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Abstract

The thermal stability of proton exchange membranes is one of the crucial as-
pects that should be considered during the optimization, design, and formu-
lation of proton exchange membrane fuel cells (PEMFCs) adapted to varying
and high temperatures. In this work, the effect of thermal cycling in the tem-
perature range of 25-150 °C on the structural and transport properties of
pristine and SiO2-modified (5 wt.%) Nafion® solution-cast membranes was
investigated. Thermogravimetric analysis and impedance spectroscopy re-
vealed that the incorporation of pre-formed nanoparticles leads to a decrease
in thermal stability and does not prevent the degradation of proton conduc-
tivity, which declines by 85% after 120 heating-cooling cycles. Fourier-
transform infrared spectroscopy during thermal cycling identified chemical
degradation of the polymer chains for both membrane samples. Quantitative
analysis of small-angle X-ray scattering data established that the degradation
of transport properties is caused by an irreversible restructuring of the
membranes. A decrease in the size of ionic domains and in the mean distance
between neighboring domains was observed, indicating fragmentation of ion-
ic clusters during thermal cycling and a reduction in their connectivity while
the overall water uptake capacity of the samples was preserved. The obtained
results demonstrate that membrane modification by the incorporation of pre-
formed SiO2 nanoparticles does not ensure stabilization of the ionomer
nanostructure, pointing to the need to adopt alternative modification ap-
proaches.

Key findings

e Proton conductivity of the pristine and modified Nafion membranes drops by 85% after
120 heating-cooling cycles.

e Chemical degradation of the polymer matrix during cycles was confirmed by FTIR analy-
sis.

®SAXS analysis revealed ionic domain fragmentation, resulting in an increased number of
domains with smaller sizes.
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1. Introduction

The development of hydrogen energy is one of the key
pathways toward a low-carbon economy, as hydrogen
serves as a versatile energy carrier with high gravimetric
energy density and zero emissions when utilized in fuel
cells [1-8]. The tightening of environmental standards and
efficiency requirements for transportation power systems
is driving demand for alternative solutions, particularly
hydrogen fuel cells with proton-exchange membranes
(PEMFCs). The use of PEMFCs in electric transport en-
sures zero emissions and proves viable due to their com-
pact size and low weight, low operating temperatures,
rapid start-up, and high efficiency [9-11]. One of the
drawbacks of PEMFCs that currently limits the widespread
deployment of the technology is the high sensitivity of
platinum electrocatalysts in the anode and cathode to im-
purities in the fuel, specifically CO in hydrogen and CO,
NOx, SOx, and CnHm in the air in the vicinity of roadways.
These compounds act as catalytic poisons, binding irre-
versibly to platinum active sites, thereby blocking them
and causing a decrease in the electrochemically active sur-
face area [12-14]. A promising strategy for mitigating the
effects of poisoning on PEMFC performance is high-
temperature (~150 °C) annealing of the electrodes to pro-
mote further oxidation of intermediates and their com-
plete desorption from the surface of Pt nanoparticles [15].

The operation of PEMFCs under high-temperature con-
ditions and varying humidity requires optimization of the
membrane composition and structure to stabilize the wa-
ter content within the membrane volume [16,17], which is
especially critical for ensuring stable performance of the
electrochemical system during electrocatalyst regenera-
tion cycles. To date, the most promising membrane mate-
rials exhibiting high water uptake and conductivity are
perfluorinated sulfonic acid ionomers. This class of mem-
branes includes commercially available long-side-chain
materials such as Nafion® (Chemours) and Flemion (Asahi
Glass Company), as well as short-side-chain materials
such as Aquivion® (Solvay) and Fumapem® (FuMA-Tech
BWT GmbH), among others [18]. A distinctive feature of
short-side-chain membranes is their higher ion-exchange
capacity and, consequently, greater water uptake and con-
ductivity values, whereas long-side-chain membranes
prove to be more durable under prolonged operation and
fluctuating working conditions [19].

Furthermore, to enhance the water-retention capacity
and stabilize the membrane structure at elevated tempera-
tures, various modification approaches are employed, in-
cluding the incorporation of additives into pre-formed
membranes via in situ sol-gel and swelling-filling meth-
ods, as well as the fabrication of membranes by casting
from a suspension of the ionomer and the modifier [20].
Hydrophilic inorganic nanoparticles such as SiOz, TiOa,
ZrO2, and others are frequently used as modifying com-
pounds owing to their high hydrophilicity, availability,
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and low cost. The use of membranes modified with these
compounds enables the operating temperature of PEMFCs
to be increased to values above 80 °C [21,22], while stabil-
ity under short-term heating to even higher temperatures
is also anticipated. Since the addition of an excessive
amount of the modifier leads to a loss of membrane elas-
ticity, increased brittleness, and a decrease in conductive
properties due to the blocking of water channels, the op-
timal modifier concentration typically lies in the range of
1-5 wt. % [20,23,24].

