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Abstract

The development of rapid and dependable proton transport channels is crucial for proton exchange membrane fuel cells
(PEMFCs) operating in low humidity conditions. Herein, a metal-organic framework (NH-Zr framework) consisting of
1H-pyrazole-3, 5-dicarboxylic acid (PZDC), and zirconium chloride octahydrate (ZrOCl,-8H,O) rich in basic sites was
in situ constructed in a perfluorosulfonic acid (PFSA) solution, and hybrid proton exchange membranes were prepared
(PFSA-NH-Zr). The introduced NH-Zr framework successfully induced proton conducting groups (-SO;H) reorganization
along the NH-Zr framework, resulting in the formation of fast ion transport channels. Meanwhile, under low humidity,
the acid-base pairs between N-H (NH-Zr framework) and -SO;H (PFSA) promoted the protonation/deprotonation and
the subsequent proton leap via the Grotthuss mechanism. Especially, the hybrid membrane PFSA-NH-Zr-1 with suitable
NH-Zr content had a promising proton conductivity of 0.031 S/cm at 80 °C, 40% relative humidity (RH), and 0.292 S/cm at
80 °C, 100% RH, which were approximately 33% and 40% higher than the pristine PFSA membrane (0.023 S/cm and 0.209
S/cm), respectively. In addition, the maximum power density of the hybrid proton exchange membrane was 0.726 W/cm?,
which was nearly 20% higher than the pristine PESA membrane (0.604 W/cm?) under 80 °C, 40% RH. Thus, PFSA-NH-Zr
may be promising membrane materials for potential applications in fuel cells. This work established a referable strategy for
developing high-performance proton exchange membranes under low RH conditions.

Keywords Proton exchange membrane - Proton-conducting channels - Acid—base pairs - Grotthuss mechanisms - Proton
conductivity

1 Introduction

Due to the characteristics of excellent energy conversion

efficiency, low environmental pollution, and fast start-up
and shut-down, proton exchange membrane fuel cell has
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thln@whut.edu.cn of PEMFC, proton exchange membranes serve as an electro-
lyte for proton transport and as a separator for reactant gases.
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clusters and build well-interacted hydrophilic channels for
proton-conduction under hydration conditions, which read-
ily achieve adequate proton conductivity (~0.1 S/cm) [25].
However, at low relative humidity (RH) environment, the
ionic clusters are not connected, thereby it is hard for pro-
tons to diffuse through the membrane due to the conduction
mechanism of short-range proton hopping, resulting in low
proton conductivity and thus reducing the electrochemical
performance of PEM [26-31].

To promote the performance of the membrane at low rela-
tive humidity, several methods have been investigated, such
as developing non-fluorinated polymers [32], replacing acid
groups such as sulfonic or phosphoric acids with heterocy-
clic compounds for example imidazole or triazole [33], and
incorporating hygroscopic inorganic nanomaterials to pre-
pare inorganic—organic composite membranes [34]. Studies
have shown that inorganic—organic composite membranes
are very promising due to their ability to maintain high water
retention and proton conductivity at relatively low relative
humidity [35—40]. In addition, they restrain excessive swell-
ing of the PEM while ensuring the mechanical properties
of the polymer chains under harsh conditions and prevent-
ing degradation. Our groups proved that the self-assembled
inorganic nanoparticles enhanced the water retention perfor-
mance of the hybrid membrane at high temperature and low
relative humidity compared to the conventional Nafion/silica
hybrid and pristine Nafion 212 membranes by incorporating
hygroscopic metal oxide particles SiO, into the hydrophilic
domains of the electrolyte, and enhanced the Nafion/silica
nanocomposite membrane stability [41, 42]. Furthermore,
Hasmukh blended a superacid sulfonated Zr-MOF (SZM)
into Nafion and the significant amount of water in SZM
networks due to the Brgnsted acidic sites promoted proton
conduction at low humidity [43]. Although the low-humidity
proton conductivity of the membrane could be improved by
introducing the inorganic filler with excellent water retention
ability, the proton conductive channel (PCC) originally pre-
sent in the Nafion membrane would be disrupted during the
traditional recasting process and hence damage the proton
conductivity of the Nafion membranes [44, 45].

