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s highly stable free radical
scavengers for highly durable proton exchange
membranes†

Rui Zhiyan, Li Qingbing, Huo Youxiu, Ding Rui, Liu Jia, Li Jia* and Liu Jianguo *

Chemically durable proton exchange membranes containing free radical scavengers have technically

matured in recent years, and commercial products have come into the market. The most general type of

free radical scavenger is ceria, which has been proven in many studies. However, the migration of

cerium is inevitable in raw ceria particles, and the migrated cerium species can aggregate in catalyst

layers, causing performance loss of fuel cells. In this work, the morphology of ceria was changed from

conventional nanoparticles to nanorods, and the migration of cerium was mitigated significantly. Both ex

situ Fenton's degradation tests and in situ fuel cell accelerated degradation tests (ADTs) indicated that

ceria nanorods have free radical scavenging properties comparable to those of ceria nanoparticles.

Moreover, the immobilization of ceria particles and antidissolving properties have been verified by

Fenton's degradation tests, electric field tests and fuel cell ADTs.
Introduction

Proton exchange membrane fuel cells (PEMFCs) are one of the
most important approaches to utilizing hydrogen energy.1

PEMFCs have been developed for decades and have entered
a period of rapid commercialization in the past ten years.
Automobiles are one of the applications of PEMFCs, and they
are highly sensitive to the volume and the weight of PEMFC
systems.2 According to the United States Department of Energy
(DOE), automotive PEMFC systems have to reach a specic
power of 0.9 kW kg�1 by 2025, and PEMFC stacks have to reach
a specic power of 2.7 kW kg�1.3 With the endeavor of institutes
and enterprises around the world, this goal is getting closer to
realization. The enhancement in the specic power of PEMFC
stacks can be ascribed to the development of core materials,
including proton exchange membranes (PEMs), catalysts, gas
diffusion layers (GDLs) and bipolar plates.4

PEMs are one of themost important materials in PEMFCs. In
addition to providing insulation to electrons, PEMs have to
separate gas in the anode and cathode while conducting
protons from the anode to the cathode.5 A decrease in thickness
is the trend of the development of PEMs because thinner PEMs
have lower resistance and can obtain higher specic power
when assembled in a fuel cell stack. However, PEMs suffer from
severe chemical degradation from active radical attack.6–8
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Taking peruorinated sulfonic acid resin (PFSR), the most
stable PEM, as an example, chemical degradation follows four
types of degradation mechanisms: the unzipping mechanism,
C–S bond cleavage mechanism, ether linkage cleavage mecha-
nism and chain scission mechanism.9 The unzipping mecha-
nism is the main mechanism for all kinds of degradation
mechanisms, and it follows reactions (1)–(3). In the total reac-
tion, the PFSR main chain releases 2 uorine atoms and 1
carbon atom, while the carboxyl end-group appears repeatedly,
making the reaction continuous.10–12

In the other three degradation mechanisms, free radicals are
also important reactants. Removing free radicals is an effective
approach to mitigate chemical degradation, and the purpose
can be realized by adding free radical scavengers (FRSs) to
PEMs.

Rf � CF2 � COOH + cOH /$Rf � CF2c + CO2 + H2O (1)

Rf � CF2 + OH /$Rf � CF2OH /$Rf � COF + HF (2)

Rf � COF + H2O /$Rf � COOH + HF (3)

FRSs in PEMs are quenchers of free radicals, and chemical
degradation of PEMs is relieved via the reaction between FRSs
and free radicals.13 FRSs based on metal oxides are the most
commonly used materials in PEMs, especially ceria, which has
polyvalent cerium ions on the surface. Ceria can react with free
radicals via the mechanism in Fig. 1,14 in which cerium ion can
transform between +3 and +4 states, and the constructed
circulation ensures the regeneration of the radical scavenging
property of ceria. In previous works, ceria was veried to be an
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Scheme of ceria radical scavenging mechanism.
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effective FRS in PEMs.15–20 The major reduction reaction from
Ce4+ to Ce3+ in fuel cell system relates to the penetrated
hydrogen, which can be conrmed in Fig. S1.† Fig. S1† is
a typical hydrogen crossover curve before and aer open circuit
voltage (OCV) holding test without any recovery. The hydrogen
crossover decreased aer the test for that the Ce3+ on the
surface of ceria was oxidized to Ce4+, and there is more Ce4+ on
the surface on the surface. When testing hydrogen crossover,
the penetrated hydrogen was consumed by the Ce4+ on the
surface. The extra Ce4+ on the surface can consume more
hydrogen, causing the decrease in hydrogen crossover.

