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ABSTRACT: Inadequate water balance causes water flooding in a fuel cell, leading to performance
degradation. The hydrophilic channel volume is crucial to the proton conductivity of PEM,
especially under a high water concentration gradient. Herein, the volume of the hydrophilic channel
was controlled and optimized through adjusting the collocation of resins with different side-chain
lengths, with the length acting as a key parameter for the in-depth research on the proton
conductivity performance of PEMs. Membranes with different hydrophilic channel volumes were
prepared and suggested that the volume of the hydrophilic channel boosted as the increase of the
length gap between the matched side chains, which would benefit to proton conductivity of
membrane. This study provides guidance for the structural design of proton exchange membrane
with cell-flooding resistance and efficient proton conduction at a high water concentration gradient.
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1. INTRODUCTION

A fuel cell is one of the most promising energy devices, which
has high energy conversion efficiency, high energy density, and
zero-emission energy processes.1−3 The proton exchange
membrane (PEM) acted as a polymer electrolyte because of
its superior electrochemical performance and high structural
stability under hydrated condition.4,5 Perfluorinated sulfonic
acid (PFSA) is the most used PEM in PEMFC due to its high
proton conductivity.6,7

The transport of water and proton through membrane is
essential for achieving high proton conduction.8 Benziger and
colleagues have shown that when the PEM has low water
activity, the rate-determining step of water transport is the
diffusion of water through the PEM, but when the membrane
has high water activity, the interfacial transport of water at the
membrane/steam interface is the limitation of efficient water
transport.9 Commercial PFSA is composed of a tetrafluoro-
ethylene main chain and a perfluoroalkyl ether side chain with
a sulfonic acid group.10,11 The hydrophobic perfluorinated
segment of the polymer is incompatible with the hydrophilic
sulfonic acid group; hence, phase separation occurs.12,13 The
PEM expands by adsorbing water, which enhances the
diffusion of water and proton conductivity. Sulfonate anions
and protons are dissolved in water.14 Solvated protons are
mobile, while sulfonates are fixed.15 Xu and Gierke proved the
formation of ion clusters in the Nafion membrane, which was
composed of hydrated acid clusters (diameter 40−50 Å) in a
hydrophobic fluorocarbon phase.16 Sulfonate anions, protons,
and adsorbed water were separated, and then a hydrophilic

channel was formed in the continuous hydrophobic matrix.17

When enough water is absorbed, the hydrophilic area
permeates through the hydrophobic matrix, and the complete
hydrophilic channel will be constructed; then, water and
protons are transported by the hydrophilic channel.18−21

Long-side-chain (LSC) PFSA is the most commonly used
membrane ionomer in the past few decades. Short-side-chain
(SSC) PFSA has attracted widespread attention mean-
while.22−24 Their chemical structures are different in the
length of side chains, which causes a vital impact on the ion
transport properties of the membrane.25,26 The arrangement of
hydrophilic proton conduction domains constitutes the
morphological feature of PFSA membrane.10,27,28 The water
content of the proton exchange membrane would sharply
increase when the cell operated at medium or high current
density. Meanwhile, the cathode side of membrane will be
flooding due to abundant production of water and electro-
osmotic resistance, while the anode side of membrane would
become relatively dehydrated which results in a water
concentration gradient. This situation will dramatically
degenerate the performance of the fuel cell and even lead to
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cell failure.17,29,30 Research on a proton exchange membrane
that could stably operate in a wide range of relative humidity
(RH) has become an urgent issue right now.
In this paper, long-side-chain resin and short-side-chain resin

were assembled to obtain samples with a collocation of
different side chain lengths, and then the influence of this
feature on volume was further investigated. The volume and
distribution of the hydrophilic channel was evaluated through
SAXS and AFM techniques. Furthermore, the effect of the
mixed side chain structure on the electrochemical performance
of PEM was studied by the proton conductivity test. Results
showed that the volume of the hydrophilic channel would be
boosted with an increase of the length gap between the
matched side chains; meanwhile, the proton exchange
membrane with a larger hydrophilic channel volume and
connectivity shows better electrochemical performance under a
high water concentration gradient.