In recent years, the strategy of “acid—base pairs” con-
struction has been regarded as an effective approach to
improve the ion conduction channel and enhance ion con-
ductivity. Wieczorek and Chen tested the PAN/LiCIO, with
the Al,O; system to prove that the Lewis acid—base pair
contributes to the separation of the LiClO, ion pair, lead-
ing to an increase of free ions, while the intermittent coor-
dination could enhance the ion transference number and
ionic conductivity by providing a continuous channel for
the charge carrier transport [46, 47]. Hence, the method of
preparing acid—base pairs was considered a potential means
to improve the proton conductivity of hybrid membranes.
The existence of acid—base pairs promotes protonation/
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deprotonation and generates a significant amount of pro-
ton defects, thereby paving the transport pathway for proton
hopping at low energy barriers [48]. Moreover, the intense
electrostatic interactions between acid-base pairs could
inhibit the movement of neighboring polymer chains, thus
enhancing the water stability and the mechanical proper-
ties of the membrane. However, the synthesis of acid—base
hybrid membranes by simply filling inorganic materials will
lead to the reunion of inorganic particles and the discontinu-
ity in the proton transport pathway, which will hinder the
further improvement of proton transmission efficiency and
proton conductivity [49].

Metal-organic frameworks (MOFs) are exceptional
porous materials that have been proven to be candidates for
proton-conducting applications due to their designability
and chemical stability [5S0-57]. Zhuang fabricated a proton
exchange membrane possessing acid—base pairs by adding
DHZIF-8 to the Nafion matrix, increasing the proton con-
ductivity to 0.255 S/cm and 3.66 mS/cm (0.104 S/cm and
1.14 mS/cm for Nafion control membrane, respectively)
at 80 °C, 95% RH, and 120 °C, anhydrous environment,
respectively [49]. Wang reported a Zn-MOF/Nafion hybrid
membrane in which the proton conduction groups were
induced to reorganize along the Zn-MOF to form long-range
ordered proton conduction pathways, which facilitated the
improvement of proton conductivity of the membrane and
the overall performance of the fuel cell [50]. Therefore, con-
structing a framework structure containing basic sites in the
perfluorosulfonic acid matrix and forming acid—base pairs
with sulfonic acid groups is expected to build fast proton
transport channels in the form of acid—base pairs to facilitate
proton conduction.

In this study, the NH-Zr framework structure rich in
basic sites were constructed in situ by adding PZDC and
ZrOCl,-8H,0 to the PFSA solution, and the mixture
was cast to obtain the PFSA-NH-Zr hybrid membrane
(Fig. 1). The introduced NH-Zr framework effectively
induced the reorganization of the proton conducting
group (-SO;H) along the NH-Zr framework, thus con-
structing a fast ion transport channel. Meanwhile, the
acid-base pairs between N-H (NH-Zr framework) and
-SO;H (PFSA) promoted the protonation/deprotonation
and the subsequent proton leap via Grotthuss mechanisms
under low humidity. These significantly accelerated the
proton conduction of the hybrid membranes. Specifically,
the hybrid membrane loaded with 0.075 mg/cm? PFSA-
NH-Zr showed a proton conductivity of up to 0.031 S/
cm at 80 °C, 40% RH, and 0.292 S/cm under 80 °C and
100% RH. The effects of NH-Zr loading on membrane
morphology, water uptake, and thermal stability were
also investigated. This study guided the development of
high-performance proton exchange membranes under low
humidity conditions.
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2 Materials and methods
2.1 Materials andpreparation

1H-pyrazole-3, 5-dicarboxylic acid (PZDC), Zirconium chloride
octahydrate (ZrOCl,-8H,0), N, N’-dimethylformamide (DMF),
and formic acid were provided from Aladdin Industrial Corpo-
ration (Shanghai, China). A perfluorosulfonic acid resin having
two carbon-ether side chains (D79, EW790) was provided by
Solvay Company (Bollate, Italy). Sulfuric acid (H,SO,, 98 wt%)
was provided by Tianjin Damao Chemical Reagent Co., Ltd.

2.2 Preparation of mixed resin solution

After evaporation of the D79 solution, the resulting resin
was dissolved in DMF (15 g) and stirred continuously for
6 h to form a homogeneous and clear solution. Then PZDC
(0.5 mmol, 87 mg) was joined to the clear solution and
stirred continuously for 30 min. ZrOCl,-8H,0 (0.435 mmol,
140 mg) and 10 mL formic acid was added and stirred
for 1 h, then transfer the mixture to an internal autoclave
(50 mL) of Teflon and placed at 130 °C for 3 days. Finally,
the mixed resin solution of PFSA-NH-Zr was obtained after
ultrasonic stirring for 4 h and Magnetic stirring for 12 h.

