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a b s t r a c t

Humidity can affect the attenuation of MEA (membrane electrode assembly), however, the relationship
between humidity and MEA decays is complex and ambiguous in realistic application. Herein, we design
a simulating automotive protocol, performed on five single fuel cells under RH (relative humidity) 100%,
RH 80%, RH 64%, and RH 40%, RH 10%, respectively, to study the relationship of MEA decays and humidity
and suggest optimized humidity range to extend the durability. With the electrochemical impedance
spectroscopy, cyclic voltammetry, X-ray fluorescence, X-ray diffraction, transmission electron micro-
scope, X-ray photoelectron spectroscopy, the four degradation mechanisms about catalyst layer, includ-
ing Pt dissolution, Pt coarsening, carbon corrosion and ionomer degradation, are observed. Pt coarsening
and carbon corrosion are accelerated by higher water content at high humidity. Ionomer degradation and
Pt dissolution are enhanced in low humidity. With the linear sweep voltammetry, ion chromatography,
nuclear magnetic resonance, tensile test and scan electron microscope, chemical and mechanical degra-
dation in proton exchange membrane are all observed in these five fuels. Chemical degradation, charac-
terized by membrane thinning and more fluoride loss, occurred markedly in RH 10%. Mechanical
degradation, characterized by the non-uniformity thickness and bad mechanical properties, is more pro-
nounced in RH 100%, RH 80%, RH 64%. These two degradations are in a moderate level in RH 40%. The
research suggests that the RH range from 64% to 40% is conductive to mitigate the degradation of
MEAs operated in automotive applications.
� 2022 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.

1. Introduction

PEMFC (Proton exchange membrane fuel cell) is an environ-
mentally friendly energy conversion device with high energy
transform efficiency and low operating temperature [1]. However,
high cost and insufficient durability hinder seriously the commer-
cialization of PEMFC [2]. Since the degradation of MEAs affects
directly the durability during long term operation, the key of
improving lifetime is MEAs, including PEM (proton exchange
membrane), CL (catalyst layer) and GDL (gas diffusion layer). More
generally, GDL degradation will lead to voltage drop at high cur-
rent density [3]. The degradation rate of GDL is about 10�10 [4],
therefore, the CL and PEM attenuation be more discussed. Under
automotive condition, PEMFC runs in dynamic load, inducing (1)

humidity and thermal cycling, (2) gas starvation, and (3) potential
cycling, causing chemical and mechanical degradation not only to
PEM, but to CL.

PEM degradation, including mechanical, chemical, and thermal
modes, will lead to H2 crossover and eventually the failure of PEMFC
[5–7]. The attenuation of PEM is affected by many factors and
humidity is the most influential one. In realistic running, although
the humidification is stable, dynamic load results in humidity fluc-
tuating seriously and induces mechanical degradation [8]. There
exist different opinions about the relationship between humidity
and PEM decay, some researchers believe low humidity will cause
more seriously PEM damage compare with high humidity [9–13].
That’s said, on the one hand, under low humidification conditions,
MEA will produce a humidity difference between inlet with low
water content and outlet areawith highwater content, which is fur-
ther exacerbated by different proton conductivity under different
humidity [14]. Eventually, PEM in inlet area will dry out and tend
to produce cracks. On the other hand, dehydration induces the
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increase of H2 crossover and accelerates the chemical degradation of
PEMFCs [15,16]. Others consider high humidification will cause
more seriously PEM damage because of swelling stress [17,18].
Young’s modulus, one of the mechanical properties, decreases as
humidity increase, meaning that membrane’s mechanical perfor-
mance decrease as humidity increase [19]. Higher relative humidity
(RH) induces larger swelling stress and shorter lifetime [20]. There-
fore, it is necessary to explore further relationship between humid-
ity and PEM decay. Despite the controversy about the impact of RH
onPEM,most researchers agree that chemical andmechanical decay
occur simultaneously in realistic operation. However, there are less
investigations about the synergy of these two degradation
mechanisms.

