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Abstract: Membrane water content is of vital importance to the freezing durability of proton exchange
membrane fuel cells (PEMFCs). Excessive water freezing could cause irreversible degradation to
the cell components and deteriorate the cell performance and lifetime. However, there are few
studies on the critical membrane water content, a threshold beyond which freezing damage occurs,
for cold storage of PEMFCs. In this work, we first proposed a method for measuring membrane
water content using membrane resistance extracted from measured high frequency resistance (HFR)
based on the finding that the non-membrane resistance part of the measured HFR is constant within
the range of membrane water content of 2.98 to 14.0. Then, freeze/thaw cycles were performed
from −50 ◦C to 30 ◦C with well controlled membrane water content. After 30 cycles, cells with a
membrane water content of 8.2 and 7.7 exhibited no performance degradation, while those higher
than 8.2 showed significant performance decay. Electrochemical tests revealed that electrochemical
surface area (ECSA) reduction and charge transfer resistance increase are the main reasons for the
degradation. These results indicate that the critical membrane water content for successful cold
storage at −50 ◦C is 8.2.

Keywords: freezing durability; cold start; membrane water content; performance degradation;
proton exchange membrane fuel cell

1. Introduction

Proton exchange membrane fuel cell (PEMFC) is an energy conversion device that
converts chemical energy directly into electricity, which has attracted great attention in
recent years due to its high efficiency and environmentally friendly features. PEMFC
is considered a promising power source to replace the traditional combustion engine in
automotive applications in the future for the merits of high power density and quick start-
up [1–3]. However, except cost and durability, low temperature environmental adaptability
is another urgent issue to be solved to make fuel cell vehicles commercially viable [4,5].

The sub-zero survivability issues originate in the freezing of water. On one hand,
when the cell is exposed to a sub-freezing temperature, residual water in the membrane,
the porous medium, and the interface between multilayer structures freezes spontaneously,
which causes irreversible degradation to the cell components, such as pin holes and cracks
formation [6,7], electrochemical active surface area (ECSA) reduction [8,9], interfacial
delamination [10,11], pore structure destruction [12], and even hydrophobicity varia-
tion [13,14]. Great attention has been paid to investigate the freezing damage through
repeated freeze/thaw cycles. On the other hand, when the fuel cell is started at sub-zero
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temperature, produced water freezes and ice accumulates, blocking gas transport pathways
and covering three-phase boundaries, eventually leading to local fuel starvation [15,16] and
start-up failure [17–19]. Thus, the residual membrane water content is critical to freezing
tolerance and cold start performance of the cell [20]. Water in the Nafion membrane can be
divided into three categories according to its bonding strength to SO3− [21]. The first is
tightly bounded to SO3−, which is non-freezable as the temperature decreases. The second
type of membrane water is loosely bounded water, which exhibits freezing point reduction.
Another type of water with the most mobility is free water, which exists when membrane
hydration is relatively high. Although the absorption, desorption, and freezing behaviors
of water in perfluorosulfonic acid membranes have been extensively studied [22,23], the
relationship between quantitative water content and freezing damage remain unknown.

Previous research has shown that a gas purge before shutdown is an effective way to
alleviate frost damage and promote start-up performance [24]. Hou [25] used humidified
reactant gas with different relative humidity (RH) to purge the cell. The results indicated
that the cell purged with RH58.0% showed no performance loss after 20 freeze/thaw cycles,
while the cell purged with RH64.9% became easily flooded at high current densities, which
is attributed to the change in pore size distribution of the gas diffusion layer (GDL). Luo
et al. [26] also reported performance degradation in a high current density region when
the cell was not subjected to any purge, while these did not show any damage after a
hot/cold purge. Gas purges are important to control and minimize residual water in a
PEMFC. Sinha and Wang [27] developed a three-dimensional (3D) analytical model to
describe the gas purge phenomena, and they classified the water removal process into
four stages: through-plane drying, in-plane drying, vapor transport and equilibrium
stage. Further, they elucidated the effect of purge conditions on purge effectiveness and
indicated that purging with low relative humidity gas, high cell temperature, and high
gas velocity is preferable. In order to make the residual water content more intuitive, high
frequency resistance (HFR) was first introduced by Ge and Wang [28] as a direct indicator
of purge effectiveness and membrane hydration. It is now commonly used as a reflection
of membrane hydration and as a calculation basis of membrane water content. However,
the measured HFR not only includes the membrane resistance, but also the electronic
resistances, the CL resistances, and the contact resistances. Therefore, it is inaccurate to
use HFR instead of membrane resistance to calculate membrane water content. Moreover,
the HFR will continue to decrease until it reaches thermodynamic equilibrium within one
or two hours after the purge is completed, which is called HFR relaxation [28]. Tajiri [29]
suggested that the membrane water content, which is critical to the cold start performance
of PEMFC, corresponds to the HFR after relaxation, rather than the HFR immediately
after purging. Membrane water content can also be well controlled by an equilibrium
purge [24,30,31]. During an equilibrium purge, partially humidified gas with a specific
RH was used to purge the cell for an extended period of time (typically ≥3 h) and the
membrane water content then reached equilibrium with the relative humidity of the gas.
In view of the purge duration, equilibrium purges are only of practical significance in
laboratory research.