2.3 Preparation of hybrid membranes

The PFSA-NH-Zr hybrid membrane was obtained by the
flow-casting method. Specifically, the PFSA-NH-Zr hybrid
resin solution was cast on the flat glass, dried at 50 °C for
12 h, and then placed at 140 °C for 2 h for annealing treat-
ment to improve the crystallinity of the membrane. To
improve the acidity as well as the ionic conductivity, all
the prepared membranes were soaked in 2.5 wt% H,SO,
(80 °C) solution for 30 min and then transferred to 1 L
deionized water (80 °C) for 30 min, repeating three times,
followed by final drying at 60 °C to obtain PFSA-NH-Zr
hybrid membrane. These hybrid membranes were named
PFSA-NH-Zr-X, where X is the weight ratio percentage of
inorganic filler. All membranes had a thickness within the
range of 26 + 1 pm.

2.4 Material characterization

Morphological characterization High resolution-scanning
electron microscope (FE-SEM, Zeiss Ultra Plus) fitted
with an X-ray energy spectrometer (X-Max 50) was used to
observe the morphologies of samples. Before observation,

Fig. 1 Schematic diagram of the procedure for fabricating a hybrid membrane with NH-Zr framework
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the specimens were sputtered with platinum. SEM energy-
dispersive spectroscopy (EDS) was utilized to analyze the
chemical composition of PFSA-NH-Zr-X. An atomic force
microscope (AFM, Bruker, Fastscan) in mechanical proper-
ties mode was utilized to further observe the morphology of
the specimens [58].

Structural and elemental characterizations Powder X-ray
diffraction (PXRD, Bruker D8 diffractometer) was used to
study the crystallinity of the sample. Thermogravimetric
analysis (TGA, TA instruments) and differential scanning
calorimetry (DSC, TA Instruments) under an N, atmosphere
were used to study the thermal properties of the samples
[59, 60]. TGA curves and DSC analysis were performed in
temperatures range of 30—800 °C and — 50 to 200 °C, respec-
tively, both at a heating speed of 10 °C/min. The DSC curve
was used to confirm the glass transition temperature (Tg) of
the specimen. X-ray photoelectron spectroscopy (XPS, Axis-
Nova) was utilized to probe the sample chemical structure.

Water uptake, swelling Water uptake and dimensional
swelling of the membranes were derived by measuring the
difference in weight and area. Dried membranes of a certain
area (4 X4 cm) were weighed, and then the weight and area
of the membranes were measured again after immersing
them in distilled water at 80 °C for 12 h. The WU and SR
values of all samples were calculated as follows:

(Mwet - Mdry)
Mdry

WU = x 100% (1)

(Swel - Sdry)

dry

SR = % 100% )

where M, and M, are the weights of the wet and dry
samples, while S, and S, are the areas of the wet and
dry samples, respectively. The final results were calculated
via the average of at least three parallel measurements
with accuracy within +4.0%. A contact angle goniometer
(DSA10, Kruss GmbH) was used to measure the contact
angle of water at room temperature to characterize the sur-
face hydrophilicity of the membrane specimens.

Proton conductivity, activation energy An electrochemi-
cal workstation (Metrohm Autolab 302 N) in the range
of 0.1-1 MHz by AC impedance technique was utilized
to confirm the proton conductivity (c) of the specimens.
The experiments were performed under variable condi-
tions of 100% humidity and relative temperature (30, 40,
50, 60, 70, 80, and 90 °C, respectively) in a temperature-
controlled humidity climatic chamber, and the specimens
were placed in a water-flooded environment for 4 h, followed
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by conductivity testing at an electrochemical workstation.
The membrane proton conductivity is calculated as follows:

L
o(S/cm) = —— 3
(S/cm) xS 3)
where L is the distance between the two electrodes, while
R and S represent the resistance and cross-sectional area of
the membrane, respectively.

The activation energy (Ea) values for each membrane were
obtained by least-squares fitting based on Arrhenius plots
as follows:

-E
S/cm) = A z
o(S/cm) = Aexp <R><T> “)
where ¢ and A are the proton conductivity and pre-exponential
factor, while R and T represent the molar gas constant
and temperature.

Single-cell performance Membrane electrode assemblies
(MEAs) were fabricated into the sandwich structure. The
coated catalyst layers (0.4 mg Pt/cm® on the cathode and
0.1 mg Pt/cm? on the anode) were heat pressed on both sides
of the membrane, provided by Wuhan Polytechnic Hydrogen
Technology Co. Before testing the polarization curves of
the PEMFC, the anode, and cathode of the single cell were
fed with hydrogen and air, respectively, to activate the fuel
cell to reach steady state, with a stoichiometric ratio of 1.5
and 2.0 hydrogen to air, a minimum flow rate of 1000 sccm/
min and 2000 sccm/min respectively, and partial pressure
of 150 kPa for the inlet gas. In the hydrogen crossover test,
both the hydrogen delivered to the anode and the nitrogen
delivered to the cathode of the cell were dosed at 200 sccm,
and swept from 0 to 0.7 V at 30 °C using linear sweep vol-
tammetry (LSV) with a sweep speed of 2 mV/s and no back
pressure. Notice that the current density at a voltage of 0.3 V
was regarded as the hydrogen crossover value of the mem-
brane. The EIS measurement was performed with a current
density of 800 mA/cm? and a frequency range of 0.5-20 kHz
for the measurement of proton conduction resistance.