However, the drawbacks of ceria cannot be ignored. First,
ceria may coordinate with functional groups at the end of side
chains in PEMs, causing inevitable performance loss.21,22 Thus,
cerium amount in PEMs should be as less as possible. More-
over, ceria and dissolved cerium ions may migrate in PEMs via
water ux, electric elds and diffusion, causing uneven distri-
butions of cerium in PEMs and aggregation of cerium in both
anode and cathode catalyst layers.23,24 The aggregation of
cerium in catalyst layers can result in signicant cell resistance
enhancement and performance degradation. Loading ceria
nanoparticles on immobilized llers, such as multiwalled
carbon nanotubes,25 TiC nanosheets26 and polydopamine-
coated ePTFE,27 can mitigate the migration of cerium. All the
immobilized llers are of high dimensionality, and combining
ceria nanoparticles with high-dimensional materials can
prevent total particle migration. However, it is far more expen-
sive to fabricate a composite ller and to introduce it to PEMs.
Moreover, cerium ions dissolving from ceria nanoparticles
cannot be mitigated via this strategy.

In this work, ceria nanorods were fabricated through a facile
hydrothermal method and introduced to Naon membranes.
Ceria nanorods with a relatively high length to diameter ratio (L/
D) can avoid the overall migration of ceria, and an increase in
the average curvature radius can suppress the dissolution of
cerium ions from ceria. Ceria nanorods are of great economy,
and the additional expense can be less than $0.1 m�2, with the
prospect of being applied in continuous industrial production.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Experimental
Synthesis of ceria nanorod

Ceria nanorods were fabricated via a conventional hydro-
thermal method.28,29 Ce(NO3)3$6H2O (1.3 g) and NaOH (7.35 g)
were dissolved in deionized water to form homogeneous solu-
tions. The Ce(NO3)3$6H2O solution was rst poured into a PTFE
lining, and then, the NaOH solution poured into the same PTFE
lining. The PTFE lining was then sealed in a hydrothermal
autoclave. The hydrothermal autoclave was transferred to an air
circulation oven and heated at 110 �C for 24 h. Aer the
hydrothermal autoclave was cooled to room temperature, the
sediment in the PTFE lining was collected. Deionized water and
ethanol were used to remove residual reactants and to clean the
surface of the ceria nanorods. Finally, the ceria nanorods were
dried in an air circulation oven at 60 �C overnight.

Fabrication of Naon/ceria nanorod composite membranes

Naon/ceria nanorod composite membranes were fabricated
using a solution casting strategy.30–32 A Naon D520 (DuPont,
5 wt%) PFSR dispersion was mixed with dimethyl sulfoxide
(DMSO) at a weight ratio of 20 : 9. The mixture was transferred
to a round-bottom ask to perform rotary evaporation. During
rotary evaporation, solvents with low boiling points (water,
ethanol and 1-propanol) were completely removed. The
remnant solution was a 10 wt% Naon/DMSO dispersion.

Before membrane casting, 3 mg ceria nanorods was added to
a 3 g Naon/DMSO dispersion to form a homogeneous disper-
sion aer vigorous stirring. The Naon-ceria/DMSO dispersion
was then poured into a horizontal glass casting mold in
a vacuum oven. Then, the solvent was removed at 40 �C under
high vacuum for 12 h, followed by annealing at 150 �C under
high vacuum for 4 h to enhance the degree of crystallinity of the
composite membrane. Aer cooling to room temperature, the
glass casting mold was removed from the vacuum oven, and the
composite membrane was peeled away from the glass mold. The
membrane was then immersed in 1 M H2SO4 aqueous solution at
80 �C to fully protonate the composite membrane. The composite
membrane was transferred to 80 �C deionized water to clean the
surface of the composite membranes. The as-prepared composite
membrane was preserved in deionized water for subsequent use,
and the composite membrane was marked as Naon/1% ceria
nanorods. Commercial ceria nanoparticles with particle sizes
between 30 nm and 50 nm were also applied to the Naon matrix
via the same process, and the composite membrane was marked
as Naon/1% ceria nanoparticles.

Material characterization

Transmission electron microscopy (TEM, FEI Tecnai F20, 200
kV) was applied to investigate the morphology of ceria nano-
rods. X-ray diffraction (XRD, Thermo Fisher X’TRA, Cu Ka) was
used to determine the lattice structure of the ceria nanorods,
and the scan rate was 5� min�1. X-ray photoelectron spectros-
copy (XPS, ULVAC-PHI PHI5000 VersaProbe, Al ka) was used to
investigate the surface properties of ceria nanorods, and each
sample was interrogated for one site. XPS tting was performed
RSC Adv., 2021, 11, 32012–32021 | 32013
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with shirley as the background type and d as the peak type, and
the XPS location was calibrated to keep C–C bonds at 284.8 eV.
To further conrm the surface state of the ceria nanorods,
a surface area and porosity analyzer (Micromeritics ASAP 2460)
was used for characterization. The front and cross-sectional
morphology of the fabricated composite membranes was
investigated by scanning electron microscopy (SEM, Hitachi S-
3400N, 3 kV, Au coating was fabricated). The membranes were
dried overnight in advance, and the cross-section was fabricated
by breaking off in liquid nitrogen. The tensile test was carried
out on a universal tensile testing machine (MTS, C45.105) at
room temperature with 2 cm � 5 cm specimens, and the spec-
imens were dried overnight before testing.
Ex situ Fenton's degradation tests