This work intends to experimentally investigate the effect of membrane water content
on PEMFC freeze/thaw durability, and much attention has been paid to find the critical
water content for successful storage at −50 ◦C. The aim is to provide a criterion for
gas purges during fuel cell shutdown to avoid performance degradation and reduce
unnecessary energy consumption caused by excessive drying. To achieve this, firstly, we
used HFR after relaxation as the direct reflection of membrane hydration after purge,
and the membrane water content was accurately calculated using membrane resistance
extracted from the measured HFR. Then, the freeze/thaw cycle from −50 ◦C to 30 ◦C was
performed 30 times with well controlled membrane water content. After that, performance
was evaluated before and after freeze/thaw cycles. Finally, the electrochemical and physical
characterization were conducted to reveal the degradation mechanism caused by freezing.
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2. Experimental Section
2.1. MEA Manufacturing and Fuel Cell Setup

The catalyst-coated membranes (CCMs) were manufactured in three steps [32]: the
first step was to prepare the catalyst ink by mixing catalyst powder (Pt/C, 70 wt%, Johnson
Matthey Catalysts, London, Britain), Nafion solution (Dupont, Wilmington, NC, USA),
isopropyl alcohol (Aladdin, Shanghai, China), and deionized (DI) water. In the second step,
the mixture was ultra-sonically mixed at room temperature for 1 h. At last, the resulting
catalyst ink was sprayed onto the Nafion 211 membrane on a hot vacuum plate to accelerate
the evaporation of the solvents and eliminate the swelling phenomenon. The Pt loading for
the cathode and anode were 0.4 mg·cm−2 and 0.2 mg·cm−2, respectively. To prepare the
MEA, homemade CCMs were sandwiched between two GDLs by hot pressing at 140 ◦C
and kept at a pressure of 0.05 MPa for 2 min. The GDL consists of a backing layer (Toray
TGP-H060, Tokyo, Japan) and microporous layer (Vulcan XC-72, Cabot, Shanghai, China),
with PTFE content of 5% and 40%, respectively.

Experiments were conducted using single cells with an active area of 5 cm2. The single
cell consists of a pair of metal endplates, a pair of graphite flow fields with parallel flow
channels, and a membrane electrode assembly (MEA). The single cells were screwed with
a torque of 1.5 N·m.

Before testing, each fresh fuel cell is fully activated to ensure the optimal performance.
During activation, the cell was operated at 65 ◦C and at a back pressure of 0.5 bar with 100%
humidified H2/air, and the H2/air flow rates were 0.1 SLPM and 0.8 SLPM, respectively.
The cell was kept with constant discharge current density of 1000 mA·cm−2 for 5 h until the
voltage become stable. Then, the polarization measurement was conducted by measuring
the cell voltage while stepping the current density.

2.2. Equationuilibrium Purge

The primary purpose of an equilibrium purge is to evaporate liquid water in the GDL
and catalyst layer (CL), and to achieve thermodynamic equilibrium between membrane
hydration and the relative humidity of the purge gas. Thus, the membrane water content
can be accurately controlled. During the equilibrium purge, humidified nitrogen with
constant flow rate of 0.5 SLPM was fed to both the cathode and anode, cell temperature was
maintained at 65 ◦C, and the different RH of nitrogen were derived from different purge
gas dew points. An electrochemical workstation (Gamry Reference 5000E, Warminster,
USA) was used to monitor the HFR of the cell during purging. The equilibrium purge was
completed when the HFR of the cell reached a stabilized value.

