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Aqueous sulfuric acid solution is a versatile liquid electrolyte for electrochemical applications and gelation
of it has the advantages of easy shaping and reduced leaking. Herein, aqueous sulfuric acid solutions with
concentrations of 1-4 mol L™ are fabricated into gel membranes by in situ polymerization of acrylamide as
a monomer and divilynbenzene as a crosslinker for fuel cell applications. The gel membrane with an acid
concentration of 3.5 mol L™ exhibited the maximum proton conductivity of 184 mS cm™ at 30 °C.

Tensile fracture strength of the gel membrane reached 53 kPa with a tensile strain of 14.
Received 3rd April 2021 Th imetric analysi ls that the gel memb thermally stable at t t t
Accepted 18th June 2021 ermogravimetric analysis reveals that the gel membranes are thermally stable at temperatures up to

231 °C. The gel membranes are successfully assembled into fuel cells and a peak power density of 74
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1. Introduction

Hydrogels consisting of hydrophilic polymeric networks and
a high-volume ratio of water, have been regarded as promising
electrolyte candidates owing to their flexibility and electro-
chemical activity." After doping with various additives, hydro-
gels become applicable in a variety of electrochemical devices.*?
Polyacrylamide hydrogels containing NacCl could serve as ionic
conductors operating at high frequencies and voltages to
actuate producing sound over the entire audible frequency
range.* Long et al. imbedded hydroxypropyl cellulose into
a polyvinyl alcohol (PVA) matrix to prepare conductive hydro-
gels containing NaCl for artificial flexible electronics.® Liu et al.
prepared an asymmetric polyacrylic acid hydrogel containing
Ag® for highly sensitive tactile sensors.® In addition, LiNO;,’
Li,SO,,® and ZnCl, (ref. 9) have ever been added to hydrogels to
prepare electrolytes for aqueous rechargeable metal-ion battery.
Although the doped hydrogels were electro-active, limited
electrochemically stable potential window and side effect of
polymeric networks to the electrochemical reaction prevented
them from being extensively applied in rechargeable batteries.

Acid hydrogels were found to be useful for constructing
supercapacitors. A few PVA hydrogels doped with H,SO, and
H;PO, have been prepared to fabricate flexible super-
capacitors.'" However, the presence of acids would break
intermolecular hydrogen bonds between PVA chains and water
molecules to result in dehydration and aggregation of PVA
chains.”** Accordingly, dimensional stability and mechanical
performance are still challenging for the acid PVA hydrogel
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is achieved. The fuel cell maintains steady operation over 200 h. In situ gelation of aqueous
sulfuric acid solution offers an efficient strategy to prepare gel electrolytes for electrochemical devices.

electrolytes. In situ polymerization of monomers in acid solu-
tion represented an alternative route to obtain hydrogel elec-
trolytes. Wieczorek et al. used acrylamide (AM) as a monomer
and N,N'-methylenebisacrylamide (MBA) as a crosslinker to
prepare acid hydrogel electrolytes by copolymerization in H,SO,
solution.” The resultant polyacrylamide (PAM) hydrogels
exhibited a proton conductivity of 17 mS cm ' at room
temperature when molar ratio of H,SO,/AM was greater than
1.6. Nevertheless, the hydrogel exhibited limited thermal
stability and began to decompose at 70 °C owing probably to the
hydrolysis of MBA."”

In this work, stable acid hydrogels were prepared from
aqueous H,SO, solution by in situ polymerization for fuel cell
applications. Owing to the resistance of the aromatic skeleton to
acids and temperature,*® divinylbenzene (DVB) was employed as
a cross-linker to synthesize the gels. Fourier transform infrared
(FT-IR) spectroscopy and scanning electron microscopy (SEM)
observations were employed to characterize structures of the acid
hydrogels. Thermal stability of the hydrogels was evaluated by
thermogravimetric (TG) and differential scanning calorimetric
(DSC) analyses. Mechanical properties of the hydrogels were
determined by uniaxial tensile and compression tests. Conduc-
tivities of the hydrogels were obtained by electrochemical
impedance spectroscopy (EIS) measurements. Finally, the acid
hydrogels were assembled into hydrogen oxygen fuel cells to
evaluate performance under simulated working conditions.