An ex situ Fenton's degradation test was performed to evaluate the
free radical scavenging efficacy of ceria nanorods in PEMs. Fen-
ton's reagent can generate free radicals efficiently by catalyzing
ferrous ions via reaction (4) and reaction (5),33 and the generated
free radicals can simulate the in situ environment in MEA.

H2O2 +Fe
2+ / Fe3+ + OHc + OH� (4)

H2O2 + Fe3+ / Fe2+ + OOHc + H+ (5)

Naon 211, Naon/1% ceria nanoparticle and Naon/1%
ceria nanorod were dried in air circulation oven and weighed
immediately when taken out of the oven before Fenton's
degradation test. 30 mL 30% H2O2 was diluted to 100 mL, and
5 mg FeSO4$7H2O was added to serve as catalyst. 27 mL H2SO4

(98%) was added to maintain the pH at 2 to simulate the acidic
environment in PEMs, while avoiding the sediment of ferrous
ion. Aer the Fenton's reagent was prepared, the dried
membranes were immersed in under room temperature. The
membranes were taken out of the solution every 24 h, and the
membranes were washed to remove the residual solutes on the
surface on the membranes. The membranes were dried and
weighed for the next 24 h experiment. Meanwhile, the solution
was collected every 24 h, and uoride emission was measured
on an ion chromatograph (IC, Metrohm 930). Aer 72 h
degradation tests, the front images of the membranes were
investigated on a SEM. To conrm the remaining cerium in the
membranes, the membranes were immersed in a mixed solu-
tion (10 mL H2O 10 mL HNO3 and 2 mL 30% H2O2) at 70 �C for
2 h to dissolve ceria completely. The cerium ion concentration
was measured using an inductively coupled plasma optical
emission spectrometer (ICP-OES, PE Avoi500).
Cerium migration investigation

A membrane conductance cell (WonAtech Co., Ltd, MCC) was
modied for cerium migration investigation. The inner two elec-
trodes were removed, and the outer two electrodes remained to
apply an electric eld. The membrane samples were cut into 2 cm
� 5 cm pieces and xed in the conductance cell, and the distance
between the two electrodes was 3 cm. Themembrane conductance
cell was assembled in a single cell xture to create a mini space
32014 | RSC Adv., 2021, 11, 32012–32021
with constant temperature and humidity. The inner environment
of the conductance cell was equilibrated at 60 �C and 100% RH in
pure hydrogen for 2 h before an electric eld was applied. A
potentiostat (Solartron 1287A) was used to apply a voltage of 5 V
between the two outer electrodes for a period of 5 h. The composite
membranes were disassembled and cut into pieces immediately to
prevent the diffusion of cerium. The cerium in the membrane
pieces was dissolved via the same method used in Fenton's
degradation tests, and ICP-OES was applied to conrm the relative
cerium concentration distribution in the membrane aer cerium
migration investigation.

Preparation of the membrane electrode assembly (MEA)

Since the ex situ degradation test cannot represent in situ fuel
cell conditions, the membranes were assembled inMEAs for the
in situ accelerated degradation tests.27

To prepare catalyst ink, 500 mg Pt@C (Johnson Matthey,
60 wt%), 4.286 g Naon D520 dispersion and a certain amount
of isopropanol were mixed to form 20mL catalyst ink. The catalyst
ink was magnetically stirred in an ice bath for 24 h and ultrason-
ically dispersed for 30 min before spraying on gas diffusion layers
(GDL, Sunrise Power Inc., China). Two pieces of 2.5 cm � 2.5 cm
GDLs were cut off and purged with compressed air to clean the
surface. The prepared catalyst ink was then electrostatically
sprayed on both GDLs with Pt loadings of 0.4 mg cm�2 for the
cathode and 0.2 mg cm�2 for the anode. The as-prepared gas
diffusion electrode, PEM and two sealing PTFE gaskets were hot-
pressed together at 4 MPa for 2 min to obtain MEAs.

Fuel cell tests

Single cells were assembled to evaluate the performance and
durability of the MEAs. The MEAs were sandwiched in two
serpentine graphite ow eld plates with an active area of 6.25
cm2, and a polyvinyl chloride (PVC) ring with a thickness of 340
mm was deployed around the MEA to keep the compression
ratio of the MEAs at 30%.

