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Abstract
A series of poly(vinyl alcohol) (PVA) based membranes for high temperature proton 
exchange membrane fuel cells are synthesized via a simple aldol condensation reac-
tion. Three aldehyde compounds with alkaline groups, including 4-(bromomethyl)
benzaldehyde grafted with 1-methylimidazole (QBMB-MeIm), 4-pyridinecarboxal-
dehyde (4PCA), and 4-(1H-imidazol-1-yl)benzenecarbaldehyde (4IBA), are grafted 
onto the PVA main chain, while glutaraldehyde (GA) is used as a crosslinking agent 
to improve the mechanical properties of the membranes. A systematic investigation 
was conducted on these crosslinked membranes to evaluate the influence of different 
side-chain groups and crosslinking degrees on their properties. The imidazole and 
pyridine groups on the PVA side chains enhance phosphoric acid (PA) absorption, 
resulting in excellent proton conductivity and acid doping capability. Among the 
synthesized membranes, PVA-4IBA-20%GA exhibits the best performance, achiev-
ing 220% PA uptake when immersed in 85 wt% PA at 30 °C. It also demonstrates 
a tensile strength of 3.7 MPa and a conductivity of up to 0.158 S cm−1 at 150 °C. 
These findings highlight the significant potential of PVA-based membranes for HT-
PEMFC applications, offering a promising avenue for future energy technologies.
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Introduction

With the worsening of environmental pollution and the depletion of traditional 
energy sources like fossil fuels, exploring green fuels and efficient energy conversion 
technologies has become a critical challenge of the twenty-first century. Hydrogen, 
which can be produced by water electrolysis using renewable electricity, stands out 
as a promising green fuel [1]. Fuel cells powered by hydrogen offer advantages such 
as high conversion efficiency, minimal harmful gas emissions, low environmental 
pollution, and long service life, making them promising energy devices [2, 3].

Proton exchange membrane fuel cells (PEMFCs) possess advantages like zero 
emissions, high power density, and superior climate adaptability, positioning them 
as a leading power sources option for electric vehicles [4, 5]. High-temperature 
PEMFCs (HT-PEMFCs), working at temperatures above 100 °C, offer several ben-
efits over low-temperature PEMFCs. For example, HT-PEMFCs exhibit enhanced 
electrode reaction kinetics, higher electrode tolerance to CO, and a relatively simple 
hydrothermal management system [6, 7]. The high-temperature proton exchange 
membrane (HT-PEM) plays a pivotal role in HT-PEMFCs; it not only serves as a 
barrier but also facilitates proton conduction from the anode to the cathode while 
remaining chemically inert and managing water and heat distribution [8–10]. There-
fore, the HT-PEM should have good proton conductivity, excellent electrochemical 
stability, and reasonable mechanical strength.

Currently, Nafion membranes are widely used because of their excellent conduc-
tivity and strong mechanical and electrochemical stability [9, 11, 12]. Nevertheless, 
issues like the high expense, fuel crossover problems due to membrane dehydration 
under high operating temperatures, and significant degradation have hindered the 
industrial application of Nafion membranes [9, 13]. Therefore, exploring alternative 
membrane materials that can replace Nafion is necessary to achieve practical appli-
cations and large-scale commercialization of fuel cells [14]. Up to now, fluorine-
free polymers have also been widely investigated, such as sulfonated polyether ether 
ketone (SPEEK) and sulfonated polyaryl ether sulfone (SPES) [15]. For instance, 
Keshk et al. [16] utilized layered double hydroxide/sepiolite nanostructures to 
enhance the performance of SPEEK membranes at elevated temperatures. Among all 
potential candidate materials, poly(vinyl alcohol) (PVA) membranes, which exhibit 
low fuel permeability, excellent mechanical, chemical, and thermal stability, good 
film-forming ability, relatively low production cost, and hydroxyl groups that can act 
as proton transfer bridges, meet the requirements for alternative membrane materials 
and show great potential in fuel cell applications [17–19].