2.3. Dry Purge and Freeze/Thaw Cycles

Dry purge was applied to remove water in the fuel cell. It consists of three steps in this
experiment: (1) initial conditioning, (2) purge, and (3) relaxation. In the first step, the cell
was operated at a constant discharge current density of 1000 mA·cm−2 for 30 min with 100%
humidified H2 and air at 65 ◦C. The purge process was sensitive to the initial condition of
the cell. This step was to ensure that the membrane is identically fully hydrated, and to
guarantee good consistency and repeatability of the experiment. In the second step, the cell
was purged at 65 ◦C with 1 L·min−1 dry nitrogen for both anode and cathode. The HFR
of the cell during purging was monitored at a frequency of 10 kHz. Once the purge was
completed, the cell was sealed immediately, and the temperature of the cell was maintained
at a constant to monitor the HFR change. During this step, the HFR continued to decrease
until it reached an equilibrium state, which is attributed to water distribution rebalancing
inside the cell [28]. Once stable, the HFR value after relaxation is the true reflection of
the equilibrium state inside the cell. At the end of these steps, five cells (cell-1, cell-2,
cell-3, cell-4, and cell-5), with different final values of HFR as well as membrane water
content, were obtained. After a dry purge, a freeze/thaw cycle was conducted 30 times
between −50 ◦C and 30 ◦C in an environment chamber. Each cycle took 2 h of cooling and
1 h of heating. The polarization curve was measured, and the dry purge was conducted
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every 5 cycles. Electrochemical characterization and postmortem analyses were measured
before and after freeze/thaw cycles. In order to eliminate the effect of the dry purge, the
performance of cell-6 without freezing before and after the dry purge was also tested.

2.4. Electrochemical Measurements

Electrochemical impedance spectra (EIS) were conducted to measure the internal
resistance of the fuel cell. A Nyquist plot was obtained from EIS measurement to show
the ohmic resistance, charge transfer resistance, and mass transfer resistance of the cell.
The perturbation amplitude for the sinusoidal signal is 10 mV over the frequency range of
100 kHz to 0.3 Hz. Before measurement, the cell was stabilized at 1000 mA·cm−1 for 15 min.

Cyclic voltammetry (CV) was employed to determine the ECSA of Pt catalyst. When
the ECSA of the cathode was measured, fully humidified hydrogen and nitrogen were
supplied to the cathode and anode with flow rates of 50 and 150 mL·min−1, respectively.
The cathode functioned as the working electrode and the anode functioned as the reference
and counter electrode. Cell potential was scanned from 0.05 V to 1.2 V with a scanning
rate of 50 mV·s−1. For CV measurements, more than 10 cycles were performed until the
H-desorption peak was stable.

2.5. Morphology and Pore Structure Analysis

Scanning electron microscopy (JEOL JSM-7800F, Tokyo, Japan) was applied to detect
the surface and cross-sectional morphology of the MEAs before and after freeze/thaw cycles.

The porosity of the MEA was measured by the mercury intrusion porosimeter (Auto
Pore IV 9500, Norcross, USA). The mercury contact angle was 130◦ and the intrusion
pressure was from 0.9 × 104 psia to 3.0 × 104 psia.

3. Results and Discussion
3.1. Calculation of Membrane Water Content

As mentioned before, the equilibrium purge is conducted in this experiment to ini-
tialize the hydration of various membranes. By fixing the cell temperature at 65 ◦C while
changing the gas dew point, nitrogen gas with different values of relative humidity could
be obtained. The process of establishing an equilibrium generally took more than 2 h,
which is consistent with Tajiri’s report [24]. The final point of HFR increased with the
decrease in relative humidity of the purge gas. At this point, most of the continuous liquid
water in the porous structures and flow channels was removed, and the membrane was
equilibrated with the relative humidity of nitrogen gas. Under this condition, the polymer
electrolyte membrane water content can be easily determined from Springer’s empirical
expression below [22]:

λ = 0.043 + 17.81α − 39.85α2 + 36.0α3 for 0 < α ≤ 1
λ = 14 + 1.4(α − 1) for 0 < α ≤ 1

(1)

where λ is the membrane water content, which is given as the number of water molecules
per sulfonic acid group, and α is water vapor activity of the purge gas.