All fuel cell tests were conducted on a fuel cell test station
(Scribner 850e) equipped with an automulti-gas module. The
polarization curve of each MEA was acquired at 90 �C with a 100%
RH hydrogen ow rate of 200 sccm in the anode and a 100% RH
air ow rate of 500 sccm in the cathode, and no backpressure was
applied. Hydrogen crossover was measured by performing linear
sweep voltammetry (LSV) on a potentiostat (Solartron 1287A).34

Before hydrogen crossover measurement, the cathode was purged
by nitrogen with a ow rate of 200 sccm under 100% RH until the
atmosphere in the cathode stabilized. Moreover, the anode was
purged by hydrogen under the same conditions as those used in
the polarization curve test. The cathode served as the working
electrode, while the anode served as the counter electrode and
reference electrode. LSV was conducted in the voltage range of 0.1–
0.45 V with a scan rate of 2mV s�1, and the current density at 0.3 V
is the value of hydrogen crossover.

For the evaluation of the durability of the composite
membranes, ADTs were applied by referring to the PEM
combined chemical/mechanical cycling protocols of the United
States Department of Energy (DOE), and the test protocols were
© 2021 The Author(s). Published by the Royal Society of Chemistry
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adjusted according to laboratory conditions. Single cells were
held at OCV and at 90 �C throughout the ADTs. The anode was
purged by hydrogen with a ow rate of 40 sccm, while the
cathode was purged by air with a ow rate of 100 sccm. Both
sides were alternated between 100% RH for 45 s and 0% RH for
30 s. The ADTs were terminated when one of the following
conditions was reached: (1) the OCV decrease exceeded 20%; (2)
the hydrogen crossover exceeded 15 mA cm2; and (3) the ADTs
reached 10 000 cycles. The polarization curves and hydrogen
crossover were recorded every 1000 cycles.
Results and discussion
Characterization of ceria nanorods

The synthesis of ceria nanorods follows reaction (6) and reac-
tion (7). According to reaction (6), hydrous CeO2 sediment is
generated immediately when NaOH solution and Ce(NO3)3-
$6H2O are mixed, and the oxygen in the air participates in the
reaction. Hydrous CeO2 starts to decompose when the hydro-
thermal reaction starts, and the CeO2 crystals grow along the
specic crystal surface to form CeO2 nanorods, according to
CCe3þ ¼ AV0
þ AU0

þ AV
0 þ AU

0

AV0
þ AU0

þ AV
0 þ AU

0 þ AV þ AU þ AV 00 þ AU 00 þ AV
0 0 0 þ AU

0 0 0
(8)
reaction (7). The residual Ce3+ in the solution will deposit on the
surface of the CeO2 nanorods.28

4Ce3+ + 12OH� + O2 + (4n � 6)H2O / 4CeO2$nH2O (6)

CeO2$nH2O / CeO2 + nH2O (7)
Fig. 2 TEM images of ceria nanorods with different scale bars. The
concentrations of Ce(NO3)3$6H2O solution and NaOH solution were
0.6 M and 18.4 M, respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry
The TEM images of ceria nanorods are shown in Fig. 2 with
different scale bars, and the morphology of ceria nanorods is
uniform, with few nanoparticles. Fig. 2d is a high-resolution
TEM (HRTEM) image of ceria nanorods, with Fourier trans-
form patterns embedded in the corner. The Fourier transform
pattern indicates the same crystal structure as that of uorite
and excellent crystallinity, and the conclusion can be further
conrmed according to the XRD patterns in Fig. 3. Note that the
XRD pattern of ceria nanorods is exactly the same as that of
commercial ceria nanoparticles (purchased from Macklin, 30–
50 nm), indicating no transformation in crystal structure when
the morphology changes.

Fig. 4a and b show the Ce 3d XPS spectra of both ceria
nanorods and ceria nanoparticles. The Ce3+ ions on the surface
corresponds to peaks marked as U0, V0 and U0 and V0 and the
peaks marked as U, V, U00, V00, U000, V000 can ascribe to the Ce4+

ions.35,36 The integral area of each peak was listed in Table S1,†
and the ratio between the amount of cerium atoms and oxygen
atoms on the surface can be calculated via formula (8) and (9).37

The Ce : O ratio on the surface is 0.5232 and 0.5251 for ceria
nanoparticles and ceria nanorods, respectively, which means
the similar surface of both two ceria samples.
nðCeÞ : nðOÞ ¼ 1

CCe3þ � 1:5þ ð1� CCe3þÞ � 2
(9)

In Fig. S2a,† both adsorption desorption isotherms are type
IV, and the hysteresis loop is type H3, indicating similar surface
states.38 The Brunauer–Emmett–Teller (BET) surface areas of
ceria nanorods and ceria nanoparticles are 46.192 m2 g�1 and
46.612 m2 g�1, respectively. Fig. S2b† shows the pore diameter
distribution of both ceriananorods and ceria nanoparticles
calculated from the adsorption curve. The pores between 2 nm
and 3 nm can be ascribed to the cracks on the surface for both
ceria nanorods and ceria nanoparticles, while the pores at
Fig. 3 XRD patterns of commercial ceria nanoparticles, ceria nano-
rods and the standard PDF card of CeO2.