The presence of hydroxyl groups allows for the modification of PVA with 
aldehydes via acetal functionalization [20]. Multiple PVA derivatives have been 
successfully produced using acetalization reagents such as 4-formyl-1-methylpyr-
idinium [21], 4-dimethylaminobenzaldehyde [20, 22], imidazole-4-carbaldehyde 
[23], 1-methyl-2-imidazolecarboxaldehyde [24], 4-(bromomethyl)benzaldehyde 
[25] and 4-imidazolyl benzaldehyde [26]. Recently, PVA has garnered significant 
attention and developed as a polymer electrolyte membrane for fuel cells [18]. For 
instance, Rao et al. [27] prepared a PVA-coated Nafion membrane used as an anion 
exchange membrane (AEM) in a fuel cell, significantly reducing methanol cross-
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over. Keshk et al. [28] prepared optically tunable and proton-conductive multivalent 
metal chloride-loaded oxide PVA hybrid membranes, demonstrating enhanced pro-
ton conductivity through ionic radius modulation of doped cations. Pivovar et al. 
[29] showed that PVA membranes exhibit lower proton conductivity compared to 
Nafion™ membranes due to the absence of negatively charged ions in PVA. There-
fore, it is necessary to modify PVA by adding proton sources to improve its proton 
conductivity and hydrophilicity. According to Ye et al. [30], the swelling, chemical, 
and mechanical characteristics of polymer membrane materials can be effectively 
controlled by adjusting the crosslinking degree of the PVA base membrane to mod-
ify the dense molecular network structure. These examples indicate the promising 
role of PVA-based polymer membranes as separation materials in energy conversion 
and storage applications. Nonetheless, to our knowledge, limited studies have been 
reported on the use of PVA-based membranes for PEMFCs.

In the present work, we used PVA as the backbone and linked different basic 
groups to its side chains through aldol condensation reactions. Glutaraldehyde (GA) 
solutions of different concentrations were used as crosslinking agents to prepare 
crosslinked membranes via chemical crosslinking, aiming to study the effects of dif-
ferent side-chain groups and varying degrees of crosslinking on the properties of 
the membrane materials. Crosslinking the modified membranes can produce more 
compact or denser structures, improving the structural strength of the membranes. 
The imidazole and pyridine groups on the side chains of the PVA-based membranes 
prepared in this study can effectively adsorb phosphoric acid, exhibiting good acid 
doping ability and good proton conducting properties.

Experimental

Materials

Poly(vinyl alcohol) (PVA), 4-(1H-imidazol-1-yl)benzenecarbaldehyde (4IBA), 
1-methylimidazole (MeIm), and glutaraldehyde (GA) were purchased from J&K Sci-
entific. 4-(Bromomethyl)benzaldehyde (QBMB) was obtained from Adamas Reagent 
Ltd., and 4-pyridinecarboxaldehyde (4PCA) was sourced from Energy Chemical. 
Phosphoric acid (PA, 85  wt%) were provided by Sinopharm Chemical Reagent 
Co. Ltd., and dimethyl sulfoxide (DMSO), methanol (MeOH), sodium hydroxide 
(NaOH), hydrochloric acid (HCl, 37 wt%). All chemicals were employed directly 
without additional purification.

Synthesis of grafted polymers

The PVA grafted with QBMB and MeIm was synthesized following the methods 
described in the literature [25]. The synthesis of PVA grafted with 4PCA and 4IBA 
polymers proceeded as follows: A total of 2.00 g PVA and 45.5 mL DMSO were 
added to a 100  mL three-neck flask. The mixture was stirred magnetically under 
reflux at 50 °C until the PVA was completely dissolved, forming a clear solution. 
Ten milliliters of this PVA solution were transferred to a reagent bottle, and a drop 
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of 37 wt% HCl was added to adjust the pH. After thorough mixing, an appropriate 
amount of 4PCA or 4IBA was added to the mixture. The mixture was then stirred and 
heated at 50 °C under constant reflux for 72 h, resulting in a clear yellow solution. 
Once the reaction was complete, the mixture was cooled and gradually added to an 
aqueous NaOH solution to precipitate yellow flocculent fibers. The precipitate was 
allowed to settle, then filtered and rinsed with deionized water 2–3 times to eliminate 
residual reagents. Resulting product was thoroughly dried for 12 h to obtain a yel-
lowish solid.