The proton conduction of perfluorinated sulfonic acid (PFSA) membranes is highly
coupled with membrane water content. Springer [22] examined the dependency of proton
conductivity of Nafion membranes as a function of membrane water content and tempera-
ture. The results indicated that the proton conductivity of Nafion membranes is linearly
related to λ and non-linearly related to temperature:

σ = (0.005139λ − 0.00326) exp
[

1268
(

1
303

− 1
273 + T

)]
(2)

where σ is the proton conductivity of the membrane and T is the cell temperature. All
experimental conditions and results for the equilibrium purge are summarized in Table 1.
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Table 1. Experimental conditions and results for equilibrium purge.

Case
No.

Gas Dew
Point (◦C)

Cell Temperature
(◦C)

Relative Humidity
(%)

Membrane Water
Content

Proton Conductivity
((ohm·cm)−1)

Final HFR
(ohm·cm2)

1 21 65 10 1.40 0.0061 2.4996
2 40 65 30 2.58 0.0155 0.3942
3 46 65 40 2.84 0.0175 0.2618
4 48 65 45 2.98 0.0187 0.1937
5 50 65 50 3.17 0.0201 0.1805
6 57 65 70 4.89 0.0338 0.1285
7 62.5 65 90 9.47 0.0702 0.0924
8 65 65 100 14.00 0.1061 0.0779

As mentioned before, the measured HFR consists of membrane resistance, electronic
resistances, CL resistances, and contact resistances, as shown below:

HFR = Rm + Rs (3)

where Rs is defined as the sum of electronic resistance, CL resistances, and contact resis-
tances. Membrane resistance, Rm, can be calculated from proton conductivity obtained by
equilibrium purge.

Rm =
L
σ

(4)

where L is the thickness of the membrane. Note that all resistances here are area specific
resistances. Thus, Equation (3) can be rewritten as:

HFR =
L
σ
+ Rs (5)

Figure 1 is a plot of measured HFR versus the reciprocal of proton conductivity in the
range of membrane water content of 2.98 to 14.00. The fitting curve coincides well with the
experimental data with a linear correlation coefficient up to 0.998. The following fitting of
HFR as a function of σ is obtained.

HFR =
0.00257

σ
+ 0.0541 (6)
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Figure 1. Measured HFR plotted against proton conductivity of the membrane.

By comparing Equation (5) and (6), we can easily find that the Rs of the cell is constant
within the range of membrane water content of 2.98 to 14.00, the value is estimated as
0.0541 Ω·cm2. The fitted slope, namely the membrane thickness, is 25.7 µm, which is
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0.7 µm bigger than the actual thickness of Nafion 211 that we used in the experiment.
This can be explained by the fact that Nafion solution is an important component in the
catalytic layer, and this part of Nafion can be regarded as part of the membrane with a
certain equivalent thickness. However, the HFR exhibits a substantial increase with a
membrane water content below 2.98 because the ultra-low water content below 2.98 brings
great uncertainty to the behavior of the ionomer [29] and increases the CL resistances.

Therefore, we can extract the membrane resistance, which is difficult to measure
experimentally, from the measured HFR when the membrane water content is within the
range of 2.98 to 14.00. Based on this method, membrane water content can be accurately
calculated using the following equation:

λ =

 L exp
[
1268

(
1

273+T − 1
303

)]
(HFR − Rs)

+ 0.00326

/0.005139 (7)