RSC Adv., 2021, 11, 32012–32021 | 32015
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Fig. 4 (a) Ce 3d spectra of ceria nanoparticles; (b) Ce 3d XPS spectra of
ceria nanorods.
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approximately 10 nm can be ascribed to the stacking of the
nanoparticles. The similar BET surface area and surface
morphology can ensure that all other property changes are
independent of the surface area.
Characterization of composite membranes

SEM images of Naon/1% ceria nanorods, Naon/1% ceria
nanoparticles and Naon 211 are presented in Fig. 5. No cracks
or pinholes can be observed in the front SEM images in Fig. 5a–
c, demonstrating the excellent quality of the membranes.
Fig. 5 Front SEM images of (a) Nafion 211, (b) Nafion/1% ceria nanopartic
and g) Nafion 211, (e and h) Nafion/1% ceria nanoparticles and (f and i) N

32016 | RSC Adv., 2021, 11, 32012–32021
Fig. 5d–f shows the cross-sectional SEM images of the
membranes. The thicknesses of both Naon/1% ceria nano-
particles and Naon/1% ceria nanorods are 19.5–19.6 mm,
indicating the high reproducibility of the casting method.
Fig. 5g–i shows the partially enlarged view of Fig. 5d–f, and
randomly distributed ceria nanoparticles and ceria nanorods
can be seen obviously, indicating the successful fabrication of
the composite membranes without severe sedimentation of
ceria on the bottom side of the composite membranes.

It can be expected that the addition of ceria nanorods into the
Naon matrix can enhance the mechanical properties of the
composite membrane.25,39 Fig. 6 shows the stress as a function of
strain for Naon/1% ceria nanoparticles and Naon/1% ceria
nanorods. The tensile strength and elastic modulus of Naon/1%
ceria nanorods are signicantly higher than those of Naon/1%
ceria nanoparticles, while the elongation at break of Naon/1%ceria
nanorods is far lower than that of Naon/1% ceria nanoparticles.
The difference between the two composite membranes is a typical
phenomenon of ionomer/one-dimensional ller composite
membranes.25 It can also be expected that the dimensional stability
of Naon/1% ceria nanorods is better when they absorb water.
Ex situ Fenton's degradation tests

Fenton's degradation tests are a classical strategy used to eval-
uate the chemical durability of PEMs with no need for the
fabrication of single cells.18,40–42 In this work, Fenton's
les and (c) Nafion/1% ceria nanorods; cross-sectional SEM images of (d
afion/1% ceria nanorods.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Stress as a function of strain for Nafion/1% ceria nanoparticles
and Nafion/1% ceria nanorods.
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degradation tests are applied to investigate the free radical
scavenging property in PEMs, along with the cerium solubility
and diffusion behavior in PEMs. According to Fig. 7a, the surface
of Naon 211 became rough aer 72 h of degradation, indicating
that Naon 211 had been severely corroded. In Fig. 7b and c, the
surface of the composite membranes remained intact aer 72 h of
degradation, demonstrating that ceria nanorods have a free radical
scavenging efficacy similar to that of ceria nanoparticles regardless
of the morphology. The uoride emission of each membrane is
plotted in Fig. 7d, and the total uoride emission was 492.9 mmol
g�1, 257.1 mmol g�1 and 233.4 mmol g�1 for Naon 211, Naon/1%
ceria nanoparticles and Naon/1% ceria nanorods, respectively.
The weight loss throughout the degradation tests is recorded in
Fig. 7e. The weight loss of Naon 211, Naon/1% ceria nano-
particles and Naon/1% ceria nanorods was 2.51%, 0.88% and
0.35%, respectively, and the results are consistent with the SEM
images and uoride emission. Fig. 7f shows the cerium retention
rate in the composite membranes aer 72 h of degradation. The
Fig. 7 Front SEM images after 72 h Fenton's degradation tests for (a)
nanorods; (d) fluoride emission for each membrane every 24 h; (e) weigh
Fenton's degradation tests for the two composite membranes.