3 Results and discussion
3.1 Characterization of the membranes

The micromorphology of the hybrid membranes (PFSA-NH-
Zr-1 and PFSA-NH-Zr-10) and the distribution of the doped
NH-Zr framework in the membranes were observed by SEM.
As shown from the surface SEM image in Fig. 2, the synthe-
sized NH-Zr framework showed a truncated cubic shape in
the nanometer size range of about 100-200 nm, which was
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uniformly dispersed within the hybrid membranes. Mean-
while, these hybrid membranes had a uniform structure with
no fractures or pin holes as well as no gaps on the surface,
which indicated that the preparation of the membranes was
successful. The surface SEM image showed a pristine PESA
membrane and PESA-NH-Zr-1 membrane was compact and
smoothed, without indication of phase-separation (Fig. 2a,
b), suggesting that the perfluorosulfonic acid matrix had
good compatibility with the NH-Zr framework in the hybrid
membranes, which might be attributed to the strong intermo-
lecular interactions to form a robust covalent interface. The
homogeneous dispersion of the filler and the good compat-
ibility between the polymers were thought to assure more
continuous pathways for proton transfer. The cross-sectional
SEM images of PFSA-NH-Zr-1 presented a lamellar com-
paratively compact morphological structure similar to that
of PFSA (Fig. 2d, e), and there was no indication of phase
separation. Meanwhile, the elemental mapping distribution
on the surface of PFSA-NH-Zr-1 was shown in Fig. 2g, h,
where the elements Zr and N were distributed evenly on
the surface of the hybrid membrane. As the filler loading
increased to 5 wt%, we could observe that the particles on
the surface of the hybrid film started to appear as aggregates
(Fig. S1). As can be seen from Fig. 2c, the cross-section of
the PFSA-NH-Zr-10 hybrid membrane became rough with
many folds and cracks (Fig. 2f), indicating that the NH-Zr

Fig.2 a—c The surface-view
SEM images and d—f cross-
section SEM images of PFSA,
PFSA-NH-Zr-1, and PFSA-NH-
Zr-10. g—j The corresponding
elemental mapping images of
Zr, N of PFSA-NH-Zr-1 and
PFSA-NH-Zr-10. The illustra-
tion is a high-resolution image
of the chosen area

framework became less compatible in the perfluorinated sul-
fonate matrix with significant aggregation. Such phenomena
could also be proved from the corresponding elemental map-
ping images of Zr, N (Fig. 21, j).

The AFM analysis was applied to investigate the sur-
face of membranes, and corresponding topographies were
shown in Fig. 3. The AFM height distribution (Fig. 3a—c),
corresponding line profiles (Fig. 3d—f), and 3D distribution
diagram (Fig. 3g—i) showed that the average surface rough-
ness of PESA-NH-Zr-1 hybrid membrane was only slightly
increased compared with the pristine PESA membrane. The
results demonstrated that there was good interfacial com-
patibility between the NH-Zr framework and perfluorosul-
fonic acid matrix, which was beneficial to the formation of
continuous proton transport pathways between the NH-Zr
framework particles and the perfluorinated sulfonate matrix
under the action of acid-base proton pairs and promoted
the water absorption as well as proton conduction of the
membrane. However, the surface roughness of the PFSA-
NH-Zr-10 hybrid membrane (Fig. 3f) increased significantly
compared to the PFSA-NH-Zr-1 membrane, and the PFSA-
NH-Zr-10 hybrid membrane appeared with a large number
of aggregations in the three-dimensional distribution dia-
gram (Fig. 3i), which was unfavorable for the formation of a
fast proton conduction channel, thus affecting the improve-
ment of proton conductivity.
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3.2 Physicochemical properties of the membranes

As could be seen, the positions of the evident diffraction
peaks of PFSA-NH-Zr-1 were unchanged except for some
changes in lattice strength as compared to the XRD pat-
terns of simulated-MOF-802 (Fig. 4a). This demonstrated
that the synthesized NH-Zr framework had a metal frame
mechanism, providing a framework basis for the construc-
tion of fast proton transport channels. At the same time,
it could be found that the PFSA-NHH-Zr-1 characteristic
peaks did not change significantly as compared to the pris-
tine PFSA membrane spectra (Fig. 4a), indicating that the
NH-Zr framework had good compatibility with perfluorosul-
fonic acid matrix and had not destroyed the microstructure
of perfluorosulfonic acid, thus preserving the original proton
transport channel.