2. MATERIALS AND METHODS
2.1. Materials and Preparation. Proton exchange membrane

was prepared by blade casting method. A resin with two carbon ether
side chains (D79, marked as C2) was purchased from Solvay
Company. A resin with five carbon ether side chains (D2020, marked
as C5) was purchased from DuPont Company. A resin with four
carbon ether side chains (3M-800, marked as C4) was purchased
from 3 M company. A resin with three carbon ether side chains
(marked as C3) was purchased from Asahi Kasei company.
The mixed side-chain perfluorinated sulfonic acid resin was

prepared by physical mixing: C2 and C5 resin solutions were mixed
and stirred in a certain mass ratio (1:1, 1:2, 2:1 respectively) for 24 h.
For the preparation of the membrane, the resin solution was poured
onto an automatic coating machine, the height of the scraper was
adjusted (by controlling the height of the scraper to control the
thickness of the membrane), and a layer of coating was scraped with
the resin solution. Then the coating was held at 100 °C for 3 min and
thermally annealed at 150 °C for another 5 min. The samples with
mass ratio of 1:1, 1:2 and 2:1 were marked as C2−C5, C2−C5 @ (1/
2), and C2−C5 @ (2/1) respectively. The samples which were mixed
with C2 and C5, C3 and C5, and C4 and C5 were marked as C2−C5,
C3−C5, and C4−C5 respectively. C2, C3, C4 were stirred with C5
evenly for 24 h in a mixture ratio of 1:1. The membranes were
prepared by a similar method.

2.2. Material Characterization. The nanostructure of the proton
exchange membrane was analyzed by small-angle X-ray (SAXS),
which is the most used technique to observe the nanostructure of the
phase-separated polymer materials.31,32 Before this measurement,
samples were stored in a vacuum dryer for one night, and then
moisturized under 80% RH for 6 h. The scattered wave vector (q) and
intensity curve were measured by a Anton Paar saxsess MC2 system.
The distance d was calculated using Bragg’s law:33,34

π=d
q

2

Equivalent weight (EW) of membrane refers to the mass of dry resin
contained in each mole of ion group, which represents the ion
exchange capacity and reflects the acid concentration in the proton
exchange membrane.35 The quantity of sulfonic acid groups per unit
mass of materials is determined by an acid−base titration automatic
potentiometric titrator (Metrohm titrino plus 848) through titrating
the consumed H+ with NaOH (standard solution), and then, the ion
exchange equivalent could be calculated. The calculation formula is
listed as follows:

=
W

V C
EW (g/mol) dry

NaOH NaOH

Here VNaOH and CNaOH are the volume and concentration of NaOH
consumed, respectively; Wdry is the membrane mass in the dry
membrane state.

The surface structures of PFSA membranes have been charac-
terized by atomic force microscopy (AFM), which has been applied to
many polymer systems.36 Percussion mode phase imaging is a
relatively new AFM technology that can distinguish the hydrophilic
and hydrophobic waters of PFSA membranes.37 The membrane and
microscope were placed in a specially constructed environmental
chamber to control the humidity.

Proton conductivity(σ) of samples was tested by an AC impedance
technique in the range from 1 MHz to 0.1 Hz, using an
electrochemical workstation (Metrohm Autolab 302N). The experi-
ments were carried out in a temperature-controlled humidity climatic
chamber under variable conditions of RH (20%, 40%, 60%, 80% and
100%, respectively) at 80 °C. In addition, the sample was placed in
the flooded environment for 4 h, and the conductivity was tested with
the electrochemical workstation. The conductivity is calculated
according to the formula as follows:

Figure 1. Schematic diagrams of proton conduction channels for (a) C2−C5 and (b) C5.
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Here D is the distance between the two electrodes; R is the ohmic
resistance obtained from the impedance diagram; L is the width of the
membrane; T is the thickness of the membrane.
The Arrhenius activation energy (Ea) is calculated by linear

regression analysis of temperature-dependent conductivity curves,
which is obtained according to the Arrhenius formula as follows:
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Here σ (S/cm), A (S/cm), R (8.314 J/K/mol), and T (K) are proton
conductivity, pre-exponential factor, molar gas constant, and Kelvin
temperature, respectively.
Membrane electrode assemblies (MEAs) were prepared by the

decal transfer method at 423 K, 0.2 MPa. The coated catalyst layers
(0.4 mg Pt/cm2 on cathode and 0.1 mg Pt/cm2 on anode) were
supplied by Wuhan Science and Technology New Energy Company.
Then, two pieces of the coated catalyst layer with an effective area of
25 cm2 were hot-pressed onto both sides of membrane to fabricate an
MEA. Before testing the polarization curve, the fuel cell was activated
at 353 K with humidified H2/O2 to a steady state. The partial pressure
of the inlet gases was kept at 150 kPa. The hydrogen crossover of the
membrane was tested by using linear sweep voltammetry by scanning
from 0.1 to 0.7 V with a scan rate of 2 mV s−1. The anode was
supplied with hydrogen at a flow rate of 200 sccm, and the cathode
was supplied with nitrogen at a flow rate of 200 sccm.

3. RESULTS
As schematically illustrated in Figure 1, protons move along
the well-constructed conduction channels (core) between two
−SO3H layers (shell) with the size of the channels in the range
of 10−30 Å. The ionic conductivity of the PEM is largely
determined by the size of the proton conduction channels.24

Figure 1 shows that the schematic diagram of the C2−C5
sample consists of a five carbon ether side chain and a two
carbon ether side chain and C5 sample with a five carbon ether
side chain, respectively. The volume of hydrophilic channels

formed in the sample is different due to the different
compositions of the side chains. Compared with proton
conductors that share similar polymer backbones but contain
only long acidic groups, the proton conduction channels of the
polymer with uneven side chains capped by acidic groups are
therefore broadened.

3.1. SAXS Test. The microstructure of the membrane was
measured by SAXS. Two peaks centered on q ≈ 2.1−2.7 and
0.5 nm−1 are observed in Figure 2a, which were attributed to
the hydrophilic ionomer and the hydrophobic polytetrafluoro-
ethylene matrix, respectively. The former peak represents the
size of hydrophilic groups, while the matrix peak represents the
long-range correlation of the main chain PTFE layered
structure.37 D spacing could be calculated by using the q
corresponding to the maximum value of the peak. The q value
of the hydrophilic group would be the key research point in
this part. A spherical structure was assumed when we counted
the size of the ionic cluster. Hosemann, Bachli, and Marx38,39

have pointed out that the Bragg distance corresponding to the
scattering peak on the SAXS scattering curve is positively
correlated with the two-dimensional average area and three-
dimensional average volume of scattering points. Tsao et al.34

had confirmed that the inter aggregate distance d is positively
correlated with their radius. With the absorption of water, the
water molecules will be adsorbed on the sulfonic acid group,
gradually forming a hydration shell, and then the hydrophilic
channel formed. The radius R of ionic cluster is positively
correlated with the volume of the hydrophilic channel.
Furthermore , the Bragg distance d is positively correlated
with the radius R of ionic cluster, and the q value is negatively
correlated with the Bragg distance d, so the volume of the
hydrophilic channel is negatively correlated with q value.
As shown in parts a and b of Figure 2, the maximum q values

of C2 and C5 appeared at 2.63 and 2.29 nm−1, which revealed
that the size of hydrophilic group clusters formed by C5
sample was larger than that formed C2 sample, and then the

Figure 2. (a) SAXS profiles for C2, C5, C2−C5, C2−C5 @ (1/2), and C2−C5 @ (2/1) as a function of the q value at 80% RH and 298 K. (b)
The q value of hydrophilic group clusters for C2, C5, C2−C5, C2−C5 @ (1/2), and C2−C5 @ (2/1). (c) SAXS profiles for C5, C4−C5, C3−C5,
and C2−C5 as a function of the q value at RH80% RH and 298 K. (d) The q value of hydrophilic group clusters for C5, C4−C5, C3−C5, and C2−
C5.