Since the electrocatalyst regeneration procedure in-
volves repeated heating of the PEMFC components to high
temperatures (150 °C), the retention of moisture within
the membrane volume is an essential condition for ensur-
ing device start-up after cooling. Although the incorpora-
tion of SiO: nanoparticles is conventionally employed to
enhance the water retention of membranes at elevated
temperatures, the issue of the long-term structural stabil-
ity of composite membranes under thermal cycling condi-
tions requires detailed investigation. Accordingly, in the
present work, two samples of solution-cast long-side-
chain Nafion® membranes were examined: a pristine
membrane and one modified with SiO. nanoparticles at
modifier content of 5 wt. %. A series of high-temperature
thermal cycles in the temperature range from 25 °C to
150 °C was carried out for the obtained samples; the water
uptake and specific conductivity values were measured,
and the effect of cycling on these parameters was deter-
mined. The thermal stability of the membranes over a
wide temperature range was studied using thermogravi-
metric analysis. Small-angle X-ray scattering curves were
obtained and the structural parameters of the ionic do-
mains before and after thermal cycling were determined
using a spherical-domain model.

2. Material and methods

2.1. Fabrication procedure of Nafion® membranes
by solution casting

Membrane films were fabricated by solution casting from
an aqueous Nafion® DE1021 dispersion (equivalent weight
1100 g/eq) with an ionomer content of 11 wt.%. The dis-
persion was cast onto a cleaned, smooth glass surface (Pe-
tri dish). The amount of the dispersion was calculated
based on a final membrane thickness of 50-60 pm. The
ionomer dispersion was dried at room temperature for 30
minutes, then at 60 °C for 1 hour, and subsequently an-
nealed in a laboratory oven at 150 °C for 1 hour. Thereaf-
ter, the membranes were standardized according to the
following procedure: they were boiled in hydrogen perox-
ide (3 wt. %) for 1 h, rinsed with DI water, treated with 10
wt. % HNOj3 at 90 °C for 1 h, and finally boiled twice in DI
water.

To fabricate the SiO.-modified membrane, fumed silica
nanoparticles of the Aerosil 300 grade (Polikhim, Russia)
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with sizes in the range of 5-20 nm were introduced into
the Nafion® DE1021 dispersion. The mass of the modifier
was calculated as 5 wt.% relative to the mass of the iono-
mer in the dispersion, which corresponds to the optimal
SiO2 concentration in the membrane established in previ-
ous works [23,24]. This specific concentration allows the
membrane to retain good conductivity and elasticity while
simultaneously exerting a positive effect on both structur-
al and electrochemical stability during thermal cycling.
The dispersion was then homogenized using an immersion
ultrasonic disperser for 30 minutes. Subsequently, the
membrane was cast into a Petri dish following the same
procedure as that used for the standard membrane.

As a result, two types of samples were obtained: un-
modified and silica-modified membranes, further denoted
as pristine Nafion and Nafion + 5 wt. % SiOz, respectively.
To ensure the reproducibility of the experiments, three
samples of each membrane were prepared and tested. To
determine error bars for the data, the standard deviation
was calculated.

2.2. High-temperature thermal cycling procedure
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moisture was removed from the samples using filter pa-
per, and the membranes were placed in closed weighing
bottles. The mass of the hydrated membrane (mwe:) was
measured. To measure the mass of the dry membrane
(mary), the samples were dried in a vacuum oven for 1 hour
at 110 °C. The mass was measured at least three times.
Water uptake was determined using formula (1):

w x 100%. (1)
wet

w.u.=

2.5. FTIR spectroscopy

IR spectra were recorded with a Nicolet iS5 (Thermo Fish-
er Scientific, Waltham, MA, USA) spectrometer equipped
with an iD5 ATR accessory in the range of 600-4000 cm™
(equipment of the resource center «Polymer» of the Na-
tional Research Center «Kurchatov Institute»). Membrane
samples were pre-swollen in deionized water and surface
water droplets were removed before recording.

2.6. Thermogravimetric analysis

To conduct accelerated modelling of the effect of the
membrane electrode assembly (MEA) annealing process on
the proton exchange membrane and to assess the stability
of the structural and electrochemical properties of the
membrane samples under short-term heating, heating-
cooling cycles were carried out in the temperature range
of 25-150 °C. For this purpose, the PEM samples were re-
moved from the water container and surface moisture was
blotted away using filter paper. The membranes were then
placed in an oven at 150 °C for 3 minutes, after which they
were immersed in DI water container at 25 °C for 2
minutes. Due to the small dimensions and low thickness of
the isolated membrane samples, immersion in water re-
sulted in nearly instantaneous cooling. This procedure was
repeated until the required number of cycles was reached.
The protocol provides harsher testing conditions than real
PEMFC thermal cycling, where the cooling rate is more
gradual, thereby serving as an accelerated stress test.