The thermal stability of all membranes was defined via
TGA analysis, and its results were shown in Figs. 4b and

S2. All the hybrid membranes showed similar pyrolysis
processes and had three stages of weight loss. The first
weight loss below 200 °C was associated with the removal
of absorbed water and the second weight loss (290-400 °C)
was considered to be the critical mass of SO;H. The third
weight loss (about 450 °C) was associated with the decom-
position of the NH-Zr framework. These results showed that
all the hybrid membranes had excellent thermal stability.
The lower weight loss for the hybrid membrane as compared
to the pristine PESA membrane indicated that the incorpo-
ration of the NH-Zr framework inhibited the degradation
of the polymer framework as well as improved the thermal
stability of the hybrid membrane to some extent.

To evaluate the impact of the NH-Zr framework on the
membrane structure, heat flow curves and glass transition
temperatures (Tg) were calculated for various membranes
(Fig. 4c). The pristine PFSA membrane and PFSA-NH-Zr-1
hybrid membrane had obvious exothermic behavior at the
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Fig.3 a—c AFM phase images, d—f roughness profiles, and g-i 3D AFM micrographs of the surface morphology of PFSA, PFSA-NH-Zr-1, and

PFSA-NH-Zr-10
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first solid—solid transition stage (40 °C), indicating that there
was an obvious entropy reduction behavior in the mem-
brane, which was attributed to the transformation of molec-
ular chain segments in the membrane from amorphous to
ordered as the temperature rose to about 40 °C. Meanwhile,
the results indicated there was a slight increase in the Tg
of PFSA-NH-Zr-1 when the NH-Zr framework was incor-
porated into the PFSA matrix. This higher Tg was attrib-
utable to the -NH- groups and -SO;H forming acid-base
pairs via hydrogen bonding, which limited the movement of
the PFSA side chains through their strong interactions and
made the hybrid membrane better dimensional stable [61].
At the same time, Fig. 4d showed an increase in the binding
energy of the pyrrolic N atom from 400.4 eV for PZDC to
402.6 eV for PFSA-NH-Zr-1, respectively. This transfer of
energy indicated a change in electron distribution and the
formation of acid—base interactions [62, 63].

3.3 Water uptake, swelling

Water uptake is a crucial property of PEMs as the water
molecules are an essential proton carrier that could facili-
tate proton transport by engaging in the construction of
hydrogen-bonding networks [64, 65]. We calculated the
water uptake and swelling of all membranes according to
Egs. (1) and (2). With the increase of the NH-Zr framework,
the water absorption of all membranes showed an increasing

trend followed by a decreasing trend (Figs. 5a and S3). Com-
pared to the pristine PFSA membrane (15.7%), the water
absorption of the hybrid membrane increased from 17.7%
for PESA-NH-Zr-0.5 to 18,4% for PFSA-NH-Zr-1 and to the
highest value of 21.2% for PFSA-NH-Zr-5. As the NH-Zr
framework was rich in weakly acidic -NH- groups which
could promote the collection of water, the introduction of
the NH-Zr framework into the perfluorosulfonic acid matrix
improved the membrane hydrophilicity. However, with the
increase of NH-Zr framework loading content to 10 wt%,
the water absorption of the hybrid membrane began to
decrease, which might be due to the introduction of exces-
sive NH-Zr framework leading to aggregation, thus limiting
the introduction of water molecules and decreasing the water
absorption of the hybrid membrane [66]. Nevertheless, the
swelling of all hybrid membranes was reduced compared to
the pristine PFSA membrane, mainly due to the rigid struc-
ture of the NH-Zr framework, which occupied a larger space
within the membrane and restrained the movement of the
polymer chains, resulting in less swelling of the membranes.
Additionally, water contact angles were also measured to
confirm the higher hydrophilicity of the PFSA-NH-Zr hybrid
membranes (Figs. 5b and S3). The contact angle continued
to decrease from 99.57° of the pristine PFSA membrane
to 96.32° of the hybrid membrane (doping content is 5%)
and then rose to 97.62° (doping content is 15%), where the
contact angles of PFSA-NH-Zr-0.5, PFSA-NH-Zr-1, and

Fig.4 Physiochemical proper- (a) (b)
ties of the pristine membrane — PFSA
and various hybrid membranes: 100 e PFSA-NH-Zr-1
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el 250,
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PFSA-NH-Zr-10 were 98.87°, 97.20°, and 97.38°. The con-
tact angle of the PFSA-NH-Zr-5 hybrid membrane showed
the smallest contact angle, indicating the increasing hydro-
philicity due to the NH-Zr framework rich in weakly acidic
-NH- groups that promoted the aggregation of water.