ACS Applied Polymer Materials pubs.acs.org/acsapm Article

https://doi.org/10.1021/acsapm.1c01708
ACS Appl. Polym. Mater. 2022, 4, 2423−2431

2425

https://pubs.acs.org/doi/10.1021/acsapm.1c01708?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c01708?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c01708?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c01708?fig=fig2&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.1c01708?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
0000
高亮



hydrophilic regional channel formed by the former was also
larger than that of the latter. This conclusion was consistent
with previously reported research.40 For the proton exchange
membranes with mixed side chains, the maximum q value of
the ionomer peaks of C2−C5, C2−C5 @ (1/2), and C2−C5
@ (2/1) appeared at 2.18, 2.21, and 2.26 nm−1, respectively
(Figure 2b). The size of the hydrophilic groups formed by the
C2−C5, C2−C5 @ (1/2), and C2−C5 @ (2/1) proton
exchange membranes decreased successively, implying that the
size of the hydrophilic channel formed thereby decreased
successively. Among these samples with mixed side chains, the
hydrophilic channel volume of C2−C5 was largest, which
might be attributed to the situation that the mixing of long and
short side chains was closest to the cross arrangement of one
long and one short; hence, the hydrophilic channel was
enlarged to the maximum extent. However, the mixing
situation of long and short side chains was more complex
between C2−C5 @ (1/2) and C2−C5 @ (2/1), and the
arrangement was not optimal. The C2 sample accounted for a
large proportion and there are many short side chains in the
C2−C5 @ (2/1), so the hydrophilic channel formed was
smaller. In conclusion, the hydrophilic channel volume of C2−
C5, C2−C5 @ (1/2), and C2−C5 @ (2/1) was larger than
that of C2 and C5, which proved the effectiveness of the mixed
side chain strategy used herein.
As shown in Figure 2c,d, the maximum q value of the

ionomer peak of C5, C4−C5, C3−C5, and C2−C5 decreased
in sequence, which inferred that the size of the hydrophilic
group clusters increased successively, and then the size of the
hydrophilic channel formed thereby increased in order. It
could be concluded that the volume of the hydrophilic channel
boosts with the increase of the length gap between the
matched side chains, which subsequently improved the
hydrophilic channel volume of the membrane.
3.2. AFM Test. The AFM images of membranes were

provided in Figure 3, where the dark region represented the
hydrophilic region and the bright region represented the
hydrophobic region in the PEM.41 According to the Figure 3,
the hydrophilic regions in the membrane were fuzzy and

scattered, and the connectivity between each other was poor
under low water content. However, the hydrophilic region in
the membrane was clearly visible and the phase separation
degree increased under high water content. Furthermore, the
size and connectivity of the hydrophilic zones was increased.
The AFM image of C2 sample showed that the dark region was
small, but the connectivity between hydrophilic regions was
excellent. Nevertheless, local large dark regions could be
observed in the C5 sample, but the connectivity between dark
regions was poor and scattered, which was the characteristic of
a long side chain structure.42−44 However, C2−C5, C2−C5 @
(1/2), and C2−C5 @ (2/1) samples show excellent size and
connectivity of hydrophilic zones. Among these samples, C2−
C5 had the best features and excellent connectivity of dark
areas. The dark region of C2−C5 @ (1/2) was larger than that
of C2−C5 @ (2/1), and the regional connectivity of the
former was worse than that of the latter, which might be
caused by the increase of the proportion of the two carbon
ether side chain resin (C2).

3.3. EW Test. The acid equivalent of the resin decreased
gradually with the increase of the proportion of C2 resin in
samples with mixed side chains in Figure 4, which could be

Figure 3. AFM images of samples of (a, b) C2, (c, d) C5, (e, f) C2−C5, (g, h) C2−C5 @ (1/2), and (i, j) C2−C5 @ (2/1) obtained in the
tapping mode at relative humidity 20% RH (up) and relative humidity 95% RH (down) at 25 °C.