2.3. Optical microscopy and colorimetric analysis

Measurements were performed on a Mettler Toledo
TGA/DSC3+ thermal analyzer in dynamic mode (equip-
ment of the resource center «Polymer» of the National
Research Center «Kurchatov Institute») over the tempera-
ture range of 30-700 °C under a nitrogen flow (99.999%)
of 50 mL-min™ at a heating rate of 10 °C-min™. Standard
open ceramic crucibles (75 HPL volume) were used. The
temperature determination accuracy was 0.1 °C, and the
mass measurement accuracy was 0.001 mg.

2.7. Conductivity measurement

Optical images of the membranes were captured using a
Levenhuk digital microscope. Individual sample images
were cropped from a single photograph. Spatial RGB color-
imetric profiles (RGB signal vs. distance) were then ex-
tracted across a linear region of interest using Image]J
software [25]. This analysis was performed for the pris-
tine membrane, the membrane after thermal cycling, and
the thermocycled membrane after repeated acid treatment
(according to the procedure described in Section 2.1).

2.4. Water uptake measurement

Water uptake was measured by the gravimetric method.
The prepared membranes were kept in DI water at room
temperature for at least 24 hours. Subsequently, droplet
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The conductivity of the membranes was determined for
samples hydrated in water at room temperature. Meas-
urements were carried out in a two-electrode cell (Figure
1a) using electrochemical impedance spectroscopy. The
measurements were performed using a CorrTest CS350
electrochemical workstation with an impedance module
(CorrTest Instruments, China). The measurement parame-
ters included voltage amplitude of 20 mV, a DC bias of 0 V,
and a frequency range of 0.1-10° Hz. The determination of
the membrane's electrochemical impedance parameters
was performed using the equivalent circuit model shown
in Figure 1b, where CPE is the constant phase element, R is
the electrical resistance, the subscript i corresponds to the
electrode/membrane interface, and the subscript m corre-
sponds to the PEM.

Ay B
-lamping plate /

Z=

Pt electrodes

CPE,  CPE;

R R;

Figure 1 Schematic of the two-electrode conductivity cell (a) and
electrical equivalent circuit of the cell with the PEM (b).
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The calculation equations for the specific resistivity
(pm) and specific conductivity (o,,) of the PEM are as fol-
lows:

1 Rmheen'dm
Pn = = @

Here, §,, is the membrane thickness, hcen is the cell
width (1.5 cm) and Lcen is the distance between the elec-
trodes (2.0 cm).

2.8. Small-angle X-ray scattering method

Small-angle X-ray scattering (SAXS) measurements were
performed at the «BioMUR» beamline of the Kurchatov
Synchrotron Radiation Source (National Research Center
«Kurchatov Institute», Moscow, Russia) [26,27]. A 2D de-
tector system, DECTRIS Pilatus3 1M (1043 x 981 pixels,
20-bit dynamic range, 500 Hz), was used. The synchrotron
radiation beam size was 500 x 350 pm?, and the radiation
energy and wavelength were 8 keV and 0.1445 nm, respec-
tively. The acquired data represented a two-dimensional
scattering intensity distribution pattern, which was re-
duced to one-dimensional scattering curves by data inte-
gration using the Fit2D software [28].

The measurement range of the scattering vector mag-

4nsin(§)

nitude q (g = , where 6 is the scattering angle) was

0.05-2.10 nm™ and covered the peak regions correspond-
ing to the lamellar structure of the PEM (q = 0.5 nm™) and
ionic domains (q = 1-2 nm™). To describe the experi-
mental data in the region of the ionomer peak, a spherical
cluster model was used, taking into account the polydis-
persity of domain sizes and the presence of short-range
order [23,29,30]:

1) = J; f(®)I(q, R)dR. (3)
The polydispersity of domains is accounted for by the

function f(R), which represents a normal distribution with
a mean radius R and a standard deviation oj:

= e k. (4)
2o}

The presence of short-range order in the resulting scat-
tering intensity (5) was taken into account using the for-
mula for the structure factor (6):

(@)~ @) * (F(@)", (5)
S(@) = 1+2722% — 2% (aqD), 6)

where z =4, z/ =~ 4, a =~ 1.1 — 1.2, D is the distance between
domains, is related to their mean radius through the fol-
lowing relationship:
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1/3
p=R(X)", )
where, ¢, is the volume fraction of water in the mem-
brane. The expression for the form factor of a spherical
domain with a shell of thickness h, corresponding to the
sulfonic groups at the side-chain termini (h =1.5 nm), is
given by:

F(q) = (pc - ps)Rg(ps(qR) + (ps - psolv)(R + h)3‘ps(Q(R + h))' (8)

sinqR—qR cos qR

@s(qR) =3 @R’ s

(9)
where the scattering length densities for the aqueous
core (p;), shell (py) and polymer matrix (pso,) are p, =
9.412 x 10° cm™2, p, = 16.147 X 101° cm™2, py,p, = 15.443 X
10'% cm™2, respectively. Since the average size of the Aero-
sil 300 SiO2 nanoparticles exceeds 10 nm, and owing to the
low contrast in scattering length density between the
fluoropolymer matrix and the modifier (pgip,=17.150 x
10'° cm™), the contribution of the SiO. nanoparticles was
neglected.

To describe the curve in the region of the peak corre-
sponding to lamellar domains, a Gaussian function was
used:

_<(q-‘n)z)
I(Q)=1le \ *t/, (10)
where [; is the maximum scattering intensity for the la-
mellar structure, o;, is the distribution width reflecting the
degree of lamellar ordering, and q;, is the peak maximum
position. The mean spacing between lamellar domains was
determined as d; = 2m/q;. The increase in intensity in the
small-angle upturn region (¢ < 0.4 nm™) was described
using a power law with § as an exponent: I(g)~q? (8 < 0).
The fitting of model parameters to the experimental data
was performed using the curve_fit function from the scipy
software package (Python 3.X). The R-factor value for all
model curves in the ionomer peak region did not ex-
ceed 0.02.

Prior to the measurements, the membranes were hy-
drated in water, surface droplet moisture was removed,
and the samples were sealed with polyimide film to pre-
vent drying. SAXS curves for the polyimide film were also
recorded separately and subsequently subtracted from the
curves of the investigated samples.

To determine the structural stability of hydrated mem-
branes under elevated temperature conditions, the sam-
ples were placed in a Linkam THMS300 research cell with
heating capability. Measurements were carried out at
temperatures of 30 °C, 80 °C, and 100 °C; before data ac-
quisition, the sample was held at the target temperature
for 5 minutes, and the heating rate was 10 °C/min.
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Figure 2 Membrane surface images: initial (a), after thermal cy-
cling (b), and after thermal cycling followed by acid treat-
ment (c), along with the corresponding RGB colorimetric profiles.

3. Results and discussion

For the pristine Nafion and modified (Nafion + 5 wt.%
Si0.) membrane samples, up to 120 thermal heating-
cooling cycles were conducted in the temperature range
from 25 °C to 150 °C, during which the membrane proper-
ties were investigated. After high-temperature cycling, a
color change from transparent to light brown (Figure 2)
was observed for both pristine and modified membrane

ARTICLE

samples. After subsequent acid treatment, the color of the
membranes became lighter and, according to colorimetric
profiles, shifted closer to that of the initial pristine mem-
brane. This effect confirms the partial reversibility of the
process, which can be attributed to the formation of sul-
fonic anhydrides and the structural relaxation of ionic
domains [31,32]. The irreversible color change during
thermal cycling can be attributed to membrane oxidation,
leading to the formation of C=0 groups in the polymer
backbone structure [33,34].

The water uptake values were 25 + 5 % (¢,, = 0.34 +
0.07) and 15 + 3 % (¢, = 0.24 + 0.05) for the pristine and
modified membranes, respectively. The obtained results
demonstrate a decrease in water uptake for the modified
membrane, which is attributed to the partial blocking of
the membrane's ionic domains by the modifier nanoparti-
cles, as well as to the mechanical restriction of polymer
swelling due to increased mechanical rigidity [16,20]. The
water uptake measurements after 120 cycles showed no
significant change in water uptake within the specified
error limits.

The results obtained by Fourier-transform infrared
spectroscopy for the membrane samples before and after
the heating-cooling cycles are presented in Figure 3. The
assignment of absorption bands in the IR spectra was car-
ried out based on literature data [35-39].