3.4 Proton conductivity test

The proton exchange membrane, the nucleus of the PEMFC,
is responsible for transporting protons from the anode to the
cathode, and the rate of proton transfer directly influences
the overall performance of fuel cells. To compare the proton
conductivity of the hybrid and pristine PFSA membranes,
the proton conductivity of various membranes was measured
according to Eq. (3) under temperature environments ranging
from 30 to 90 °C at 100% RH. As an important note, the filler
loading of the NH-Zr framework had a non-negligible impact
on the proton conductivity of the hybrid membranes (Figs. 6a
and S4). The conductivity increases to a maximum of 0.292
S/cm when the filler loading reached 1 wt%, which was 38%
greater than the conductivity of the pristine PFSA membrane
(0.209 S/cm) at 80 °C and 100% RH. This phenomenon could
be explained by several factors: (i) Open metal sites (Zr*) in
the NH-Zr framework could promote the protonation of water.
(ii) -NH- in the NH-Zr framework could form enormous
hydrogen-bonding networks with the sulfonic acid groups of
PFSA, which renders the hydrophilic zones of PFSA more
successive. By forming a long-range ordered hydration chan-
nel, proton migration turns easier and smoother, significantly
improving the proton conductivity of the hybrid membranes.
(iii) The combination of the sulfonic acid group with H,O
adsorbed at the NH-Zr framework interface may create an
additional pathway for proton hopping motion. As the filler
loading continued to rise from 5 to 15 wt%, the conductivity
declined from 0.251 to 0.182 S/cm. This was probably due to
the agglomeration of the low conductive filler (NH-Zr frame-
work) and the partial covering of the sulfonic acid groups of
the PFSA, followed by a decrease in the number of usable
proton donors, which aggravated the connection of the proton
transport pathways in the hybrid membranes.
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The proton conductivity of all hybrid membranes declined
slightly when the humidity was decreased to 40% (Figs. 6d
and S6). This was mainly due to the decrease in water mol-
ecule adsorption caused by lower humidity, resulting in a
reduction in proton conductivity. Even then, the conductivity
of the PFSA-NH-Zr-1 membrane was still greater compared
to that of the pristine PFSA membrane. The proton conduc-
tivity of the PESA-NH-Zr-1 membrane was 0.031 S/cm under
40% RH and 80 °C, which was 34% greater compared to that
of the pristine PFSA membrane (0.023 S/cm). This result was
caused by the enhanced water absorption of the PFSA-NH-Zr
hybrid membrane and the fast proton transport channel cre-
ated by the acid—base pair.

Understanding the mechanism of proton transport in
PEMs could help to design new PEMs materials. In gen-
eral, the Grotthuss mechanism and the Vehicular mecha-
nism are considered to be the two main mechanisms of
proton conduction in PEMs. Typical activation energies
for both Grotthuss and Vehicle proton transfer mechanisms
have been reported to be between, respectively, 0.1-0.4 eV
and 0.5-0.9 eV [67]. The activation energy (Ea) of proton
conduction was calculated according to Eq. (4) for pristine
PFSA membranes and various hybrid membranes based on
the proton conductivity calculated from the heating cycle
(Figs. 6b, S4b, and S5). It could be seen that the proton
transport mechanism of the membrane changed significantly
at about 40 °C. According to the DSC test result (Fig. 4c¢),
the molecular arrangement in the membrane chain changed
from disorder to order when the temperature rose to 40 °C,
which made the proton transport channel in the membrane
more regular and the proton transport more rapid and effec-
tive. We compared the activation energies of different mem-
branes at 40 and 80 °C (Fig. 6b, c). The Ea values of pristine
PFSA and hybrid membranes were between 0.68 and 0.9 eV
in the temperature range of 30 to 40 °C, which indicated that
the diffusion of protons in the membrane was more likely to
the Vehicular mechanism. The Ea values of both PFSA-NH-
Zr-1 and PFSA-NH-Zr-5 were lower than the pristine PFSA
membrane due to the introduction of the NH-Zr framework
increased the hydrophilicity of the membranes, resulting in
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Fig.6 Physicochemical proper-
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a lower energy barrier required for proton diffusion in the
Vehicular mechanism. The Ea values of all the membranes
were between 0.20 and 0.24 eV as the temperature rose to
50 °C, indicating a transition from the Vehicular mechanism
to the Grotthuss mechanism. Therefore, the strong acid—base
proton pair that started to form between the -NH- group
of NH-Zr framework and the -SO;H group of PFSA could
construct low energy barrier channels in the process of pro-
ton transport and improve the efficiency of proton transport
when the temperature reached about 40 °C. At the same
time, the =N- groups contained in the NH-Zr framework
could accept protons, adding additional proton transport
sites, which ultimately led to the improvement of proton
conductivity.