© 2021 The Author(s). Published by the Royal Society of Chemistry
cerium retention rate is 78.93% for Naon/1% ceria nanoparticles
and 85.99% for Naon/1% ceria nanorods. The cerium loss of ceria
nanorods is 33.5% lower than that of ceria nanoparticles. Although
ceria is hardly soluble inmost acidic solutions except concentrated
sulfuric acid and concentrated nitric acid, traces of dissolved
cerium ions can exchange with protons and diffuse to electrodes,
nally causing the performance loss of single cells. Thus, it is
important to research the dissolution behavior of ceria. The
cerium loss in this experiment can be interpreted as the combi-
nation of ceria dissolution and diffusion of cerium ions. Moreover,
ceria particle movement can be excluded because there was no
water ux or electric eld in this system, and the amount of
residual cerium ions in the PEMs can be ignored in comparison
with that of ceria particles. It can be concluded that the trans-
formation from nanoparticles to nanorods can relieve the dis-
solving behavior of ceria in acidic environments. In consideration
of the similar BET surface areas, the solubility change can be
ascribed to the change in the average curvature radius.43

Cerium migration investigation

The electric eld mainly causes the electromigration of charged
particles, including ceria with ions absorbed on the surface,
protons and cerium ions. The ions absorbed on the surface of
ceria can be protons or cerium ions. The inner environment of
the testing xture was pure hydrogen to enhance charge
migration in the membrane via hydrogen oxidation at the
anode and hydrogen evolution at the cathode.44 The high-
relative humidity environment ensured that the membranes
fully absorbed water to provide a migration path for ceria
particles. Fig. 8 shows the relative cerium distribution in the
composite membranes aer applying an electric eld for 5 h.
Locations 1–3 are between the two electrodes, and the electric
eld direction point from location 1 to location 3 and the
cerium concentration for both membranes increase with
decreasing potential. It is obvious that the cerium gradient of
Nafion 211, (b) Nafion/1% ceria nanoparticles and (c) Nafion/1% ceria
t loss of each membrane every 24 h; (f) cerium retention rate after 2 h

RSC Adv., 2021, 11, 32012–32021 | 32017
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Fig. 8 Cerium migration behavior under an electric field of 1.67 V
cm�1 for 5 h at 60 �C and 100% RH.

Fig. 9 (a) Polarization curves, (b) OCV curves, (c) hydrogen crossover
current density and (d) cell voltage @ 1000 mA cm�2 (normalized to
initial value) recorded every 1000 ADT cycles at a cell voltage at 1000
mA cm�2 for Nafion 211, Nafion/1% ceria nanoparticles and Nafion/1%
ceria nanorods.
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Naon/1% ceria nanoparticles is larger than that of Naon/1%
ceria nanorods. Considering that the concentration of cerium
ions can be ignored, the major species of cerium migrating in
this system is ceria. Thus, it can be concluded that the one-
dimensional ceria nanorods can better mitigate the migration
of the overall particles than zero-dimensional ceria
nanoparticles.

Fuel cell tests

Naon 211, Naon/1% ceria nanoparticles and Naon/1% ceria
nanorods were assembled in single cells for all fuel cell tests,
and Fig. 9a shows the polarization curves of each cell. The three
cells exhibit similar performances at 1000 mA cm�2, and the
power densities are 587 mW cm�2, 559 mW cm�2 and 591 mW
cm�2 for Naon 211, Naon/1% ceria nanoparticles and Naon/
1% ceria nanorods, respectively, which are very close to each
other. It was expected that the performance of a single cell
containing Naon 211 would be far better than that of the two
composite membranes, but the experimental data seem
inconsistent with the expectation. The inconsistency can be
ascribed to the thickness and equivalent weight (EW). Naon
211 is 30% thicker than the composite membranes, and the EW
is 1100 g mol�1 and 1000 g mol�1 for Naon 211 and the ion-
omer in composite membranes, both of which cause a perfor-
mance reduction for Naon 211.45 Moreover, the polarization
curve of Naon 211 drops quickly when the current density
exceeds 1100 mA cm�2, while the composite membranes drop
smoothly, and this phenomenon can also be ascribed to the
thickness.46 The superiority in the performance of Naon/1%
ceria nanorods compared to that of Naon/1% ceria nano-
particles can be ascribed to the aggregation of ion clusters on
the surface of ceria nanorods, and the coordination between
sulfonated acid groups and cerium ions on the surface of ceria
can promote aggregation.47,48

Since the inconsistency between ex situ Fenton's degradation
tests and fuel cell durability is always concerning, it is necessary
32018 | RSC Adv., 2021, 11, 32012–32021
to carry out ADTs to further conrm the chemical durability of
the composite membranes.27 Considering the simultaneous
enhancement in the chemical durability and dimension
stability of Naon/1% ceria nanorods, combined chemical/
mechanical cycle protocols were utilized to assess the
composite membranes. Moreover, the frequent desiccation/
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 SEM images of MEA containing Nafion/1% ceria nanoparticles (a) before and (b) after 10 000 ADT cycles; SEM images of MEA containing
Nafion/1% ceria nanorods (c) before and (d) after 10 000 ADT cycles. The second and third rows are the EDS maps of fluorine and cerium
corresponding to the SEM images in each column.
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moisture switch can increase the water ux in PEMs, and the
migration of ceria will be accelerated.23 Fig. 9b shows the OCV
curves throughout the ADTs of the three membranes. Both
composite membranes exhibit excellent durability, with little
OCV decay aer 10 000 cycles, while the OCV of Naon 211
decreases severely aer only 4000 cycles. The severe degradation
of Naon 211 can be ascribed to both mechanical and chemical
degradation, which is consistent with the exception.26,31