Pristine Nafion Before thermal cycles Pristine Nafion Before thermal cycles Before thermal cycles CF Pristine Nafion
Nafion + 5 wt. % 8i0, CF2 — Nafion +5 wt. % SiO, —— 60-th cycle
N ~———120-th cycle CF,
(a) 2 1
-OH 3
5 s ® ¢ © S-0
< < 1} g
£ £ S
; ; :
< < C-H
\J
Cc=0
’
—\__ : : - - :
1800 1600 1400 1200 1000 800 600 4000 3500 3000 gy, 1906 16000 T400: 1200 M0 200° 60
Wavenumbers, cm™ Wavenumbers, cm™! Wavenumbers, cm '
—— Before thermal cycles Pristine Nafion —— Before thermal cycles __Nafion + 5 wt. % SiO, ~— Before thermal cycles  Nafion + 5 wt. % SiO,
—— 60-th cycle ——60-th cycle C'F 2 ——60-th cycle
e YA — 1201 — 120 1
120-th cycle -OH 120-th cycle i Si-O-Si th cycle
= (d) & 3 3 ’ =
: =ANC! S0 21 ® -OH
o o o
Q9 9 9
g C-H g g . CH
k= 2 K
5 ' 3 S
2 2 2 U
< < <
4000 3500 3000 2500 1800 1600 1400 1200 1000 800 600 4000 3500 3000 2500

Wavenumbers, cm !

Wavenumbers, cm

Wavenumbers, cm™

Figure 3 FTIR spectra of the membrane samples before thermal cycling (a, b) and of the pristine (c, d) and SiO,-modified (e, f) mem-
branes before/after thermal cycling. The FTIR spectra for different samples were normalized to the intensity of the CF2 stretching

band at 1140 cm™.
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In the spectrum of the modified membrane, an increase
in absorption intensity is observed in the region of the
peaks characteristic of Si-O-Si vibrations (1090 cm™ and
804 cm™) [35]. Furthermore, in the region of the peak at
~3400 cm™, corresponding to the stretching vibrations of
OH groups of water molecules, a significant difference in
intensity is observed between the modified and pristine
samples. The decrease in intensity for the modified sample
indicates a reduced amount of water within the membrane
volume [37], which is consistent with the water uptake
measurement results. During thermal cycling, a decrease
in the intensity of the CF. peaks (1200 cm™ and 1150 cm™)
is observed for both membrane samples, which may char-
acterize the scission of polymer chains during the cycles.
The the
(~1650 cm™) as a result of the testing indicates oxidation

increase in intensity of the C=0 peaks
of the ionomer side chains [38,40], which is also evi-
denced by the color change of the samples (Figure 2). Fur-
thermore, the spectra do not exhibit peaks around 1440
cm™, which are typically assigned to sulfonic anhydrides
[41], thereby ruling out their effect on the color of the
thermally cycled membranes. The growth of peaks charac-
teristic of C-H vibrations confirms the occurrence of deg-
radation processes associated with the substitution of F
atoms by H atoms, which may also be accompanied by dis-
ruption of the internal structure and regularity of the pol-
ymer chain packing [42]. Changes in the absorption inten-
sity in the region of the S-O peak (~1050 cm™) [36] may
indicate a transformation of the local environment of the
ionic groups, caused by a general disruption of the mem-
brane structure order.

Figure 4 presents the TGA and DTG curves for the in-
vestigated samples. The mass of the dry membrane at
200 °C was used as the initial mass reference. For the
modified membrane, a significant increase in the mass
loss rate is observed compared to the pristine sample at
temperatures characteristic of sulfonic group decomposi-
tion (340-350 °C) and those corresponding to the degrada-
tion of the ionomer side chains (450-500 °C) [23,43]. This
effect is explained by the disruption of the side-chain
packing structure upon the addition of SiO2[44], which, in
turn, indicates the incorporation of the modifier into the
volume of the ionic domains and is consistent with the
observed decrease in the membrane water uptake. It is
worth noting that in the temperature region correspond-
ing to the thermal annealing procedure (150 °C), the TGA
and DTG curves display a region of reversible dehydration
and coincide for both samples, while the obtained temper-
atures of intensive membrane decomposition are signifi-
cantly higher than this temperature. The absence of a SiO-
residue after complete membrane decomposition is at-
tributed to the reaction between silica and decomposition
products, leading to the formation of gaseous silicon tetra-
fluoride according to the following reaction [23,45]:

SiO2 + 4HF — SiF4 1 + 2H0. (11)
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Figure 4 TGA and DTG curves for the pristine Nafion (a) and
modified Nafion + 5wt. % SiO, (b) membranes in the temperature
range of 30-700 °C.