3.5 Single-cell test

Comprehensively, the fabricated MEAs with the PESA-NH-
Zr-0.5, PFSA-NH-Zr-1, PFSA-NH-Zr-5, and PFSA-NH-
Zr-10 membranes were selected and their performances
were evaluated in PEMFC, along with the pristine PFSA
membrane for comparison. The measured power output and
polarization curves were shown in Figs. 7a, c, and S7. In an
H,/Air single fuel cell, all the prepared PFSA-based mem-
branes had high open-circuit voltages, indicating a lower
fuel crossover and better electrode activity. The PFSA-NH-
Zr-1 membrane showed significant improvement in cell per-
formance at 80 °C and different humidification environments

(40%, 100% RH). As shown in Fig. 7c, at 100% RH, the
PFSA-NH-Zr-1 membrane achieved the maximum power
density (P,,,,) of 784 mW/cm?, which was 20% greater
than the pristine PFSA membrane (656 mW/cm?). At the
same time, the P, of all membranes gradually dropped
with reducing RHs, which was mainly due to the decrease
in conductivity resulting from the reduction in the number
of water molecules as proton transport carriers, thus leading
to the decline in cell performance. At 40% RH (Fig. 7a), the
P, of the PESA-NH-Zr-1 membrane decreased to 0.726
W/cm?, which was 20% higher compared to that of the pris-
tine PESA membrane (0.604 W/cm?). This enhanced perfor-
mance of the PFSA-NH-Zr-1 membrane was the result of a
significant enhancement of proton conductivity in the hybrid
membrane, which decreased the proton transfer resistance
between electrodes. Meanwhile, Figs. 7b, d, and S7 showed
that the internal resistance of all membranes remained sta-
ble during the single-cell performance test, indicating that
all membranes remained stable during the test and that
the PFSA-NH-Zr-1 membrane exhibited the lowest HFR
value compared to the pristine PFSA and PFSA-NH-Zr-10
membranes, mainly due to the significantly higher proton
conductivity.

EIS is a popular method for discerning the varying losses
in fuel cell operation. The ohmic impedance of single cells
assembled with pristine PFSA, PFSA-NH-Zr-1, and PFSA-
NH-Zr-10 membranes was measured at 40% RH and 100%
RH respectively. The arc intercept point on the Z' axis at
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high frequency is considered to be the proton transport
resistance in the membrane [68]. As could be shown from
Fig. 8a, b, the pattern of ohmic resistance values of the three
membranes was: PFSA-NH-Zr-1 < PFSA < PFSA-NH-Zr-10.
We could find that PFSA-NH-Zr-1 had the lowest ohmic
impedance at low RH due to its high proton conductiv-
ity. The -NH- in the NH-Zr framework could form a large

Current density (mA/cm?)

hydrogen bonding network with the sulfonic acid groups of
PFSA via acid-base pairs, allowing for faster and smoother
proton migration, significantly improving proton conduc-
tion in the hybrid membranes and resulting in excellent cell
performance. This demonstrated that the appropriate addi-
tion of NH-Zr framework to the proton exchange membrane
could enhance the performance of the cell at low humidity

Fig.8 Nyquist plots of mem-
branes at a 40% RH and b 100%
RH at 800 mA/cm?. ¢ Hydrogen
crossover results of the mem-
branes. d Time-dependent pro-
ton conductivity of membranes
at 80 °C, 100% RH
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Table 1 .C.omparative of proton No. Samples T RH Proton Power density ~ Ref.

anduct1v1ty an.d power density ©C) (%) conductivity (S/cm) (W/cm?)

with other published PEMs [67,

73-80] 1 PFSA-NH-Zr-1 80 100 0.292 0.66 This work
2 p-BPAF@Nafion 80 100 0.256 0.11 [67]
3 PSS@ZIF-8-9 80 100 0.259 N/A [73]
4 SP-ZIF-L@GO-5 70 100 0.265 0.65 [74]
5 Nafion-CeNT-0.5 80 100 0.123 0.90 [75]
6 ZIF-67 @Nafion 80 100 0.288 0.30 [76]
7 Nafion/SNPAEK-7.5% 80 100 0.163 0.03 [77]
8 BUT-8(Cn)A 80 100 0.127 N/A [78]
9 GO @UiO-66-NH,/Nafion 90 95 0.303 N/A [79]
10 P/ZIF-9@Nafion 75 100 0.258 0.15 [80]

conditions, depending on the introduction of water absorbing
groups into the NH-Zr framework to achieve higher water
retention at low humidity conditions, and acid-base proton
pair interactions to achieve a more ordered proton transfer
path [69].