Preparation and crosslinking of membranes

Membranes were prepared using a solution-casting technique. The grafted poly-
mer was dissolved in DMSO to form a 2.0 wt% solution under magnetic stirring at 
80 °C. Once a homogeneous solution was achieved, it was poured onto Teflon Petri 
dishes and the solvent was evaporated at 60 °C in an oven until fully removed. The 
membranes were then removed, thoroughly washed with deionized water, and then 
dried to obtain homogeneous and transparent membranes. For the PVA grafted with 
QBMB, the product exhibited poor solubility. Therefore, after grafting, the product 
was not precipitated but directly poured into Teflon Petri dishes to form membranes. 
The resulting membrane was then soaked in a methanol solution of MeIm for 12 h to 
complete further grafting. The corresponding membranes were designated as PVA-
QBMB-MeIm, PVA-4PCA, and PVA-4IBA. The grafted membranes underwent 
crosslinking by being immersed in GA solutions of varying concentrations (10 wt%, 
20 wt%, and 30 wt%) at 30 °C for 1 h. This process yielded crosslinked PVA mem-
branes with different degrees of crosslinking, allowing the study of how crosslinking 
concentration affects membrane properties.

Acid and water doping and swelling

The completely dried membranes were soaked in an 85 wt% phosphoric acid (PA) 
solution within a vacuum oven at 30 °C until their masses remained constant. Excess 
PA on the surface was removed using filter paper. Measure the weight and dimen-
sions of the membrane after thoroughly removing its moisture. The acid doping con-
tent (ADC%) was determined by calculating the ratio of the mass of doped acid to 
the dry mass of the membranes, according to Eq. (1) [31]. The area swelling degree 
(S) and volume swelling degree (V) in 85 wt% PA solution were calculated by assess-
ing the dimensional changes of the membranes prior to and following PA swelling, 
determined by Eqs. (2) and (3), respectively, as in previous works [32, 33].

	
ADC/% = mP A − m0

m0
× 100%� (1)

	
S/% = SP A − S0

S0
× 100%� (2)
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V/% = VP A − V0

V0
× 100%� (3)

In Eq. (1), m0 and mPA represent the membrane mass prior to and following PA dop-
ing, respectively. S0 and SPA denote the membrane area before and after immersion 
in the PA solution, as per Eq. (2). Meanwhile, V0 and VPA represent the membrane 
volume prior to and following immersion in the PA solution, as per Eq. (3).

Similar to the measurements for ADC% and swelling in 85 wt% PA solution, water 
uptake (WU), water area swelling (WA), and water volume swelling (WV) were 
determined in deionized water as previously described [34, 35].

Characterizations

The ion exchange capacity (IEC) of the PVA-QBMB-MeIm-20%GA membrane was 
determined using a precipitation titration method [36]. Membrane samples were 
immersed in 0.5 mol L−1 NaNO3 for 48 h at room temperature, followed by titration 
with 0.1 mol L−1 AgNO3. The IEC was calculated using Eq. (4).

	
IEC = V × c

m
� (4)

where V is the volume of AgNO3 solution used, c is its concentration, and m is the 
membrane mass.

The solubility of various membranes was tested by soaking the membrane samples 
in DMSO for 12 h at 60 °C. The mass retention rate (MR) of the membranes was 
calculated by Eq. (5).

	
MR = m1

m
× 100%� (5)

where m1 represents the mass of the membrane sample after soaking in DMSO, and 
m represents the initial mass of the membrane sample.

To evaluate PA retention under high temperature and humidity, membranes were 
kept at 80 °C and 40% RH. The retention rate was calculated as.

	
PA retention rate = ADCt

ADC0
× 100%� (6)

where ADC0 is the initial acid content and ADCt is the acid content after t hours.
The 1H NMR spectra of the polymers were obtained on a Bruker AVANCE 

600 MHz spectrometer, using tetramethylsilane (TMS) as the internal reference and 
deuterated dimethyl sulfoxide (DMSO-d₆) as the solvent. Fourier transform infrared 
(FT-IR) spectra were recorded using a Bruker VERTEX70 spectrometer, utilizing a 
DTGS detector and a ZnSe crystal as an attenuated total reflection (ATR) accessory. 
Surface and cross-sectional morphologies of the membranes were observed using 
scanning electron microscopy (SEM, SU-8010). Prior to SEM examination, the sam-
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ples were sputter-coated with platinum in a vacuum environment. The chemical sta-
bility of the membrane was evaluated by the mass retention rate after immersing it in 
Fenton reagent containing 3.0% H2O2 and 4.0 ppm Fe2+ at 80 °C. Thermogravimetric 
analysis (TGA) was conducted using a METTLER-TOLEDO (HT/808) instrument 
from 30 to 800 °C at a heating rate of 10 °C min−1 under a nitrogen atmosphere.