CL degradation, the main reason for performance decay [3,21],
is characterized by complexity and simultaneity of attenuation
modes including Pt coarsening, Pt dissolution, carbon corrosion
and ionomer loss for Pt/C [8,22,23]. Humidity plays an important
role in these degradation mechanisms. Due to higher potentials
causing more oxidization, Pt electrocatalysts tend to attenuate on
the cathode side, rather than the anode [24]. Therefore, researches
on RH and CL are focus more on the cathode. Firstly, dissolution
and coarsening of platinum are one of main reasons for CL perfor-
mance loss [25,26]. Repeated oxidation and reduction of Pt result
in Pt dissolution. When the potential sweeps from the LPL (low
potential limit) to the UPL (upper potential limit), Pt dissolution
occurs during this process at a low rate. Pt surface forms Pt oxida-
tion whose coverage increases as the dwell time increases at UPL.
As the potential is swept down to the LPL, Pt oxidation is reduced
as it reacts with protons to form dissolved Pt and water [27]. Dis-
solved Pt can induce two different pathways of ECSA (electrochem-
ical active surface area) loss. In the first way, when the LPL is above
0.6 V, some Pt2+ diffuse through the ionomer phase towards the
membrane and are reduced in the membrane by the crossover
hydrogen, which results in a Pt band formation at the
membrane-cathode interface [28]. In the second pathway, since
the voltage is below 0.6 V, Pt2+ redeposit on nearby larger Pt
nanoparticles, thereby increasing the Pt particle size [27]. This is
known as electrochemical Ostwald ripening. In oxidized process,
water is one of the reactants. Takei and Uchida [25] indicated that
the dissolution of platinum is accelerated in higher RH. In addition,
Pt dissolution seems to be the controlling step for Ostwald ripening
[26], high humidity will cause larger agglomeration of Pt particles
[25,28]. Secondly, during RH cycling, ionomer in CL is prone to
cluster [29]. In addition, ionomer volume changing with RH, caus-
ing shrinking-swelling cycle [30]. These cause ionomer redistribu-
tion unevenly and Pt particles uncovered or overcovered,
uncovered Pt surfaces are not accessible to protons, inducing
three-phase interface loss and decrease in ECSA. Conversely,
agglomerated ionomer hinders the oxygens from reaching the
over-covered Pt surface, resulting in a higher mass transfer resis-
tance [31]. Thirdly, carbon corrosion happens under high cathode
potential induced by startup-shutdown or fuel starvation [8].
Kwon et al. [32] found compared with 30% humidification, struc-
tural deterioration of supporting carbon is more serious due to
the COR (carbon oxidation reaction) at saturated humidification.

Even if there are many researches to report the humidity effects
on degradation, the studies about humidity effects on the whole
MEA is less. In the process of long term operation, humidity
impacts obviously on the above two components [9]. Moreover,
it is different for the relationship between humidity and decays
of MEA components. Therefore, humidification can be considered
as one of the optimizable parameters to coordinate MEA attenua-
tions and achieve the durability targets [33]. If humidification is
optimized, attenuation can also be partly alleviated. It is of great
significance to study the influence of humidification on PEMFC
attenuation.

Real vehicle drive-cycles, ASTs (accelerated stress tests) [8], and
simulating automotive protocols [34] are the main methods to
access MEA decay running in light duty vehicle. A real vehicle
drive-cycle needs to operate 5000 h for automotive applications
according to DOE (department of energy) durability targets [35],
which is time-consuming and costly. ASTs are applied to research
rapidly the attenuation of MEA components. However, the AST
method usually explores only one attenuation of one particular
component. Therefore, it is hard to reflect the true natures of
PEMFC operated in realistic conditions characterized by complex-
ity and simultaneity. Therefore, developing the test protocols
which combine rapidity and validity will be helpful to the research
of degradation. The simulating automotive protocols can satisfy
the demands. A comprehensive automotive protocol should consist
of typical operating conditions [34], whose selection and propor-
tion in the whole duration should follow realistic situation and
the purposes of testing.

In this paper, a light duty automotive protocol with frequent
dynamic load was designed to simulate the degradation in realistic
running. Single cells are operated under this protocol in different
humidification, including RH 100%, RH 80%, RH 64%, and RH 40%,
RH 10%, to analyze the effects of RH to MEA. PEM decay is charac-
terized by LSV (linear sweep voltammetry), IC (ion chromatogra-
phy), NMR (nuclear magnetic resonance), and SEM (scan electron
microscope) to propose a degradation mechanism under this pro-
tocol. CL degradation is accessed by CV (cyclic voltammetry), EIS
(electrochemical impedance spectroscopy), XRF (X-ray fluores-
cence), XRD (X-ray diffraction), TEM (transmission electron micro-
scope), XPS (X-ray photoelectron spectroscopy) to understand the
relationship between RH and CL decay. Eventually, according to
the impact of RH on PEM and CL, a strategy about humidification
is proposed to partly mitigate attenuation.