Figure 5 presents the Nyquist plots and the conductivi-
ty dependence before and after thermal cycling. For both
samples, comparable conductivity values are observed,
amounting to 0.166 + 0.003 S/cm and 0.163 + 0.002 S/cm
for the pristine and modified membranes, respectively,
before cycling. As the number of thermal cycle’s increases,
a decrease in conductivity is observed, which is more pro-
nounced after the first 30 cycles. Since the onset of ther-
mal degradation of the membrane is characterized by
temperatures exceeding 150 °C, the increase in resistance
can be explained by structural changes in the PEM during
cyclic water sorption and desorption [24]. Thus, high-
temperature annealing can lead to a disruption of ionic
channel connectivity and rearrangement of the internal
structure of ionic domains as a result of ionomer side-
chain relaxation [16,46]. The sharp drop in conductivity
during the initial cycles might be driven by a quantitative
factor. In the early stages, the membrane likely contains a
large fraction of ionic domains with an unaltered struc-
ture. These domains could undergo structural relaxation
and rearrangement during the initial cycles, and their
number diminishes, which causes a decrease in the rate of
conductivity decline.
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Figure 5 Nyquist plots for the pristine Nafion (a) and Nafion + 5 wt. % SiO, (b) samples and the calculated conductivity values (c)
during thermal cycling. Error bars for conductivity data are within the symbol size.
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Figure 6 SAXS curves of the water-hydrated pristine Nafion membrane at temperatures of 30, 80, and 100 °C. Experimental data are

denoted by symbols, and model data by the line.

Despite the presence of interactions between the side
chains and the modifier nanoparticles, the rate of conduc-
tivity decline for the sample with 5 wt.% SiO- did not dif-
fer from that of the pristine membrane. The observed ef-
fect may be associated with the mutual compensation of
two factors: the stabilization of water within the mem-
brane volume during short-term heating and the disrup-
tion of the side-chain structural order in the presence of
the modifier.The SAXS curves for the pristine membrane
before and after thermal cycling are shown in Figure 6.
Table 1 also presents the model parameter values for the
ultra-small-angle scattering region and the lamellar peak.
The power-law exponent 3 before the heating-cooling cy-
cles is close to -4, indicating a smooth interfacial bounda-
ry. After the cycling, a less pronounced slope of the curve
(B > -3) is observed, which characterizes a disruption of
the ionomer structural order and the formation of rough,
fractal zones instead of well-defined interfacial bounda-
ries [47,48]. The position of the lamellar peak for the pris-
tine membrane did not undergo significant changes and
remained at approximately 0.6 nm™ (d. = 10 nm). This
behavior demonstrates the high stability of the perfluori-
nated matrix under these conditions, which indirectly sug-
gests the preservation of the bulk mechanical stability of

=

the membrane [49].

A shift and change in the ionomer peak were observed
for all data sets: with an increasing number of cycles and
rising temperature, the peak position shifted toward larg-
er q values. The peak shift with increasing temperature
reflects membrane dehydration, which, in turn, leads to a
decrease in the size of ionic domains [50,51]. At the same
time, the change in the shape and position of the ionomer
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peak with an increasing number of high-temperature cy-
cles indicates an irreversible structural rearrangement of
the material, for the quantitative analysis of which a
spherical ionic domain model was employed.

Table 2 presents the structural parameters correspond-
ing to the ionomer peak obtained using the model.

Table 1 Parameters of the SAXS model curve in the region of the
lamellar peak and the small-angle intensity upturn for the pris-
tine Nafion membrane

Cycle number/ B o, nm* q,, nm* d;, nm
temperature, °C Sp~3 60L ~ S w5 % 6dL ~
% 10 % 5%
0/30 -3.86 0.15 0.57 11.01
0/80 -4.01 0.15 0.62 10.07
0/100 -3.90 0.18 0.58 10.81
60/30 -2.43 0.16 0.62 10.10
60/80 -2.65 0.16 0.68 9.20
60/100 -2.92 0.12 0.65 9.62
120/30 -2.43 0.17 0.61 10.38
120/80 -2.69 0.14 0.63 9.90
120/100 -2.59 0.15 0.63 9.97

Table 2 Parameters of the SAXS model curve in the region of the
ionomer peak for the pristine Nafion membrane.

Cycle num- R,nm D,nm foi O, NM z

ber/ — ~ ~ - o
temperature, br=3 bp=3 bax  Oop x5 6z =
oC % % 3% 9% 3%
0/30 2.03 4.05 1.18 0.18 4.74
0/80 1.76 3.85 1.15 0.21 4.31
0/100 1.33 3.26 1.23 0.21 3.07
60/30 1.89 3.79 1.20 0.18 4.09
60/80 1.74 3.96 1.19 0.18 4.04
60/100 1.57 3.67 1.26 0.15 3.06
120/30 1.73 3.59 1.20 0.19 4.24
120/80 1.58 3.82 1.27 0.17 3.49
120/100 1.39 3.39 1.27 0.20 2.91
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Figure 7 SAXS curves of the water-hydrated Nafion + 5 wt. % SiO, membrane at 30°C (a), 80°C (b), and 100 °C (c). Experimental data

are denoted by symbols, and model data by the line.

Table 3 Parameters of the SAXS model curve in the region of the
lamellar peak and the small-angle intensity upturn for the Nafion
+ 5 wt. % SiO, membrane.