However, it is unexpected that Naon/1% ceria nanoparticles
suffer little from mechanical degradation, and this phenom-
enon can be attributed to the water retention of ceria nano-
particles. Thus, the water uptake of the composite membranes
may uctuate less than that of Naon 211, causing little
mechanical degradation in the composite membranes. The
hydrogen crossover in Fig. 9c indicates similar results as the
OCV curves. The hydrogen crossover of Naon 211 increases
quickly, while the hydrogen crossover of the composite
membranes remains at a relatively low value.

Fuel cell performance is always one of the most important
parameters of PEMs. During the ADTs, polarization curves were
recorded every 1000 cycles, and the cell voltage at 1000mA cm�2

was extracted as the performance value of the PEMs. Fig. 9d
shows the performance value of each PEM during ADTs, and
each value was normalized to the initial performance value. The
performance value of Naon 211 decreases by over 90% aer
4000 cycles, indicating that Naon 211 has been severely
corroded. The performance loss of Naon/1% ceria nano-
particles and Naon/1% ceria nanorods is 18.4% and 7.8%,
respectively, and the difference between the two composite
membranes may result from cerium migration. It is generally
known that cerium aggregation at both anode and cathode
catalyst layers can cause performance loss.23,25,27 Cerium
migration inMEAs is a combination of ceria particle movement,
© 2021 The Author(s). Published by the Royal Society of Chemistry
ceria dissolution and cerium ion migration, and the migration
agent can be an electric eld, concentration gradient and water
ux. Thus, it is difficult to analyze a single migration mecha-
nism of cerium in such a complicated system, and macroscopic
investigation of the cerium distribution aer ADTs seems to be
a suitable approach in the current stage.

To investigate cerium migration aer ADTs, the MEAs con-
taining composite membranes were separated from single cells
with the GDLs detached, which was followed by breaking off in
liquid nitrogen to fabricate fresh cross-sections, and the
samples were investigated by SEM and energy dispersion
spectrum mapping (EDS mapping). Fig. 10 exhibits the SEM
images and EDS mapping of both MEAs containing Naon/1%
ceria nanoparticles and Naon/1% ceria nanorods before and
aer 10 000 ADT cycles. Both MEAs have no obvious membrane
thinning, indicating the excellent free radical scavenging
properties of both ceria nanoparticles and nanorods. The EDS
mapping of uorine is presented to mark the interface between
catalyst layers and PEMs. In the EDSmapping of cerium, cerium
migration occurs in both composite membranes, but the rela-
tive cerium density in catalyst layers outside of Naon/1% ceria
nanoparticles is greater than that of Naon/1% ceria nanorods,
demonstrating that ceria nanorods are more stable than ceria
nanoparticles in PEMs.
Conclusion

In summary, ceria nanorods were fabricated via a hydrothermal
method and added into a Naon matrix to form composite
membranes. TEM, XRD, XPS and BET specic area analyses
were applied to investigate the properties of ceria nanorods.
Ceria nanorods were fabricated successfully with the surface
state and pore diameter distribution were similar. SEM and
RSC Adv., 2021, 11, 32012–32021 | 32019
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tensile tests were used to characterize the fabricated composite
membranes. The prepared membranes are of high quality, with
no pinholes or cracks and uniform thickness. In addition,
Naon/1% ceria nanorods exhibit higher tensile strength and
elastic modulus and lower elongation at break than Naon/1%
ceria nanoparticles. According to the single-cell polarization
curve measurement, ceria nanorods in the Naon matrix can
reduce the performance loss induced by coordination between
cerium ions and sulfonated acid groups. The free radical scav-
enging property of ceria nanorods was assessed via ex situ
Fenton's degradation tests and in situ fuel cell ADTs. It has been
conrmed that the change in morphology does not sacrice the
free radical scavenging property of ceria. Both performance loss
and hydrogen crossover enhancement have been better miti-
gated with the presence of ceria nanorods than with Naon 211.
This work also focuses on the investigation of ceriummigration
in different environments. In ex situ Fenton's degradation tests,
cerium migration can mainly be ascribed to particle dissolu-
tion. In the electric eld-induced cerium migration tests,
ceriummigration can mainly be ascribed to particle movement.
In in situ ADTs, cerium migration is the combination of ceria
particle movement, ceria dissolution and cerium ion migration.
All the experiments demonstrated the stability of ceria nano-
rods and their resistance to cerium migration. The anti-
dissolving property can be ascribed to the enhancement of the
average curvature radius, and particle immobilization can be
ascribed to the one-dimensional structure. The stabilization of
ceria can obtain two benets: the rst is to reduce the perfor-
mance loss induced by cerium aggregation in the catalysts, and
the second is to retain enough ceria in the PEMs to scavenge the
free radicals. Throughout the ADTs, the presence of ceria
nanorods can reduce the performance loss by 57.6% compared
to ceria nanoparticles due to the improvement in cerium
migration behavior. Therefore, it can be expected that ceria
nanorods can serve as highly stable free radical scavengers in
PEMs and applied to industrial-scale production.
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9 M. Zatoń, J. Rozière and D. J. Jones, Sustainable Energy Fuels,
2017, 1, 409–438.