2. Experimental

2.1. Preparation of MEA

The MEA was fabricated via catalyst coated membrane (CCM)
and GDL purchased from Mingtian Hydrogen Energy Technology.
The CCM was prepared via spraying catalyst ink onto Nafion�

NR211 (DuPont), and the catalyst ink was composed of commercial
Pt/C catalyst (70% (mass) Pt content, Johnson Matthey) and iono-
mer dispersion (Nafion D520, Du Pont). The GDL was made up of
Carbon paper (Toray TGP-H-060) and MPL (microporous layer).
The effective electrode area was 25 cm2 (5 cm � 5 cm). The loading
of Pt catalysts for cathode and anode was 0.4 mg�cm�2 and
0.2 mg�cm�2 respectively. The fuel cell fixture was fastened with
an assembly torque of 5 N�m. After assembly, the single cell was
activated at 0.6 V for 6 h.

2.2. Test conditions

Air was fed into cathode and H2 was fed into anode. The back
pressure and temperature of fuel cell were maintained constantly
at 0.1 MPa, 70 ℃. The temperature of humidifier was set as
70 �C, 65 �C, 60 �C, and 50 �C, 25 �C, relative humidity was about
100%, 80%, 64%, 40%, 10%, respectively. Reactants were stoichio-
metrically controlled at 1.5 and 2.5 respectively. There is a mini-
mum gas limit for the test bench of fuel cell, 0.1 L�min�1 for
anode and 0.2 L�min�1 for cathode. Gases inlet pipes were heated
5 ℃ above cell operating temperature.

A simulating automotive protocol was designed as shown in
Fig. 1 and Table 1, characterized by frequent change, spending only
3 min each cycle, in which many conditions were included, such as
OCV (open circuit voltage), idling, dynamic load, rated load, over
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load. In addition, it included two phases (phase I and phase II), both
characterized by frequent load changing between idle and rated
load, and phase II fluctuated every-two seconds.

2.3. Electrochemical testing

Electrochemical testing included electrochemical impedance
spectroscopy (EIS), cyclic voltammetry (CV) and linear sweep
voltammetry (LSV), measured every 13 h. After polarization curves
measurement, EIS were carried out using an electrochemical work-
station (GAMRY INTERFACE 5000E) at galvanostatic mode under a
constant current of 1000 mA�cm�2 with a frequency range between
10 kHz and 0.1 Hz. A sine wave distortion of 250 mA amplitude
was applied. CV measurement was performed using the electro-
chemical workstation with feeding N2 into cathode and H2 into
anode. The potential was scanned at a rate of 50 mV�s�1 from
0.05 V to 1.2 V. For LSV, the scan range is 0.05 V to 0.45 V with
2 mV�s�1 rate.

2.4. Structural characterizations

Measurement of Pt loading on cathode of BOL and EOL were
performed through XRF using a BRUKER M4 TORNADO. XRD pat-
terns of cathode for studying the crystallite size of Pt nanoparticles
were collected through an Empyrean-100 X-ray diffractometer. IC
using a Thermo Fisher ICS-1100 was applied to analyst fluorine
content in water produced in cathode. A TEM (JEOL JEM-2100,
200 kV) was employed to investigate the BOL and EOL particle size
distributions. A SEM (JEOL JSM-IT300, 10 kV) was applied to obtain
the thickness of PEM. NMR (BRUKER AVANCE III 600 MHz) was
employed to study the PEM chain scission. XPS (Thermofisher
Excalab 250 Xi) was applied to analyst the amount and valence
of elements in CCL (cathode catalyst layer). Universal Testing

Machine (SANS CMT4503) were carried out on PEM mechanical
properties.

3. Results and Discussion

The dynamic load between OCV and rated power is regarded as
a disastrous damage for MEA [8]. For the automotive protocol, from
stage a to stage b2, the voltage changes from OCV to � 0.6 V, and
then back to � 0.9 V in 3 min. The protocol could result in fluctu-
ation of water content in MEA, oxidation and reduction in CL, and
chemical radicals during OCV, challenging the mechanical proper-
ties of membrane, the stability of CL, and the durability of MEA. In
the test of different humidity, the degradations induced by the pro-
tocol are obviously affected by RH. On the one hand, Fig. 2(a), (b)
and Fig. S1(a)�(c) (in Supplementary Material) shows polarization
curves under different RHs and Fig. 2(c) presents the attenuation of
potential under 800 mA�cm�2 over operation time at RH 100%, RH
80%, RH 64%, RH 40%, RH 10%, indicating that CL attenuation is tak-
ing place. The extent of CL degradation as a consequence of RH will
be investigated in Section 3.1. On the other hand, when H2 cross-
over current density calculated from LSV is over 25 mA�cm�2,
PEMwill be regarded as appearing pinholes or cracks and stop run-
ning. Hydrogen crossover current density calculated from LSV
under different operation time shows in Fig. 2(d), it shows a differ-
ent trend under various RH, indicating that PEM attenuation is
affected by RH. The relationship of generating pinholes in mem-
brane with humidity will be investigated in Section 3.2.