Stress–strain curves were obtained using a tensile testing device (CMT2000, SHI-
JIN Company, China) with a constant speed of 5 mm min−1 under ambient condi-
tions. All membrane samples were shaped into dumbbells, with the middle section 
measuring 2.5 cm long and 0.4 cm wide.

The proton conductivities of the PA-doped membranes were measured using a 
four-electrode technique at a frequency of 4 kHz and a voltage of 2 V [37, 38]. Before 
measuring conductivity, all membranes were dried at 100 °C for 2 h to remove any 
influence of water. The measurements were conducted in an oven with ambient air 
and no humidification, with the temperature controlled from 100 to 150 °C. The resis-
tances were recorded at every 10  °C increment. The proton conductivity (σ) was 
calculated according to Eq. (7):

	
σ = L

RS
� (7)

In Eq.  (7), R represents the resistance of the membrane, L represents the distance 
between electrodes, while S is the cross-sectional area of the membrane.

Results and discussion

Micromorphology of membranes

In this paper, PVA was grafted with aldehydes containing different basic groups 
and crosslinked with GA solutions of varying concentrations to prepare a series of 
membranes with basic groups, as shown in Fig. 1. The obtained polymers exhibited 
excellent solubility in DMSO, which is conducive to membrane preparation via the 
solution-casting method, resulting in membranes of uniform thickness. It should be 
noted that PVA is practically insoluble in water at room temperature, washing at this 
temperature does not result in significant loss. However, PVA is partially soluble in 
hot water (~ 80 °C) as demonstrated by the solubility experiments as shown in Fig. 
S1 in the Supporting Information.

Figure 2 presents digital photographs alongside SEM images of all membranes. 
The figure illustrates that, all the membranes have a pale yellow, uniform, and diaph-
anous appearance. Additionally, SEM images of the surfaces of all the membranes 
reveal a dense and non-porous microstructure, which facilitates the separation of 
feed gas in fuel cells [8]. Figure S2 displays cross-sectional SEM and elemental dis-
tribution images of the PVA-4IBA-20%GA, PVA-QBMB-MeIm-20%GA, and PVA-
4PCA-20%GA membranes. All membranes exhibited smooth cross-sections with 
uniform elemental distribution, indicating good homogeneity.
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Fig. 2  Photographic and SEM images of PVA grafting and crosslinking membranes

 

Fig. 1  Schematic preparation of PVA grafted and cross-linking membrane
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1H NMR and FT-IR spectra

Initially, the molecular structures of PVA and its grafted polymers, namely PVA-
4IBA and PVA-4PCA, were characterized using 1H NMR spectroscopy. Due to poor 
solubility, the PVA grafted with QBMB was not characterized by 1H NMR. As illus-
trated in Fig. 3A, the peaks appearing at around 1.4 ppm and 3.8 ppm corresponded 
to methylene and methine groups, consistent with previous reports [39]. The peaks 
in the range of 4.2–4.7 ppm were attributed to hydroxyl groups [22]. Compared to 
PVA, several new peaks appeared in the spectra of PVA-4IBA and PVA-4PCA. In the 
spectrum of the PVA-4IBA polymer, three additional hydrogen peaks were observed. 
The peaks at chemical shifts of 6.6  ppm and 7.1  ppm corresponded to hydrogen 
atoms on the side-chain benzene ring and imidazole groups, respectively. The peak 
corresponding to the methine proton connecting the benzene ring with two oxygen 
atoms was detected at 5.4 ppm. Similarly, in the spectrum of the PVA-4PCA polymer, 
three additional hydrogen peaks were observed. The peak at 5.7 ppm was assigned 
to the methylene proton, similar to that in PVA-4IBA. The peaks corresponding to 
the pyridine rings appeared at approximately 7.8 ppm and 8.7 ppm [40]. In summary, 
the 1H NMR results confirmed the successful grafting of the polymers. Furthermore, 
based on peak area analysis, the grafting degrees of PVA-4IBA and PVA-4PCA were 
determined to be 15.1% and 15.0%, respectively. As the grafting degree could not 
be determined via 1H NMR, it was calculated based on the measured IEC value of 
0.70  mmol g−1. Using the method described in [41], the grafting degree of PVA-
QBMB-MeIm was estimated to be 18.7%, consistent with values for the other grafted 
membranes.