2. Experimental
2.1. Materials

AM, DVB, 1-hydroxycyclohexylphenylketone (HCHPK) and
sulfuric acid (>98%) were obtained from TCI and Acros. Hispec

RSC Adv, 2021, 1, 22461-22466 | 22461


http://crossmark.crossref.org/dialog/?doi=10.1039/d1ra02629a&domain=pdf&date_stamp=2021-06-24
http://orcid.org/0000-0003-4754-2790
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra02629a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA011036

Open Access Article. Published on 24 June 2021. Downloaded on 6/19/2026 5:16:10 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

3000 Pt/C catalysts (contain 20 wt% and 40 wt% Pt, respectively)
were purchased from Johnson Mattey. Nafion ionomer solution
that with 5 wt% Nafion was obtained from DuPont. Gas diffu-
sion layers (thickness = 270 um; resistivity = 13 mQ cm?,
pressure drop = 20 mmH,0) were received from Suzhou
Yilongsheng Energy Technology Co., Ltd.

2.2. Synthesis of acid hydrogels

The acid hydrogels (GSA-n, which n represented molar
concentration of H,SO, in the resultant hydrogel) were
prepared by in situ polymerization of AM and DVB in H,SO,
aqueous solution. The crosslinker concentration was 1.8 mol%
and the synthetic route is shown in Fig. la. Typically, AM
(30 wt%) and DVB (1 wt%) were introduced to H,SO, aqueous
solution at room temperature and then mixed thoroughly by
ultrasonic vibration for 2 h. Then the mixture was poured into
a silicon mould and sealed with a piece of glass. After irradia-
tion (6 mW cm™?) under a 365 nm ultraviolet lamp (GY500) for
0.5 h, the mixture changed into a transparent gel as shown in
Fig. 1b.

2.3. Instrumentation

FT-IR spectra were measured on a PerkinElmer Spectrum II
spectrometer at room temperature within 4000 to 600 cm ™"
region with a wavenumber resolution of 1 cm ™. GSA-n xerogels
were obtained by lyophilization on a Scientz-10N freeze dryer.
SEM observations were performed on a Quanta 250 environ-
mental scanning electron microscope. TG analysis was imple-
mented at a heating rate of 10 °C min~" over the temperature
range of 35-800 °C under air atmosphere using a Netzsch
TG209F1 thermogravimetry. The sample was dried in a vacuum
oven for 72 h before the TG analysis to reduce the impact of
water. DSC measurements were carried out on a TA Q200 DSC
instrument. Rheological behavior was recorded on a MCR302
rheometer. The frequency scanning was tested from 0.01-
100 Hz in the region of elastic deformation. Tensile and
compressive measurements of GSA-n were carried out on an
Instron 5967 electronic universal test machine. Specimens for
the tensile test were dumbbell-shaped with the cross section of
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Fig. 1 (a) Synthetic route and (b) schematical illustration of the
gelation.
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10 x 2 mm. The stretching rate was 20 mm min ‘. For
compressive test, specimens were cylinder-shaped with the size
of @ 25 x 30 mm and the compressing rate was 5 mm min .
EIS measurements were carried out on a Princeton VersaSTAT 3
electrochemical workstation over a frequency range from 1 MHz
to 1000 Hz under an AC amplitude of 10 mV. A sample was held
in a perforated PVC spacer and then sandwiched between two
pieces of platinum coated electrodes to form a test cell. In order
to prevent water from evaporating, the test cell was sealed with
parafilm. During the test, a WT-3000 hostage was used to
control the sample temperature.