3.1. The influence of humidity on CL

The CL loss, to be exact, is not caused by one reason, but follow-
ing four reasons: (i) electronic connectivity loss due to carbon sup-
port corrosion, (ii) catalyst loss due to dissolution or detachment,
and (iii) physical surface area loss due to particles growth, (iv) pro-
ton connectivity loss due to ionomer/catalyst interface loss
[8,22,23]. These four processes occur in parallel and result in CL
loss. In order to evaluate the effect of humidity to CL degradation,
two single cells operated in RH 64% and RH 10% are presented here
owing to the same durability time.

Firstly, CV ismeasured at various operation time shown in Fig. S2.
The normalized ECSA, calculated from CV, changes under two RH
shown in Fig. 3(a). At EOL (end of life), a 57.5% ECSA attenuation
underRH64%anda41.7%decayunderRH10%wereobserved,which
is consistentwith the changeofR-ct (charge transfer resistance) pre-
sented in Fig. 4(c), in which the R-ct displays a more outstanding
increase in RH 64%. The discrepancy in ECSA indicates that the
sum of carbon corrosion, Pt loss and Pt growth is more pronounced
in RH 64% than RH 10%. However, the whole degradation can be
characterized by voltage drop in Fig. 2(c), the decay rate is
103 lV�h�1, 103 lV�h�1, 136 lV�h�1, 210 lV�h�1 and 357 lV�h�1

for RH 100%, RH 80%, RH 64%, RH 40%, and RH 10%, respectively.
The degradation rate increaseswith RHdecrease. Therefore,we sug-
gest a relatively high humidity to improve the initial performance

Fig. 1. Protocol for light duty automotive.

Table 1
Illustration for each stage of light duty automotive protocol.

Stage Current density/mA�cm�2 Initial voltage/V (I/Imax)/% Duration/s Proportion/% Condition

a 0 0.97 0 30 16.7 OCV
b(1,2) 1 0.89 4 40 22.2 Idling
c 5 0.81 20 30 16.7 Low load
d 25 0.68 100 40 22.2 Rated load
e 30 0.63 120 20 11.1 Over load
f(1�3) 20 0.64 80 6 11.1 Dynamic load
g(1�5) 1 0.91 4 10
h(1,2) 25 0.53 100 4
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and mitigate the whole decay. In addition, the performance loss is
more pronounced in RH 10% than RH 64%, indicating the ionomer
loss ismore remarkable in RH10%, and its decay affects performance
seriously in low humidity, which will be proved by XPS. To explore
the relationship RH and CL decay, the specific reason for the CL loss
needs to be investigated further. The above fourmechanisms can be
analyzed by characterization techniques, including XRF, XRD, TEM,
XPS, and electrochemical measurement. The l-XRF was used to
measure the Pt loading before and after the simulating automotive
protocol; EIS was used to calculate the change of DLC (double-
layer capacitance), to evaluate carbon corrosion; particles coarsen-
ing was investigated by XRD and TEM; ionomer/catalyst interface
loss was analyzed by XPS.

Secondly, Platinum load decrease is both observed. It differs as
the change of RH. Fig. 3(b) shows the Pt loss under RH 64% and 10%.
There exists more Pt loss in RH 10%. For the automotive protocol,
the fuel cell experiences an oxidation and reduction process for
each cycle. Potential reaches 0.97 V at BOL (begin of life) during
the OCV, Pt surface is oxidized and forms Pt oxidation [27]. As
the potential is swept down to the stage d and stage e, Pt oxidation
is reduced and Pt dissolves with the oxygen atom escaping from Pt
surface. The reduction potential is the major distinction is in these
two RH under the same protocol. It is above 0.6 V in RH 64% while
it is 0.4–0.5 V in RH 10%, leading to the different extent of oxygen
escaping and Pt loss which are accelerated by the low reduction