Furthermore, FT-IR spectroscopy was utilized to investigate chemical structures 
of grafted and crosslinked PVA membranes. As illustrated in Fig. 3B, the broad and 
strong peak at 3311 cm−1 was associated with the stretching vibration of O–H groups 
connected to the carbon chain [22]. In the spectrum of PVA-QBMB-MeIm-GA, 
the intensity of this O–H stretching peak was significantly reduced, indicating that 
PVA-QBMB-MeIm has successfully crosslinked with GA. The peaks observed at 
1158–948 cm−1 corresponded to the characteristic stretching vibrations of C–O bonds 

Fig. 3  A1H NMR spectra of PVA, PVA-4PCA and PVA-4IBA polymers and B FT-IR spectra of grafted 
and crosslinked PVA membranes
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[20]. The characteristic peaks of the pyridine and imidazole rings were observed at 
1750–1631 cm−1 associated with the stretching vibrations of C=N bonds [39, 42]. 
Additionally, absorption peaks at 2912  cm−1 were associated with the stretching 
vibrations of C–H bonds [22, 43]. Compared with PVA, the infrared spectrum of the 
PVA grafted with QBMB polymer showed a stretching vibration peak of C–Br at 750 
cm−1 [20]. Therefore, FT-IR spectra further confirmed the successful grafting and 
crosslinking of PVA.

Thermal and chemical stabilities

Figure 4A presents the TGA curves of PVA and its grafted membranes. Pure PVA 
began to degrade at approximately 220  °C, while crosslinked membranes showed 
initial weight loss below this temperature, likely due to the decomposition of grafted 
side chains. However, all crosslinked membranes displayed minimal degradation 
(less than 5%) below 150 °C, indicating acceptable thermal stability for HT-PEM 
applications.

Figure 4B shows the chemical stability of various membranes in Fenton solution 
at 80 °C. It can be seen that all membranes retained 67–78% of their initial mass after 
75 h. In addition, no disintegration was observed, indicating good oxidative stability.

Acid and water doping and swelling

The ADC% of HT-PEMs reflects the relationship between PA molecules and the 
membrane, affecting both the conductivity and structural integrity of the membrane 
[44, 45]. In order to eliminate the influence of membrane thickness on its perfor-
mance, the thickness of all membranes was maintained at about 65 μm. Figure 5 
illustrates the ADC% and dimensional swelling of different membranes immersed 
in 85 wt% PA. Because of the inclusion of pyridine and imidazole groups within the 
polymer chains, these membranes can interact with PA molecules through acid-base 
interactions and hydrogen bonding [38, 46]. As a result, the PVA-grafted and cross-
linked membranes exhibit excellent PA absorption capacity. However, the ADC% of 

Fig. 4  A TGA curves of PVA and its cross-linked membranes at a heating rate of 10 °C min−1 under a 
nitrogen atmosphere; B The mass retention rate of various membranes in Fenton solution (3.0% H2O2 
and 4.0 ppm Fe2+) at 80 °C
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the PVA crosslinked membranes decreased as the degrees of crosslinking increased. 
Of all the membranes studied, PVA-4PCA-20%GA membrane achieved the highest 
ADC% among all crosslinked membranes at 30 °C in 85 wt% PA solution. PVA-
grafted membranes have excellent PA doping capacity, which may be attributed to 
their flexible backbone and the hydroxyl groups along the polymer backbone that 
can form hydrogen bonds [47]. As the degree of crosslinking increases, the quantity 
of hydroxyl groups along the polymer backbone decreases, and the flexibility of the 
polymer chain is reduced, leading to a decrease in the ADC% of the membranes.