2.4. Fuel cell performance

Pt/C particles and Nafion ionomers (20 wt%) were added to
solvent consisting of equivalent deionized water and iso-
propanol. After mixing thoroughly by ultrasonic vibration, the
ink was sprayed onto the gas diffusion layers to fabricate the gas
diffusion electrodes (GDE) with a catalyst load of 0.5 mg Pt
cm 2. A membrane electrode assembly (MEA) was constructed
by sandwiching a GSA-n membrane with a thickness of 200 um
between two identical GDEs. A pair of graphite plates with
serpentine gas flow channels was used to clamp the MEA to
form a single cell with an active electrode area of 1 cm?. Fully
humidified H, and O, were continuously fed to the anode and
cathode at flow rates of 120 and 60 mL min ', respectively. The
single cell was connected to a programmable electronic load DC
(IT8500+, ITECH) to record the polarization curve immediately
after assembling. Independent measurements of 3 samples
were taken for each GSA-n.

3. Results and discussion

3.1. FT-IR characterization

The FT-IR spectra of AM and GSA-n xerogels were checked to
confirm the polymerization and reveal interaction between
H,SO, and the polymeric skeleton. As shown in Fig. 2, the bands
centered at 989 and 962 cm ™ in the spectrum of AM due to the
bending vibrations of C=C group disappeared in the spectra of
GSA-n xerogels, indicating the successful polymerization of AM.
The vibrations centered at 1180 and 1121 cm ™ in the spectra of
GSA-n xerogels suggested the presence of HSO, and SO,>",

respectively.’® Accordingly, H,SO, should involve in the
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Fig. 2 FT-IR spectra of AM and GSA-n xerogels.
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protonation of the NH, amide groups of PAM. The character-
istic peaks at 3347 cm™", 3192 cm ™' and 1617 cm™' were
ascribed to the hydrogen-bonded stretching, free stretching and
bending vibration of N-H, respectively. These bands weakened
significantly in the spectra of GSA-n xerogels, indicating
possible protonation of the NH, amide groups by H,SO,. In
addition, area ratio between the peak at 3192 cm ™' (N-H free
stretching) and that at 1659 cm™ " (C=O stretching) decreased
with the increasing H,SO, concentration, revealing the
increasing degree of protonation of PAM chains.

3.2. Thermal stability and mechanical properties

DSC and TG measurements were performed to determine
thermal stability of GSA-n. As shown in Fig. 3a, no endotherm
peak appeared in the DSC curve of GSA-3.5 during the heating
process until water significantly vaporize around 100 °C, sug-
gesting that GSA-n did not decompose before boiling of water.
As shown in Fig. 3b, GSA-n xerogels with different H,SO,
concentrations exhibited similar trend in weight loss. The
weight loss at temperatures below 150 °C was due to the water
retained in the xerogels. As GSA-4 xerogel lost the largest
amount of retained water, GSA-4 was the best in water retention.
GSA-4 had the least stability and began to decompose at 231 °C,
suggesting that the protonation of PAM chains reduced thermal
stability of the GSA-n skeleton. Owing to the adoption of DVB,
GSA-n exhibited much superior thermal stability than the MBA
crosslinked PAM/H,SO, hydrogels,"” guaranteeing stable oper-
ation of GSA-n in fuel cells.

Rheologic behavior of GSA-n was characterized by control-
ling the shear strain at 1% to maintain the elastic deformation.
As shown in Fig. 4, the storage moduli (G’) changed little with
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Fig. 3 (a) DSC curve of GSA-3.5 during the heating and (b) TG curves
of GSA-n in air.
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Fig. 4 Changes of G’ and G” as a function of frequency at 25 °C for
GSA-n.