potential. In addition, XPS spectra, presented in Fig. 3(c), is used
to analyst atomic concentrations changing of CCL surface area
before and after the automotive condition at RH 60% and 10%.
Fig. 3(d) shows the contents of F obtained from the full spectrum
of XPS. It is obvious of the contents change for BOL and EOL due
to the degradation which is different for RH 64% and 10%. The flu-
orine signal displays no significant changes in RH 64% compared
with BOL, while it decreases pronounced in RH 10%, meaning that
there is more ionomer loss in RH 10% in cathodal CL. The volume of
ionomer reduces with humidity decrease due to ionomer loss,
resulting in increased catalyst surface exposure. The Pt dissolution
increase with the increase of the catalyst surface exposure [36].
Therefore, Pt loss is more pronounced in low humidity. The reason
for ionomer loss is similar with the PEM degradation illustrated in
Section 3.2.

Thirdly, support carbon corrosion can be estimated by the
change of DLC in the absence of any Faradaic processes [22,37].
Fig. 4(a) and Fig. S3 present the Nyquist plot at various operating
time in RH 64% and RH 10%. The impedance arcs both increase with
the operation time, meaning that a performance loss exists in MEA.
The equivalent circuit is designed as shown in Fig. 4(a) inset. The
DLC change calculated by EIS fitting shown in Fig. 4(d), noticeably
decreases for RH 64% compared with RH 10%, indicating that high
RH can lead to more carbon corrosion. In this paper, the carbon
corrosion results from the fuel starvation. The supply of H2 and

Fig. 2. (a) Polarization curves versus operation time in RH 64%, (b) polarization curves versus operation time in RH 10% (polarization curves under other RHs shown in Fig. S1
(a)�(c)), (c) Potential change under 800 mA�cm�2 over operation time under the five RH, (d) H2 crossover current density versus operation time under different RHs.
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air lags behind the load increase under automotive protocol; there-
fore, gas starvation occurs owing to the late gas supply controlled
by stoichiometric, and the extent of starvation is more remarkable
with the more increase of load. There are many the load-up process
in Fig. 1, especially in stage c to stage d and phase II. The current of
the former increases from 5 A to 25 A, and the current of the later
fluctuates between 1 A and 20–25 A. The voltage drops sharply
from 0.81 V to 0 V in stage c to stage d, and it is back to a normal
level after 4–8 s at BOL. With the exacerbation of decays, the star-
vation time will be extended. The fuel starvation in anode leads to
the carbon corrosion in cathode and accelerates fuel cell aging.
Therefore, carbon corrosion occurs mainly in the starvation time.
In addition, carbon corrosion appears more pronounced decay in
RH 64% presented in Fig. 4(d) inset. A 37.98% DLC loss is observed
in RH 64% as compared with 23.01% loss in RH 10%. This phe-
nomenon can be explained from the mechanism of carbon corro-
sion. As fuel starvation happens, the reaction in cathode will be
governed by the COR or OER (oxygen evolution reaction). One of
the reactants is water in COR, accordingly, more water can acceler-
ate the COR or OER rate. Hence the carbon corrosion shows a rela-
tively high degradation rate in RH 64%.

Lastly, catalyst coarsening occurs easily in this automotive pro-
tocol. Pt coarsening was elaborated systematically by XRD and
TEM, presented in Fig. 5. Mean Diameter for BOL, RH 64% and RH
10% is 2.1 nm, 6.7 nm, 5.3 nm, respectively, calculated by ImageJ
of TEM images, 4.8 nm, 10.7 nm, 8.8 nm estimated by Scherer for-

mula from the peak broadening of the Pt(111) and Pt(200), the fit-
ting results shows in Table S2. These results both showed a
dramatical Pt aggregation was observed after the automotive pro-
tocol at RH 64% and RH 10%. In addition, Pt growth at RH 64% is
more significant. Electrochemistry Ostwald ripening is a generally
accepted mechanism to Pt particles growth. Virkar et al. [38] pre-
sented the mechanism of catalyst particle growth in PEMFCs as
Ostwald ripening. Pt dissolves from small particles into the iono-
mer while electrons transport through the carbon support and
then Pt deposits on big particles to reduce particle surface energy,
hence the average particle size increases. Therefore, there are three
factors affecting the Ostwald ripening, including Pt dissolution,
carbon support, and ionomer. The ionic conductivity of the iono-
mer is an important factor in electrochemical Ostwald ripening
and particle growth. Water content is a significant contributor to
the ionic conductivity of the ionomer [25,39]. The Pt ion transport
in the ionomer will decrease and even be blocked with the shrink-
ing and decay of ionic channel networks due to the low humidity
and chemical decay. Because the rate of Pt ion transport is slower
in RH 10%, the redeposition of Pt was inhibited.