Membranes with higher PA uptake typically exhibit noticeable swelling. Although 
elevated PA content improves proton conductivity, excessive swelling compromises 
dimensional stability, which can pose challenges under varying operational condi-
tions of fuel cells, especially during long-term operation [48]. As shown in Fig. 5, 
PVA-4PCA-20%GA membrane immersed in 85 wt% PA at 30 °C showed area and 
volume swelling of 231% and 182%, respectively, and an ADC% of 413%. These val-
ues are significantly higher than those of the PVA-QBMB-MeIm-20%GA/191%PA 
membrane, which had area and volume swelling of 119% and 71%, respectively. 
This indicates that dimensional stability is significantly enhanced by the introduction 
of crosslinkers. The ADC% and swelling of PVA-4PCA-20%GA membranes were 
the highest when 20 wt% GA was used as the crosslinker. This suggests that when 
using the same crosslinking agent, different basic groups on the polymer side chains 
will also affect the ADC% and swelling of the membranes. The influence of differ-
ent degrees of crosslinking and grafting groups on acid doping and swelling varies. 
Therefore, an appropriate degree of crosslinking and selection of grafting groups 
should be chosen to attain high ADC% while maintaining moderate dimensional 
stability.

Fig. 5  ADC% and swellings of all crosslinked membranes after immersing 85 wt% PA solutions
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Table 1 summarizes the water uptake and swelling behavior. As the degree of 
crosslinking increases, WU decreases, which aligns with the trend observed in 
ADC%. Notably, the PVA-QBMB-MeIm-20%GA membrane exhibited the lowest 
WU of 10%, while the PVA-4PCA-20%GA showed the highest swelling. In addition, 
the solubility of all cross-linked membranes in DMSO at 60 °C was also tested. All 
membranes showed high weight retention, indicating that the cross-linking network 
had been successfully formed in the PVA based membranes.

Mechanical properties

Outstanding mechanical strength is crucial for fabricating membrane electrode assem-
blies (MEAs) and ensuring the long-term performance of HT-PEMFCs [38]. Figure 6 
shows the mechanical stress–strain curves for PA-doped PVA grafted and crosslinked 
membranes. Different degrees of crosslinking will have a significant impact on the 
mechanical properties of the membranes. With the increase of cross-linking degree, 
the structure of the membrane becomes denser, capable of accommodating fewer PA 
molecules, and the plasticizing effect of PA molecules and swelling effect are signifi-
cantly reduced. Among all membranes, the PVA-4IBA-20%GA/220%PA membrane 

Fig. 6  Mechanical stress-strain curves of PA doped grafted and crosslinked PVA membranes at RT

 

Membrane WU 
(%)

WA 
(%)

WV 
(%)

MR 
(%)

PVA-4IBA-10%GA 40 7.8 8.9 69
PVA-4IBA-20%GA 25 3.6 4.6 87
PVA-4IBA-30%GA 18 1.4 5.6 86
PVA-QBMB-MeIm-20%GA 10 20.0 20.0 90
PVA-4PCA-20%GA 18 12.5 18.8 93

Table 1  The water uptake, 
swelling performance in water 
and solubility in DMSO at 60 
°C of various membranes
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with the ADC% of 220% exhibited the largest tensile strength of 3.7 MPa, which 
was similar to 3.2 MPa of the PVA-4IBA-30%GA/206%PA membrane. Because of 
the considerable plasticizing effect exerted by PA molecules, increased PA adsorp-
tion significantly reduces the tensile strength of the membranes [8]. However, PVA-
4IBA-10%GA/260%PA membrane displayed a significantly reduced tensile stress at 
break of 1.6 MPa.