H,SO, concentration, indicating that H,SO, had little impact on
the crosslinking of polyacrylamide chains. However, the loss
moduli (G") was quite affected by H,SO, concentration. GSA-1
exhibited higher G” probably because less interaction between
H,SO, and the polymeric chains increased the friction loss of
chains. At higher H,SO, concentration, effect of H,SO, on
polymeric deformation became complicated and no monoto-
nous tendency of G” was observed. For all the GSA-n, G’ was
always higher than G” over the frequency region of 0.01-10 Hz.
When the deformation frequency was higher than 40 Hz, G’
increased rapidly and tended to approach G'. The fact revealed
that GSA-n was more elastic at low deformation frequency,
which favored the application as electrolytes in fuel cells.

GSA-n exhibited considerable mechanical strength by virtue
of the DVB crosslinking. It was demonstrated that H,SO, could
inhibit the ionization of the carboxyl groups on the PAM chains
and thus to reinforce the mechanical properties of hydrogels by
providing high density of the hydrogen bonds." As shown in
Fig. 5a, tensile fracture strength of GSA-n increased with the
increase in H,SO, concentration and reached 62.8 kPa for GSA-
4. Meanwhile, GSA-3.5 showed the greatest stretchability
instead of GSA-4. The stretchability of GSA-4 was inhibited
owing likely to the higher rigidity produced by the higher H,SO,
concentration. GSA-n showed a Young's modulus of ~0.04 MPa
during the elastic deformation. As shown in Fig. 5b, all the GSA-
n could resist compressive strain up to 0.9 without collapse.

GSA-4 exhibited the maximum compressive stress of
0.47 MPa for the rich hydrogen bonds available. The satisfactory
compressive strength of GSA-n could reduce the chance of short
circuit when it is used as a proton conductive electrolyte in fuel
cell.”.

3.3. Conductivity

TIonic conductivities of aqueous H,SO, solutions and GSA-n were
characterized by EIS measurements. For all the species,
conductivities increased with the increase in temperature.
However, conductivities changed non-monotonously with acid
concentration over the measure concentration range. As shown
in Fig. 6, 3.5 M concentration resulted in the peak conductivi-
ties for both H,SO, solution and GSA-n. A decrease in conduc-
tivity was observed when H,SO, concentration increased from
3.5 to 4 M, in consistence with the previous observations.** The

RSC Adv, 2021, 11, 22461-22466 | 22463


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra02629a

Open Access Article. Published on 24 June 2021. Downloaded on 6/19/2026 5:16:10 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

70

60
50+
40+
30+

Stress (KPa)

20

10

0 2 4 6 8 10 12 14

Strain (mm/mm)

0.60
(b)
—_GSA-1

_ 045} ——GSA2
z GSA-3.5
s GSA-4
2 0301
@
-
7

0.15]

0 I 1 L L L L
0 01 02 03 04 05 0.6 0.7 0.8 09 1.0

Strain (mm/mm)

Fig. 5 (a) Tensile and (b) compressive stress—strain curves of GSA-n.

observed peak conductivities should arise from the compromise
between acid dissociation and protonation of waters.”>* At low
concentrations (<3.5 M), acid dissociated thoroughly and
hydronium number increased with the increase in acid
concentration. At high concentrations (>3.5 M), insufficient
water inhibited H,SO, dissociation and the hydronium number
decreased with the increase in acid concentration. As a result,
conductivities of 3.5 M H,SO, solution and GSA-3.5 at 30 °C
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Fig. 6 Conductivities as a function of temperature for (a) H,SO,4
solution and (b) GSA-n.
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Fig. 7 Schematic illustration of the proposed conduction pathways in
GSA-n.

reached the peak values of 307 and 184 mS cm ™', respectively.
After the gelation, conductivity decreased by only 40% due likely
to contribution of the amide moieties of PAM to conduction as
discussed later.