To sum up, the automotive protocol is characterized by
dynamic load, inducing repeated oxidation and reduction cycles,
air starvation, and OCV. After the protocol, four mechanisms about
CL degradation, including Pt dissolution, ionomer decay, carbon
corrosion and Pt growth, are observed in this section. The extent
of degradation is a pronounced difference in various humidity.

Fig. 3. (a) ECSA versus operation time during automotive protocol in RH 64%, and RH 10%, (b) Pt loss under RH 64% and RH 10%, (c) XPS survey spectrum of the CCL before and
after the automotive condition at RH 64% and 10%, (d) Fluoride atomic fraction in CCL based on the XPS spectra.
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Ionomer degradation occurs more severely in low humidity with
high chemical decay induced by hydrogen crossover, it is the main
reason for performance loss of fuel cell in low humidity. The Pt loss
is more pronounced in RH 10%, which is likely to be due to the
lower reduction potential and higher catalyst surface exposure
causing by ionomer degradation. Since the water participates in
the reactions of carbon corrosion, carbon corrosion is accelerated
by higher water content in RH 64%. Pt growth is as the conse-
quence of serious Ostwald ripening, which maybe owing to the
high-speed ion transport channels in RH 64% as a consequence of
more water. In addition, the degradation rate increases with RH
decrease shown in Fig. 2(c), meaning that the sum of these decays
attenuates CL performance is more pronounced in low humidity.
Consequently, operating in a relative high humidity can help
reduce CL degradations. However, flooding results in outstanding
voltage drop in high humidity, causing a bad MEA performance.
Therefore, a relative high humidity, like RH 64%, is benefit for
improving the initial performance and reduce CL performance loss
under automotive protocol.

3.2. The influence of humidity on PEM

In this paper, PEM appears pinholes or cracks leading to hydro-
gen crossover reaching 25 mA�cm�2 after the single fuel cells have
been operated for 189 h at RH 100% and RH 80%, 221 h at RH 64%,

286 h at RH 40%, and 221 h at RH 10%, indicating that a high and
low humidity are both against the longer durability for PEM and
only the modest RH, like RH 40%, can mitigate the generation of
pinholes. The reason of generating pinholes in PEM will be dis-
cussed in the next four aspects.

Firstly, the state of PEM can be demonstrated by the change of
H2 crossover versus operation time, shown in Fig. 2(d). The change
shows a pronounced difference under these five RH. The change
can be divided into two stages in high humidity including RH
100%, RH 80% and RH 64%. In the early stage, H2 crossover anchors
at level below 2 mA�cm�2, indicating that membranes are in good
condition, but it does not mean that membrane attenuation has not
occurred. PEM decay, including mechanical and chemical degrada-
tion, is always accumulated, just not reflected in LSV at this period.
However, in the later period, H2 crossover increases rapidly caus-
ing the PEM failure, as a consequence of cracks and pinholes in
PEM. These defects are likely to be due to the accumulation of
mechanical decay by humidity cycle and chemical decay by H2

crossover in the early stage. The change shows a similar trend
under RH 40%; however, the difference is a more pronounced H2

crossover reaching 5 mA�cm�2 in the early stage. The condition
means that more chemical degradation caused by H2 crossover
happens in RH 40%. It is unexpected for PEM under RH 40% to
achieve the slowest degradation rate for pinholes between the five
RH. There exists the most obviously distinction between RH 10%

Fig. 4. (a) Nyquist plot at various operating time during simulating automotive protocol under RH 64%, (b) Rohm, (c) Rct, (d) DLC changing versus operation time, (a inset) the
equivalent circuit for these single fuel cells, (c inset) the comparison of Rct increase for RH 64% and RH 10%, (d inset) the comparison of DLC loss for RH 64% and RH 10%.
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and other RH. The H2 crossover does not exist the early stage, and
keeps increasing during the whole life. These results indicate the
RH can cause the discrepancy of H2 crossover which is more severe
in low humidity. However, the PEM in RH 40% with more H2 cross-
over than high humidity presents the slowest degradation rate for
pinholes, meaning that chemical attenuation caused by H2 cross-
over affects the PEM decay but it dominates the membrane decay
only in an extreme low humidity.

