exchange membranes were
successfully  fabricated via in  situ copolymerization  of  AMPS,
AAc,  and  MMA  using  WPU–MA  as  an  elastomeric  crosslinking
component. The resulting dual-network architecture integrated
hydrophilic  ionic  domains  with  an  elastic  polyurethane  frame-
work, providing a balance between proton transport, mechani-
cal  integrity,  and  chemical  stability.  Increasing  the  AMPS  con-
tent  promoted  the  development  of  interconnected  ionic  do-
mains and modified the hydrogen-bonding interactions within
the  network,  contributing  to  enhanced  proton  transport  path-
ways.  Meanwhile,  the  WPU–MA  segments  provided  structural
support  and  maintained  membrane  flexibility  under  hydrated
conditions.  The  optimized  compositions  (A-20%  and  A-30%)
achieved proton conductivities  of  62 and 98 mS·cm−1 at  80 °C,
with activation energies of approximately 13.5 and 9.6 kJ·mol−1,
respectively.  These  activation  energy  values  suggest  that  pro-
ton  transport  may  involve  contributions  from  both  the  Grot-
thuss-type and vehicle-assisted pathways, although further hu-
midity-dependent measurements are required to quantitatively
distinguish their relative contributions. The membranes also ex-
hibited oxidative resistance in 1 mol·L−1 H2O2,  retaining 69 and
62% of their initial mass after 96 h. The observed stability trend
is associated with the combined effects of the ionic functionali-
ty, hydration level, and structural characteristics of the dual-net-
work framework. The developed EH-PEMs represent a hydrocar-
bon-based  polymer  electrolyte  platform  with  favorable ex  situ
proton  transport  and  mechanical  properties.  This  study  estab-
lishes structure–property relationships within the elastomer–hy-
drogel dual-network system and provides a basis for further op-
timization of  the  membrane performance.  Future  work  will  fo-
cus  on  membrane–electrode  assembly  fabrication  and  single-
cell PEMFC testing to evaluate the device-level performance. In
addition, the effects of the WPU−MA content,  crosslink-density
regulation,  reinforcement strategies,  and systematic evaluation
of  whether  the  dynamic  hydrogen-bonding  network  can  im-
part  self-healing  capability  will  be  investigated  to  further  im-
prove the membrane performance.
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An  elastomer–hydrogel  proton  exchange  membrane  (EH-PEM)  was  developed  by  integrating  waterborne
polyurethanemethacrylate  (WPU−MA)  with  acrylic  ionic  monomers  through in  situ polymerization.  The  dual-network
architecture combined proton-conducting domains with a polyurethane framework, enabling enhanced proton conduc-
tivity  and mechanical  flexibility.  The activation energy values suggest  Grotthuss-type and vehicle-assisted proton trans-
port pathways.
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