10 R. Borup, J. Meyers, B. Pivovar, Y. S. Kim, R. Mukundan,
N. Garland, D. Myers, M. Wilson, F. Garzon, D. Wood,
P. Zelenay, K. More, K. Stroh, T. Zawodzinski, J. Boncella,
J. E. McGrath, M. Inaba, K. Miyatake, M. Hori, K. Ota,
Z. Ogumi, S. Miyata, A. Nishikata, Z. Siroma, Y. Uchimoto,
K. Yasuda, K.-i. Kimijima and N. Iwashita, Chem. Rev.,
2007, 107, 3904–3951.

11 S. Hommura, K. Kawahara, T. Shimohira and Y. Teraoka, J.
Electrochem. Soc., 2008, 155, A29–A33.

12 D. E. Curtin, R. D. Lousenberg, T. J. Henry, P. C. Tangeman
and M. E. Tisack, J. Power Sources, 2004, 131, 41–48.

13 Z. Rui and J. Liu, Prog. Nat. Sci.: Mater. Int., 2020, 30(6), 732–
742.

14 V. Prabhakaran, C. G. Arges and V. Ramani, Proc. Natl. Acad.
Sci. U. S. A., 2012, 109, 1029–1034.

15 P. Trogadas, J. Parrondo and V. Ramani, Electrochem. Solid-
State Lett., 2008, 11(7), B113–B116.

16 Z. Wang, H. Tang, H. Zhang, M. Lei, R. Chen, P. Xiao and
M. Pan, J. Membr. Sci., 2012, 421–422, 201–210.

17 B. P. Pearman, N. Mohajeri, R. P. Brooker, M. P. Rodgers,
D. K. Slattery, M. D. Hampton, D. A. Cullen and S. Seal, J.
Power Sources, 2013, 225, 75–83.

18 B. P. Pearman, N.Mohajeri, D. K. Slattery,M. D.Hampton, S. Seal
and D. A. Cullen, Polym. Degrad. Stab., 2013, 98, 1766–1772.

19 J. Hao, Y. Jiang, X. Gao, F. Xie, Z. Shao and B. Yi, J. Membr.
Sci., 2017, 522, 23–30.

20 M. J. Parnian, S. Rowshanzamir, A. K. Prasad and
S. G. Advani, J. Membr. Sci., 2018, 556, 12–22.

21 S. Yang and D. Kim, J. Power Sources, 2018, 393, 11–18.
22 K. H. Wong and E. Kjeang, J. Electrochem. Soc., 2019, 166,

F128–F136.
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra05026e


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 1

/2
2/

20
26

 3
:5

5:
34

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
23 A. M. Baker, R. Mukundan, D. Spernjak, E. J. Judge,
S. G. Advani, A. K. Prasad and R. L. Borup, J. Electrochem.
Soc., 2016, 163, F1023–F1031.

24 K. H. Wong and E. Kjeang, J. Electrochem. Soc., 2017, 164,
F1179–F1186.

25 A. M. Baker, L. Wang, W. B. Johnson, A. K. Prasad and
S. G. Advani, J. Phys. Chem. C, 2014, 118, 26796–26802.

26 M. Vinothkannan, S. Ramakrishnan, A. R. Kim, H. K. Lee
and D. J. Yoo, ACS Appl. Mater. Interfaces, 2020, 12, 5704–
5716.

27 K. R. Yoon, K. A. Lee, S. Jo, S. H. Yook, K. Y. Lee, I.-D. Kim
and J. Y. Kim, Adv. Funct. Mater., 2019, 29(3), 1806929.

28 A. G. M. da Silva, D. C. Batalha, T. S. Rodrigues,
E. G. Candido, S. C. Luz, I. C. de Freitas, F. C. Fonseca,
D. C. de Oliveira, J. G. Taylor, S. I. Córdoba de Torresi,
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