The size and content of inorganic nanoparticles as well as
the dispersion have an obvious influence on the gas perme-
ability of the hybrid membrane [70-72]. Hydrogen crossover
is the diffusion of hydrogen from the anode to the cathode,
and the passing hydrogen could react directly with oxygen,
resulting in lower battery voltage and possible production of
hydrogen peroxide, which could result in chemical degrada-
tion. The density of hydrogen crossover-current could be used
to characterize the degree of hydrogen penetration. Linear
sweep voltammetry (LSV) was used to test the H, crossover-
current density of pristine PFSA, PEFSA-NH-Zr-1, and PFSA-
NH-Zr-10 hybrid membranes, as presented in Fig. 8c. The
data showed that the H, crossover-current density was higher
with the addition of the porous NH-Zr framework to the
hybrid membrane. In addition, the H, crossover-current den-
sity of the PESA-NH-Zr-1 hybrid membrane (1.60 mA/cm?)
was lower than that of the PESA-NH-Zr-10 hybrid membrane
(1.88 mA/cm?) under the same conditions. This was mainly
attributed to the homogeneous and stable distribution of inor-
ganic particles in PFSA-NH-Zr-1 in the hybrid membrane,
achieving a more favorable organic—inorganic interface and
thus inhibiting the penetration of hydrogen. Figure 8d showed
the conductivity versus time for PESA-NH-Zr-1 and PFSA-
NH-Zr-10 at 80 °C and 100% RH. The results showed that the
PFSA-NH-Zr-1 hybrid membrane maintained a high proton
conductivity after 300 h, demonstrating positive conductivity
stability, which might be attributed to the better dispersion
and interfacial compatibility of the NH-Zr framework in the
PFSA-NH-Zr-1 membrane, whereas the PFSA-NH-Zr-10
hybrid membrane exhibited a poor organic—inorganic inter-
face due to particle agglomeration, and leaching of agglom-
erated particles occurred under prolonged water immersion,
resulting in a decrease in proton conductivity.

Table 1 listed the conductivity and the maximum power
density of PEMFCs for the hybrid membranes prepared in
this work and the recently reported hybrid membranes. The
conductivity and PEMFCs performance of the PESA-N-Zr-1
hybrid membrane obtained in this study was compared with
other PFSA-based (No. 2-No. 10) hybrid membranes that
were modified with inorganic fillers. This result was effec-
tive in demonstrating that PEMFCs perform from PFSA-N-
Zr-1 hybrid membranes better than reported organic—
inorganic hybrid membranes recently.

4 Conclusions

In this study, PZDC and ZrOCl,-8H,0 were incorporated into
the PFSA solution and the NH-Zr framework structure rich in
basic sites was constructed in situ, a series of hybrid membranes
with variable contents of NH-Zr was successfully prepared, and
the optimum contents were obtained. The introduced NH-Zr
framework effectively induced the reorganization of the pro-
ton conducting group (-SO;H) along the NH-Zr framework,
thus constructing a fast ion transport channel. Meanwhile, the
acid-base pairs between N-H (NH-Zr framework) and -SO;H
(PFSA) promoted the protonation/deprotonation and the sub-
sequent proton leap through Grotthuss mechanisms under low
humidity. We demonstrated that suitable content of NH-Zr was
more likely to form harmonious acid-base pairs and continuous
proton transport channels, which would maximize the facilita-
tion of the NH-Zr framework in proton conduction. In particular,
the PFSA-NH-Zr-1 hybrid membrane displayed superior proton
conductivity, reaching 0.292 S/cm at 80 °C and 100% RH, and
0.031 S/cm under 80 °C, 40% RH. The maximum power density
of the PESA-NH-Zr-1 hybrid membrane reached 0. 726 W/cm?
at low RH. The as-prepared PFSA-NH-Zr hybrid membranes
also exhibited improvements in dimensional and thermal stabil-
ity compared with the pristine PESA membrane. It indicated that
the PFSA-NH-Zr hybrid membrane has significant potential for
high-performance PEM under low-humidity conditions.
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