Figure 4. EW and in-plane proton conductivity of samples soaking in
the water at 80 °C: C2, C5, C2−C5, C2−C5 @ (1/2), C2−C5 @ (2/
1), C3−C5, and C4−C5.
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attributed to the high content ratio of the sulfonic acid group
in C2. The EW value of C2−C5 @ (2/1) was higher than that
of C2−C5 @ (1/2), which indicating that C2−C5 @ (2/1)
contained more sulfonic acid groups, a greater amount of water
absorption and better proton conductivity in theory. The
proton conductivity was tested in water to simulate the state of
fuel cell under water flooding. The conductivity of C5 was
higher than that of C2 in the soaking environment (Figure 4),
which given rise to the larger hydrophilic channel of C5. At the
same time, the proton conductivity of the mixed side chain
PEMs (C2−C5, C2−C5 @ (1/2) and C2−C5 @ (2/1)) was
higher than that of the single type of side chain PEMs (C2 and
C5) in the soaking environment, which was attributed to the
increase of hydrophilic channel volume. Overall, the proton
conductivity of C2−C5 was highest, while that of C2−C5 @
(2/1) was lowest, which was ascribed to the largest hydrophilic
channel formed within C2−C5.
EW values of C2−C5, C3−C5, and C4−C5 were negligible

difference in Figure 4 indicating that the contents of the
sulfonic acid group in the three samples were roughly equal.
However, the proton conductivity in the soaking environment
was apparently different, originating from the different volume
of hydrophilic channels in each sample. The proton
conductivity of C2−C5 was highest compared with C3−C5
and C4−C5, indicating that the volume of hydrophilic channel
was largest, which was attributed to the difference between the
matching side chain lengths. One could draw the conclusion
that the volume of the hydrophilic channel would boost as the
increase of the length gap between the matched side chains,
thus having better proton conductivity performance in the
waterlogged environment. This was consistent with the SAXS
result.
3.4. Proton Conductivity Test. Under low humidity

conditions (20%−40%), the conductivity performances of
PEM with mixed side chain structures were better than those
of C2 and C5 (Figure 5a), which was attributed to the
structure advantage of the mixed side chain, giving PEM the
characteristics of the large hydrophilic region and showing the
excellent connectivity between the hydrophilic regions, so that
the membrane reached the percolation threshold at low
moisture content. When water content (λ) reached 1−4, the
number of water molecules bound by each sulfonic acid group
was low. Meanwhile the hydrated shell on the surface and the
proton transport channel was not established, so that the
proton transport was blocked. When λ reached at 4, a
hydration shell was initially formed on the surface of sulfonic
acid group, and the proton transport channel was preliminarily
built successfully, reaching the percolation threshold of proton

exchange membrane, which greatly increased the proton
conductivity of PEM.9,45,46 Under the condition of 60−80%
RH (Figure 5a), the proton conductivity of C2−C5 was
highest while the others were a little different. At this time, the
water content of proton exchange membrane λ reached about
4−8, each sulfonic acid group began to form a second hydrated
shell,47 and the hydrophilic transport channels did not reach
the saturated state, so the proton conductivity of five samples
was high and similar. In this circumstance, the mode of proton
transport is mainly the “the vehicle mechanism”, which holds
the point that protons move with the aid of a moving
“vehicle”.48 Under high humidity conditions (100% RH),
membranes with a mixed side chain structure all exhibited high
proton conductivity. Meanwhile, the water content of proton
exchange membrane λ was above 8, the ability of sulfonic acid
group to combine water molecules reached the limit, and the
excess water molecules existed in the hydrophilic channel in
the form of free water. More absorbed free water could provide
more carrier vehicles for hydrogen protons and continuously
improved the proton conductivity of the membrane. However,
when the hydrophilic channel reached the saturated state, the
increased water molecules would dilute the sulfonic acid group
and block the hydrophilic transport channel, thus causing
degeneration of the of proton conductivity.49 The proton
conductivity of C2−C5 was excellent, which was caused by the
largest hydrophilic channel. Moreover, the volume of the
hydrophilic channel of C2−C5 @ (2/1) was smaller than that
of C2−C5 @ (1/2) due to the large proportion of 2C resin
with short side chain structure and more short side chains in
C2−C5 @ (2/1). The proton conductivity of C2−C5 sample
was the best while that of 5C was the worst (Figure 5b), which
was related to the volume of the hydrophilic channel. The
volume of the hydrophilic channel of C2−C5 was the largest,
which provided great convenience for the transport of
hydronium protons. The conductivity of C3−C5 and C4−
C5 degenerated in sequence, which was also related to the
volume of the hydrophilic channel. In conclusion, proton
conductivity was positively correlated with the volume of the
hydrophilic channel, which was consistent with previous SAXS
and AFM results.
Proton exchange membranes were also soaked in water to