Proton conductivity

Figure 7 demonstrates the anhydrous conductivity of PA-doped PVA grafted and 
crosslinked membranes across a temperature range from 100 to 150 °C. Generally, 
increasing the temperature accelerates proton migration, thereby enhancing the con-
ductivity of each membrane [49]. For example, the PVA-4IBA-20%GA membrane 
doped with 85 wt% PA at 30 °C exhibits a conductivity of 0.077 S cm−1 at 100 °C and 
0.158 S cm−1 at 150 °C. As the degree of crosslinking increases, the conductivity of 
the membranes decreases to a certain extent generally. For instance, the PVA-4IBA-
30%GA/206%PA membrane has a conductivity of 0.094 S cm−1 at 150 °C, whereas 
the PVA-4IBA-20%GA/220%PA membrane exhibits an increase in conductivity of 
0.064 S cm−1 at 150 °C. On the contrary, the ADC% of the membrane PVA-4IBA-

Fig. 7  Proton conductivities of PA doped grafted and crosslinked PVA membranes in relation to 
temperature
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10%GA/260%PA is higher than that of the membrane PVA-4IBA-20%GA/220%PA, 
but its conductivity is smaller. It may be due to that part of PA is adsorbed in the gap 
of the network structure during doping, which makes the membrane swell and acid 
doped larger. However, in the process of high temperature drying, part of the PA is 
lost, making the ability of the PVA-4IBA-10%GA/260%PA membrane to transfer 
protons worse, so its conductivity is low [50]. When the degree of crosslinking is 
consistent, the PVA-4PCA-20%GA/413%PA membrane shows higher conductivity 
at a given temperature compared to the PVA-4IBA-20%GA/220%PA membrane, 
likely due to its higher ADC%. As noted earlier, an increased presence of PA mol-
ecules facilitates the formation of extensive dynamic hydrogen-bond networks and 
proton transport pathways, leading to increased conductivity [51]. In summary, the 
proton conductivity of PVA grafted and crosslinked membranes is influenced by the 
type of crosslinker and the functional groups grafted onto the polymer side chain. 
Considering the overall properties of the membranes discussed above, we believe 
that the PVA-4IBA-20%GA/220%PA membrane offers the best comprehensive per-
formance and holds significant promise for application in HT-PEMFCs.

PA retention and comprehensive comparisons

The PVA-4IBA-20%GA membrane with the best comprehensive performance was 
selected for the PA retention test. As shown in Fig. 8, the PA retention rate of the 
PVA-4IBA-20%GA membrane decreased slightly and stabilized at ~73% after 17 h, 
indicating good acid-holding capacity. This can be attributed to the strong acid-base 
interactions between imidazole groups and phosphoric acid, as well as the dense 
network structure formed by glutaraldehyde crosslinking [52]. Meanwhile, the long-

Fig. 8  The PA retention rate of PVA-4IBA-20%GA membrane under the conditions of 80 °C and 40% 
RH
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term conductivity stability of the PVA-4IBA-20%GA membrane was evaluated. As 
shown in Fig. S3, the conductivity initially decreased significantly within the first 
hour, likely due to membrane deformation at high temperature. Thereafter, the con-
ductivity stabilized at 0.09 S cm−1, indicating that the membrane maintains reason-
able proton conductivity under prolonged high-temperature conditions.

Figure 9 presents a comprehensive performance comparison of the membranes. It 
can be seen that the PVA-4IBA-20%GA membrane exhibits a well-balanced profile, 
with both high proton conductivity and mechanical strength, along with relatively 
low volume and area swelling ratios.

Conclusions

This study focused on synthesizing HT-PEMs using economical and film-forming 
PVA. Under mild conditions, three aldehyde compounds containing alkaline groups—
4-(bromomethyl)benzaldehyde grafted with 1-methylimidazole, 4-pyridinecarboxal-
dehyde, and 4-(1H-imidazol-1-yl)benzenecarbaldehyde—were grafted onto the main 
chain of PVA. GA was employed as the crosslinking agent to enhance the tensile 
strength of the membranes. 1H NMR and FT-IR spectroscopy demonstrated the suc-
cessful synthesis of these PVA-based polymers, and SEM analysis showed the mem-
branes had a compact yet porous structure. The polymer’s chemical structure played 
a vital role in increasing PA doping capacity, with the introduction of alkaline groups 

Fig. 9  Performance radar charts of various membranes
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significantly boosting the acid doping ability. Among all the membranes, the PVA-
4IBA-20%GA/220%PA membrane exhibited the best overall performance, with a 
tensile strength of 3.7 MPa and the conductivity of up to 0.158 S cm−1 at 150 °C, 
making it a promising candidate for HT-PEMFC applications. Additionally, this work 
offers valuable insights into the development of alkaline group-grafted PVA mem-
branes for various energy storage and conversion systems.
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