Secondly, the principal evidence for chemical degradation is flu-
oride release and membrane thinning [40]. The fluoride originates
from the breaks of PSFA, attacked by free radicals generated from
chemical reaction. To analyze chemical attenuation of PEM, the
cumulative fluoride loss collected in the effluent water is illus-
trated in Fig. 6(a) under these five RH. Fluoride concentration at
RH 10% and RH 40% is always higher than other RHs before
169 h, demonstrating that low humidity induces a more serious
chain scission and fluoride loss. In addition, membrane thinning
is another visible phenomenon associated with chemical attenua-
tion. Fig. 7(a)�(f) shows SEM images before and after automotive
protocol under these five RH. The average thickness of membrane
shows in Fig. S4. Compared with the CCM at BOL, the membrane
thickness both decreases after the automotive protocol, and the
membranes under low RH appear a more severe thickness loss.
PEM is a porous material, and the porosity of the membrane
decreases with RH increase, resulting in reduced gas permeation
[41]. Gas crossover is the root of the generation of free radicals
[42]. Consequently, more crossover oxygen reacts with hydrogen
to produce free radicals with less water in low humidity, leading
to more thickness loss of membranes in RH 40% and RH 10%. The
two phenomena both demonstrate chemical attenuation is more
serious in low humidity.

Noticeably, membranes in high RH, including RH 100%, RH 80%,
RH 64%, appear non-uniformity thickness compare with mem-
branes in low RH. There exists a � 15 lm difference between the
thickest and the thinnest part, and the thinnest place shows only
13.9 lm in RH 100% shown in Fig. 7(b), which could be caused
by the stress cycling along the in-plane direction. For automotive
protocol, low load stages occupy � 55.5% of the whole protocol,
high load stages dominate 33.3%. Dynamic load in the automotive
protocol induces humidity cycle so that PEM experiences swelling
and shrinking cycle in response to the humidity change. Some
places become thicker than initial and some places become thinner
due to the constant volume, meaning the non-uniformity thick-
ness, indicating mechanical degradation happens more seriously
in high humidity. The in-plane swelling stress is the major stress
during hydration and dehydration cycles, which is the main reason
for PEM mechanical degradation. For PFSA membrane, 30% humid-
ify is regarded as no swelling strains in plane direction and the
stress increase with the raise of humidity [17,18]. Therefore, PEM
in high humidity will experience more mechanical stress.

Thirdly, in order to evaluate mechanical properties, the tensile
traction tests are carried out before and after the protocol. The
stress–strain curves are shown in Fig. S5. The mechanical proper-
ties display a pronounced changes compared with the BOL sample.
Fig. 6(b) shows changes in the elongation at break of the mem-
branes, used to assess the ductility of the PEM. The smaller
elongation is observed under RH 100%, RH 80%, meaning that the
polymer becomes less ductile or more brittle after a mechanical
stress under high RH protocol, causing a faster rate for generating
pinholes. However, PEMs display a greater elongation at break in
RH 40% and RH 10%, indicating that the ductility is better
and mechanical stress impacts slightly on PEM in low humidity.

Fig. 5. TEM images and particle size histograms of the cathode CL (a) before of life, after automotive protocol in (b) RH 64 %, (c) RH 10 %, (d) XRD patterns of the cathode CL
before and after simulating automotive protocol in these five RHs.
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Therefore, the SEM images and tensile tests support that the
mechanical degradation happens severely in high humidity, and
mechanical stress along in-plane direction maybe the mainly rea-
son for pinholes in high humidity.

In addition, the mechanical decay causes a faster degradation
rate for pinholes than chemical decay according to the time of
hydrogen crossover reaching 25 mA�cm�2. The mechanical damage
to PEM leads to extremely thin thickness in some area, resulting in
generation of pinhole in these thinner areas and the hydrogen
crossover current density reaching 25 mA�cm�2 earlier.