measure the conductivity. The ambient temperature was 80
°C, RH was 100%, and the moisturizing time was 3 h. The
conductivity of membranes in water was significantly inferior
to that in the normal working condition (100% RH) in Figure
6, indicating that the occurrence of flooding phenomenon
would lead to the PEM absorbing too much water, resulting in
the decrease of sulfonate ion concentration. The ion channel of

Figure 5. In-plane proton conductivity of proton exchange membrane samples: (a) C2, C5, C2−C5, C2−C5 @ (1/2), and C2−C5 @ (2/1) and
(b) C5, C2−C5, C3−C5, and C4−C5 at different humidity and 80 °C.
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C2 was narrower than C5, so the proton conductivity of C5
was slightly higher than C2. The hydrophilic channel volumes
of the samples with a mixed side chain were expanded to a
certain extent, which could improve the capacity to
accommodate water molecules and alleviate the degeneration
of the proton conductivity. Therefore, the conductivity of these
samples was better than that of C2 and C5. C2−C5 exhibited
better performance than C2−C5 @ (1/2) and C2−C5 @ (2/
1), which was relative to the volume of hydrophilic channel. In
conclusion, the proton conductivity of C2−C5, C3−C5, C4−
C5, and C5 decreased in sequence, indicating that the proton
conductivity of membranes soaking in water would be
improved as increase of the hydrophilic channel volume.
Meanwhile, by comparing the proton conductivity of samples
in the water soaking environment and 100% RH, the difference
in conductivity increased in the order of C2−C5, C3−C5,
C4−C5, and C5, revealing that samples with large hydrophilic
channel volume have better conductivity and better water-
flooding resistance under high water content.

The activation energy of samples was calculated according to
the Arrhenius formula at 40, 50, 60, 70, and 80 °C, and the
ambient RH was 80%. Based on the logarithm of proton
conductivity and the temperature scatter diagram (Figure
7a,c), the activation energy of the proton exchange membrane
sample could be calculated. The activation energies of PEM
were relatively low, confirming that protons conduction at low
temperature environment (below 100 °C) mainly relied on the
coordinated transfer of sulfonate and water molecules.
Meanwhile, the activation energy of C2−C5 was lowest,
amounting to 14.38 kJ/mol, while the activation energy of C2
was highest, amounting to 18.02 kJ/mol. The 2C and 5C had
minimum hydrophilic channel volume and the highest
activation energy while samples with mixed side chain
structure generally had lower activation energy, therefore
verifying the importance of hydrophilic channel volume
maximization for proton conduction.
The activation energy of C2−C5 was lowest, followed by

15.12 kJ/mol for C3−C5 and 15.5 kJ/mol for C4−C5, and this
situation was put down to the different collocation of side
chain lengths. The volume of the hydrophilic channel would
boost as the increase of the length gap between the matched
side chains; hence, the activation energy of the film would be
smaller. These results were generally consistent with the above
analysis.

3.5. Single Cell Test. The samples were applied to
PEMFC, and the single-cell was tested under different
conditions. Two extreme conditions of An/Ca = 20/100%
(RH) and An/Ca = 100/100% (RH) were applied to simulate
the water concentration gradient phenomenon. As could be
seen from Figure 8a,b, under the test conditions of An/Ca =
20/100% (RH) and An/Ca = 100/100% (RH), C2−C5
exhibited the highest output power density, and the perform-
ance of C3−C4, C4−C5 and C5 degenerated gradually due to
the diminution of hydrophilic channel volume. The electro-
chemical impedance spectroscopy (EIS) displayed the same

Figure 6. In-plane proton conductivity of proton exchange membrane
samples C2, C5, C2−C5, C2−C5 @ (1/2), C2−C5 @ (2/1), C3−
C5, and C4−C5 at 80 °C: 100% RH vs soak in the water.