Cycle number/ B o, nm* q;, nm* d;, nm
temperature, °C g~ 3 8, = 8qp®5% b4, =
% 10 % 5%
0/30 -3.42 0.16 0.79 7.98
0/80 -3.39 0.25 0.93 6.74
0/100 -3.36 0.10 0.85 7.37
60/30 -2.80 0.16 0.59 10.63
60/80 -2.78 0.15 0.60 10.45
60/100 -2.74 0.20 0.58 10.90
120/30 -2.96 0.16 0.60 10.53
120/80 -2.99 0.14 0.61 10.27
120/100 -3.01 0.15 0.62 10.13

The parameters for the pristine Nafion membrane be-
fore thermal cycling exhibit values similar to those ob-
tained in other works for long-side-chain membranes:
mean ionic domain radius R = 2 - 2.5 nm, standard devia-
tion o = 0.2 nm, mean distance between nearest-neighbor
domains D = 4 - 5 nm, the number of absent ionic domains
due to the presence of a correlation hole z' = 4 and the
parameter a = 1.17 from the expression for the correlation
hole size aD [23,29,52]. In addition to the decrease in the
ionic domain radius R with increasing temperature as a
result of drying, a decrease in domain size with an in-
creasing number of thermal cycles is observed, along with
a reduction in the interdomain distance D. The decrease in
size accompanied by a reduction in the distance between
ionic domains can be explained by the restructuring of the
internal membrane structure with the "fragmentation" of
ionic domains into smaller ones as a result of the repeated
water desorption-sorption process during cycling. This
phenomenon is driven by the mobility of the side chains,
chemical degradation of the ionomer, and relaxation of the
polymer matrix at temperatures above its glass transition
temperature (Ty = 120 - 130 °C) [53-55]. The decrease in
the parameter z' may also indicate a more uniform distri-
bution of ionic domains within the ionomer matrix vol-
ume. At the same time, the connectivity of the ionic do-
mains may decrease, which is also reflected in the reduc-
tion of the membrane ionic conductivity (Figure 5¢).
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Figure 7 shows the SAXS curves for the modified mem-
brane, and Table 3 presents the model parameter values
for the regions of the small-angle intensity upturn and the
lamellar peak. The power-law exponent [ for the modified
sample before thermal cycling is approximately -3.4,
which, compared to the value of -4 for the pristine mem-
brane, indicates a more complex phase interface upon the
incorporation of SiO. nanoparticles into the ionomer
structure. During cycling, a decrease in the slope of the
curve (B = -3) is observed; however, this effect is less
pronounced than in the case of the unmodified membrane,
which may indirectly indicate an increased structural sta-
bility of the composite membrane.

Furthermore, a pronounced difference in the scattering
profiles before and after thermal cycling is observed: an
increase in the intensity of the matrix peak is noted, along
with a shift in the peak maximum position from 0.8-0.9
nm™ to 0.6 nm™, indicating an increase in the characteris-
tic period of the lamellar domains from 6-8 nm to 10-11
nm. The change in the matrix structure as a result of the
heating-cooling cycles can be explained by the relaxation
of the polymer matrix chains at temperatures above Ty, as
well as by the reduction of internal and steric stresses
arising during the formation of the composite membrane
in the presence of SiO- nanoparticles, which, in turn, leads
to the formation of a more spatially ordered polymer ma-
trix structure and the growth of lamellar domains.

The presence of the hydrophilic modifier nevertheless
did not lead to significant changes in the water-retention
capacity of the membrane or in the structural stability of
the ionic domains: the ionic domain radius (Table 4) de-
creased with increasing temperature. The decrease in the
parameter R indicates that the incorporation of SiO2 nano-
particles of a size comparable to that of the ionic domains
does not lead to their expansion due to the limited elastici-
ty of the domain walls and does not compensate for the
reduction in free volume within the ionomer [56,57]. The
decrease in the interdomain distance D and the parameter
z' also points to the fragmentation of ionic domains with a
more uniform distribution throughout the ionomer vol-
ume, which proceeds similarly to the processes in the un-
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modified sample. In the case of the modified membranes,
an additional contribution to the degradation of the ionic
domains may arise from the mismatch between the ther-
mal expansion coefficients of the ionomer matrix and the
SiO2 nanoparticles [58,59]. Thus, the use of pre-formed
nanoparticles in membrane fabrication does not exert a
positive effect on its structural and chemical stability. To
achieve a pronounced effect, the adoption of other modifi-
cation methods is required, in particular the in situ sol-gel
synthesis method, which ensures the formation of finer
nanoparticles and a closer interaction between the modifi-
er and the ionic domains [20,23,60].