Vogel-Tammann-Fulcher (VIF) equation was fit the
temperature dependent conductivities of H,SO, solution and
GSA-n well (R> > 0.999), indicating that proton conduction was
dominated by the vehicle mechanism.*

o = ag exp[~E/R(T — Ty)] (1)

where ay, E,, R, and T, are prefactor (S cm™ '), activation energy
(k] mol ™), the ideal gas constant (8.314 ] mol ' K™'), and the
Vogel temperature (K), respectively. The derived E, values of 1,
2, 3.5, and 4 M H,SO, solutions for the proton conduction were
0.34, 0.21, 0.12 and 0.16 k] mol ™, respectively. In contrast, E,
values of GSA-1, GSA-2, GSA-3.5, and GSA-4 were derived as 1.95,
1.58, 0.43 and 1.26 k] mol ", respectively. Obviously, E, of GSA-n
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Fig. 8 (a) Diagram of the fuel cell assembly and (b) polarization curves
of the fuel cells prepared from GSA-n.
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Table 1 OCVs, ISCs and peak power densities of the fuel cells con-
structed form GSA-n

Peak power density/mwW

Fuel cell OCV/V ISC/mAcm™> cm 2

GSA-1 0.953 £ 0.005 300 £ 2 52+ 2
GSA-2 0.950 £ 0.005 375 £ 10 58 £ 2
GSA-3.5 0.940 £ 0.010 437 + 20 74 £ 1

was always higher than that of the corresponding H,SO, solu-
tion because the polymeric skeletons in the gels had negative
effect on proton conduction. Interestingly, the species with
3.5 M concentration exhibited the lowest E,. In this case, the
maximum hydronium promoted proton conduction efficiently
via the vehicle mechanism.

According to the FT-IR spectra and temperature dependent
conductivities, we proposed proton conduction in GSA-n
occurred as follows. Dissociated protons from H,SO, combined
with H,O to form hydronium ions, whose movement made
a major contribution to the measured conductivity. Meanwhile,
the protonated amide groups of PAM could involve in the
conduction by relaying protons across the polymeric skeletons
via the hopping mechaism.'****” The proposed proton
conduction process is schematically illustrated in Fig. 7.

3.4. Fuel cell performance

GSA-1, GSA-2, and GSA-3.5 hydrogel membranes were prepared
for fuel cell characterization, as shown in Fig. 8a. The resultant
polarization curves of the fuel cells at 30 °C are shown in Fig. 8b.
The open-circuit voltage (OCV) was 0.953 V for the GSA-1 cell
and decreased slightly with the increasing H,SO, concentra-
tion. The slight decrease in OCV may be ascribed to the
decreased catalytic activity of platinum at higher H,SO, con-
cnetrations.?®*® In contrast, the short-circuit current (ISC)
increased with the increase in H,SO, concentration by virtue of
the enhanced proton conductivity and reached 437 mA cm ™~ for
the GSA-3.5 cell. A peak power density of 74 mW cm™> was
achieved for the GSA-3.5 cell. The VOCs, ISCs and peak power
densities of the fuel cells constructed from GSA-n are summa-
rized in Table 1.

Performance stability of the fuel cell fabricated from GSA-3.5
was evaluated by recording OCV at 30 °C with certain intervals.*

OF . e e o 4 4 a, .
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?’0‘6-
»
)
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Fig. 9 The OCV of GSA-4 membrane as a function of time at 30 °C.
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As shown in Fig. 9, OCV kept relative constant (0.934-0.988 V)
for more than 200 h. The result suggested that GSA-n was stable
under actual operating conductions, guaranteeing long-term
operation of fuel cells.

4. Conclusions

Acid hydrogel electrolytes were successfully synthesized by in
situ polymerization of AM and DVB in H,SO, solution.
Considerable mechanical strength arose from polymeric
networks formed by the crosslinking. The amide moieties of
PAM chains participated in proton conduction to promote
electrochemical performance of the hydrogels. The acid
hydrogel fuel cell maintained a long-term steady operation by
virtue of the stable mechanical and electrochemical properties.
In situ gelation of aqueous sulfuric acid solution offers an effi-
cient strategy to construct gel electrolytes for diverse electro-
chemical applications.
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