Figure 7. Temperature dependences of proton conductivity at 80% RH for (a) C2, C5, C2−C5, C2−C5 @ (1/2), and C2−C5 @ (2/1) and (c)
C5, C2−C5, C3−C5, and C4−C5. Activation energy and proton conductivity (100% RH, 80 °C) of (b) C2, C5, C2−C5, C2−C5 @ (1/2), and
C2−C5 @ (2/1) and (d) C5, C2−C5, C3−C5, and C4−C5.
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tendency with the single-cell performance (Figure 8d,e).
However, the samples with mixed side chains showed
improved performance compared to C5, arising from the
larger hydrophilic channel which could better balance the
water concentration ladder difference and accommodate more
water molecules. This improvement enhanced the proton
conductivity and reduced ohmic loss, resulting in better cell
performance. The single-cell performances exhibited similar
trends to the proton conductivities of these membranes.
The cell performance of C2−C5 was excellent in the process

of changing the anodic RH from 20% to 100% in Figure 8c,f.
When the RH of the anode was 100%, C2−C5 showed
outstanding performance at the medium and low current
densies, ascribing to the fact that the domains adsorb vast
water molecules provide more proton carriers for proton
diffusing in vehicle mechanism.
The hydrogen crossover of the membrane was also tested

with linear sweep voltammetry (LSV) by scanning from 0.1 to
0.7 V with a scan rate of 2 mV s−1. The current density at 0.3 V
was considered as the hydrogen crossover value of the
membrane. According to Figure 9, the hydrogen crossover of
each MEA increased in order of C5, C4−C5, C4−C5, and
C2−C5, leading to the largest hydrogen crossover of the C2−
C5 membrane, the hydrogen crossover of which reached 2.0
mA·cm−2 at 0.3 V. The reason for this phenomenon was
probably that the hydrophilic channel volume of proton

exchange membrane samples with mixed side chains was large,
and the volume of the hydrophilic channel would be boosted
as the increase of the length gap between the matched side
chains, which expanded the diffusion path of hydrogen
molecules in the composite membrane and led to an increase
in hydrogen crossover.

4. CONCLUSIONS
The volume and connectivity of hydrophilic channels had a
crucial impact on proton transport of PEM, which was

Figure 8. Polarization curves of PEMFC with test membranes at (a) An/Ca = 20/100% (RH) and (b) An/Ca = 100/100% (RH). (c) Polarization
curves of PEMFC with C2−C5 from 20% to 100% (RH) in the anode. Nyquist plots of samples at (d) An/Ca = 20/100% (RH) and (e) An/Ca =
100/100% (RH) at 600 mA/cm2. (f) Nyquist plots of C2−C5 from 20% to 100% (RH) in the anode.

Figure 9. Hydrogen crossover results of the membranes.
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evaluated intuitively and clearly by means of SAXS, AFM,
proton conductivity test and single cell test. Compared with
two single side chain samples (C2 and C5), the proton
exchange membrane sample with mixed side chain had a larger
hydrophilic channel volume and a better hydrophilic channel
connectivity, so the proton transport characteristics and proton
conductivity performance of these samples were excellent. The
volume of the hydrophilic channel would be boosted with the
increase of the length gap between the matched side chains, so
that the proton conductivity performance of the membrane
was better. The hydrophilic channel volume of proton
exchange membrane samples with mixed side chains was
large, which had been studied by SAXS. The AFM results
indicated that the hydrophilic channel volume and channel
connectivity of the proton PEM with mixed side chains were
excellent. The proton transport characteristics of the PEM with
mixed side chains were outstanding; in particular, C2−C5
presented the best performance due to the largest volume of
hydrophilic channel. The PEM with larger hydrophilic channel
volume and better connectivity showed exceptional electro-
chemical performance under a high water concentration
gradient. This study could provide guidance for the structural
design of proton exchange membrane with cell-flooding
resistance and efficient proton conduction at high water
concentration gradients.
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