Furthermore, using the obtained parameters R and D,
the volume fraction of water (¢,,) was calculated in ac-
cordance with formula (7); the resulting dependencies are
presented in Figure 8. The stability of this parameter for
the pristine membrane during the heating-cooling cycles is
consistent with the results of the water uptake determina-
tion by the gravimetric method. With increasing tempera-
ture, a decrease in ¢,, is observed due to the desorption of
water from the membrane. The changes occurring during
thermal cycling may be explained by the transfer of a por-
tion of the water into small ionic clusters that do not con-
tribute to the scattering in the ionomer peak region and,
consequently, are not accounted for in its analysis.

For the modified membrane, the volume fraction of
water at 30 °C after cycling is significantly lower than the
initial values. This difference may be attributed to the
structural rearrangements of the ionomer matrix de-
scribed above, including those resulting from the chemical
degradation of the polymer chains, which promote the
redistribution of water into small, isolated ionic domains
that are not accounted for in the analysis of the main ion-
omer peak. It is worth noting that after the completion of
these rearrangements, the discrepancy in the volume frac-
tion of water between 30 °C and 80/100 °C becomes less
pronounced than in the case of the pristine membrane.
This effect may indicate a contribution of the modifier
nanoparticles to the stabilization of water within the
membrane at elevated temperatures.

A schematic representation of the structural changes in
the ionomer as a result of modification and thermal cy-
cling, based on the SAXS data, is presented in Figure 9.

Table 4 Parameters of the SAXS model curve in the region of the
ionomer peak for the Nafion + 5 wt. % SiO, membrane.

Cycle num- R, nm D, nm a Op, NIN z

ber/ 6r=3 6p~=3 ba = 60’}? =5 6z =
:zmperature, % % 3% % 3%
0/30 1.97 4.42 1.18 0.24 4.41
0/80 1.70 4.39 1.25 0.24 4.70
0/100 1.24 3.43 1.27 0.36 3.82
60/30 1.64 4.27 1.25 0.27 4.56
60/80 1.56 4.10 1.32 0.22 4.16
60/100 1.17 3.61 1.36 0.39 3.74
120/30 1.50 4.07 1.26 0.30 4.36
120/80 1.42 3.98 1.35 0.28 3.79
120/100 1.15 3.46 1.33 0.39 3.03
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4. Limitations
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The present study is aimed at investigating the membrane
as a stand-alone component under heating-cooling cycling
conditions. Although this approach allows the isolated
contribution of membrane degradation to be assessed,
additional effects associated with the deterioration of lay-
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er adhesion may arise within an actual membrane elec-
trode assembly.

Furthermore, only solution-cast Nafion® membranes
were considered in this work. Commercial ready-made
membrane samples (e.g., Nafion® 212) and short-side-
chain membranes remained outside the scope of the study.
It should also be noted that the modification method em-
ployed in this work is limited to the incorporation of pre-
formed SiO: nanoparticles into the ionomer dispersion.
More advanced approaches, such as the sol-gel method
and the swelling-filling method, are not addressed in this
study.

An additional limitation of the work is the use of only
one type of dopant. Promising alternative compounds
(TiO2, AlxO3, ZrO2, etc.) were not examined. The aspects
identified, including performing heating-cooling cycles
within a PEMFC cell, the investigation of other membrane
types, and alternative modification methods, will be ad-
dressed in future studies.

5. Conclusions

An investigation was carried out into the effect of heating-
cooling cycles in the temperature range of 25-150 °C on
the properties and structure of pristine and modified
(5 wt.% SiO.) Nafion® membranes fabricated by solution
casting. The water uptake values of the membranes were
determined, and the samples were studied by TGA, FTIR
spectroscopy, impedance spectroscopy, and SAXS. The
presence of an interaction between the ionomer and SiO-:
nanoparticles was demonstrated, leading to a decrease in
the thermal degradation temperature of the membrane. It
was established that thermal cycles do not exert a signifi-
cant effect on the membrane water uptake; however, they
are accompanied by the degradation of polymer chains and
a decrease in proton conductivity for both samples by 85%
after 120 cycles. Quantitative analysis of the SAXS curves
in the ionomer peak region revealed a reduction in the size
of ionic domains and in the interdomain distance, indicat-
ing the fragmentation of ionic domains and their more
uniform distribution throughout the membrane volume.
This process is accompanied by a decrease in the connec-
tivity of the ionic domains, which is reflected in the de-
cline in conductivity. Based on the results obtained, a
structural model of the PEM was constructed, describing
the changes in both the fractal dimension and the packing
of ionic clusters as a result of modification and after heat-
ing-cooling cycles. Thus, the incorporation of pre-formed
SiO: nanoparticles does not exert a positive effect on
structural stabilization during thermal cycling. The use of
alternative approaches, such as modification via the in
situ sol-gel or swelling-filling method, is required to im-
prove the operational characteristics.
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