Lastly, NMR has been carried out to further support the chemi-
cal and mechanical degradation. Fig. S6 and Fig. S7 present the 19F
NMR spectra of PEM, separated and assigned according to the work
of Ghassemzadeh and Holdcroft [43]. There are five peaks, includ-
ing CF (main chain), (CF2)n, CF (side chain), SCF2, OCF2, and CF3. The
main chain determines the mechanical properties, and the side
chain determines proton conductivity via a terminal sulfonic acid
group [44]. The first two fluorides are associated with main chain,
and they are compared before and after automotive protocol under
these five RH shown in Fig. 6(c). The membrane shows a more
serious main chain scission at high humidity, including RH 100%,
RH 80%, and RH 64%, and it presents a less amount of main chain
under high humidity compared with low humidity, indicating that
the mechanical properties of PEM are poor in RH 100%, RH 80% and
RH 64%, conforming that the mechanical degradation happened
more severe in high humidity, which is in accordance with the con-
clusion of Lu et al. [19], Kusoglu et al. [20]. The SCF2 is associated

with proton conductivity, and the amount of SCF2 under these five
RH shows in Fig. 6(d). it presents a less amount of SCF2 under RH
40% and RH 10% compared with high humidity, indicating that
the chemical properties of PEM are poor in RH 40% and RH 10%,
supported by the Rohm change with time shown in Fig. 4(b). The
Rohm consists mainly of membrane resistance. It slightly increases
from 3.2 mX�cm�2 to 3.5 mX�cm�2 in RH 10%, indicating that
the proton conductivity decreases as a consequence of PEM chem-
ical decay in RH 10%, confirming the SCF2 loss in low humidity.

To sum up, the pinholes in PEM originate mainly from mechan-
ical and chemical damages in this paper, and they occur simultane-
ously. The proportion of the two degradations is different in
various RH. The more H2 crossover, the worse fluoride loss, and
the thinner membrane thickness indicate more chemical degrada-
tion in low humidity, including RH 40% and 10% under automotive
protocol. Chemical attenuation occurs more violently for RH 10%,
which is consistent with the results of Kwon et al. [15]. The non-
uniformity thickness and bad mechanical properties are more
likely to be due to mechanical stress in plane direction in high
humidity, including RH 100%, RH 80% and 64% under automotive
protocol. The experiment of Lu et al. [19] showed a similar results.
However, these two degradations are weakened in 40%. In addi-
tion, the PEM displays a more pronounced hydrogen crossover in
the early stage for RH 40%, meaning more chemical degradation
happens. However, the chemical decay does not result directly in
pinholes generation, speculating that chemical decay is an accu-
mulated process with a lower rate to attenuates PEM thickness.

Fig. 6. (a) The cumulative fluoride concentration in drain water versus operation time under these five RH, (b) Elongation per thickness after test under these five RH. (c) CF
(main chain), (CF2)n in membrane before and after test under these five RH, (d) SCF2 in membrane before and after test under these five RH.
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4. Conclusions

To promote the commercialization of PEMFCs in automotive
applications, the PEM and CL degradations are investigated under
the automotive protocol as the function of different humidity,
including RH 100%, RH 80%, RH 64%, RH 40%, RH 10%. Therefore,
a suitable humidity can be proposed to mitigate the decay of MEA
under automotive protocol. The effects of humidity to MEA can be
discussed in two aspects. On the one hand, the decay rate
decreases with RH increase for CL under automotive protocol.
Therefore, high RH be conducive to slow the degradation in CL.
In addition, four degradation mechanisms, including Pt dissolu-
tion, Pt coarsening, carbon corrosion and ionomer degradation,
are different in high and low humidity. Pt coarsening and carbon
corrosion maybe accelerated by higher water content inducing

the more performance loss for RH 64%. Ionomer degradation
and Pt dissolution is enhanced in low humidity for RH 10%. Pt dis-
solution maybe caused by increased catalyst surface exposure
induced by ionomer degradation. On the other hand, chemical
and mechanical degradation is the mainly reasons for PEM gener-
ating pinholes. Chemical factors are the main reason for more flu-
oride loss and less membrane thickness, observed seriously in RH
10% under automotive protocol, and mechanical factors are more
likely to lead to the non-uniformly thickness and bad elongation
at break, noticed notably in RH 100%, RH 80%, and RH 64% under
automotive protocol. These two degradations show a moderate
level in RH 40% under automotive protocol. Overall, to slow the
CL attenuation and improve the initial performance, PEMFCs
should be operated in RH 64%. To extend PEM durability, it is
desirable to operate PEMFC at RH 40%. Combining the CL and

Fig. 7. SEM images of CCM under (a) BOL, (b) RH 100 %, (c) RH 80 %, (d) RH 64 %, (e) RH 40 %, (f) RH 10 %.
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PEM decay, the RH range from 64% to 40% is suggested to auto-
motive protocol.
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