3.2. Dry Purge and HFR Relaxation

Dry nitrogen is commonly used as a purge gas in scientific research. Figure 2 schemati-
cally depicts the general characteristics of a dry purge and a relaxation process. It is evident
that excellent repeatability is achieved by the fact that purge curves and relaxation curves
coincide perfectly. As can be seen from Figure 2a, the purge process can be divided into
two distinct periods: a faster HFR rise period, followed by a slower increase period until
equilibrium. In the first stage (0–2 min), the HFR rises substantially, which is attributed to
the evaporation front quickly penetrating through the GDL and propagating into the CL.
Water in the CL and near the membrane surface is removed rapidly. With the penetration of
the dry front and the decrease in membrane water content, the evaporation rate decreases
gradually, and finally, the membrane water content reaches equilibrium with the RH of
the purge gas. The purging characteristics are slightly different from that of Tajiri’s [29]
and Sinha’s [27], as the flow rate of purge gas is relatively high, and the measurement
interval of HFR is relatively long, so that the slow increase at the beginning of purging is
not detected in our experiments.
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After the purge was completed, the cell was sealed immediately, and the temperature
was maintained at 65 ◦C, while the HFR gradually decreased to a constant value (as shown
in Supplementary Materials, Figure S3) due to water redistribution inside the cell. The
final HFR reached a stabilized value, as shown in Figure 2b. The HFR after relaxation is
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important, as it reflects the true membrane water content, but not the HFR during purging.
Therefore, we propose to use the HFR after relaxation as the direct indicator of membrane
water content. Hence, by introducing the HFR after relaxation into Equation (7), the exact
membrane water content can be calculated. It should be mentioned that membrane water
content at saturation is different depending on whether the membrane is immersed in
liquid water (varies from λ = 16.8 to 22.0) or exposed to water vapor (λ = 14.0 at 30 ◦C
with saturated water vapor) [22,23]. As for the membrane inside the cell under working
conditions, the membrane is exposed to saturated reactant gases and can simultaneously
absorb the liquid water produced in the cathode CL. For a conservative estimation, we
set the saturated membrane water content under normal operating conditions as 14.0.
Therefore, the initial membrane water content of cell-1 without purging is set as 14.0. Five
cells with different membrane water content are summarized in Table 2.

Table 2. Membrane water content after HFR relaxation.

Cell No. Dry Purge Relaxed HFR
( mΩ·cm2)

Rs
( mΩ·cm2)

Membrane
Water Content

1 No - - 14.0
2 Yes 46.9 19.2 12.0
3 Yes 50.1 19.7 10.7
4 Yes 63.4 21.9 8.2
5 Yes 65.0 20.5 7.7

3.3. Fuel Cell Performance after Freeze/Thaw Cycles

To examine the effects of membrane water content on freezing degradation of PEMFC,
five cells with different residual membrane water content were cycled from −50 ◦C to
30 ◦C for 30 cycles. The cell performance was evaluated by polarization curves and power
density curves every five cycles, as plotted in Figure 3. Severe performance decay can be
found with the initial membrane content of 14.0 (cell-1) over the entire current density
range (from 0 to 1.8 A·cm−2), as shown in Figure 3a. The maximum power density was
reduced from 0.810 W·cm−2 to 0.695 W·cm−2 after 30 freeze/thaw cycles. The upper limit
current density was reduced from 1.8 A·cm−2 to 1.6 A·cm−2. The open circuit voltage
(OCV) of cell-1 displays in Figure 4a also decreased slightly. In the case of cell-2 and cell-3,
with the initial membrane water content of 12.0 and 10.7, respectively, performance had no
significant change in the current density range below 1.2 A·cm−2. However, irreversible
performance decay was detected in the high current density range (higher than 1.2 A·cm−2).
The polarization curves fluctuate frequently in high current densities. The upper limit
current density was reduced from 1.7 A·cm−2 to 1.6 A·cm−2 for cell-2 (membrane water
content of 12.0), and even through the upper limit current density of cell-3 (membrane
water content of 10.7) showed no reduction, the output voltage at 1.7 A·cm−2 was reduced
from 0.343 V to 0.239 V after 30 freeze/thaw cycles. Cell-6—without freezing—showed no
performance change, which demonstrates that the purging treatment does no harm to the
cell and the degradation was caused only by freezing.



Energies 2021, 14, 4520 8 of 17

Energies 2021, 14, x FOR PEER REVIEW 8 of 18 
 

 

reduced from 0.810 W·cm−2 to 0.695 W·cm−2 after 30 freeze/thaw cycles. The upper limit 
current density was reduced from 1.8 A·cm−2 to 1.6 A·cm−2. The open circuit voltage (OCV) 
of cell-1 displays in Figure 4a also decreased slightly. In the case of cell-2 and cell-3, with 
the initial membrane water content of 12.0 and 10.7, respectively, performance had no 
significant change in the current density range below 1.2 A·cm−2. However, irreversible 
performance decay was detected in the high current density range (higher than 1.2 
A·cm−2). The polarization curves fluctuate frequently in high current densities. The upper 
limit current density was reduced from 1.7 A·cm−2 to 1.6 A·cm−2 for cell-2 (membrane water 
content of 12.0), and even through the upper limit current density of cell-3 (membrane 
water content of 10.7) showed no reduction, the output voltage at 1.7 A·cm−2 was reduced 
from 0.343 V to 0.239 V after 30 freeze/thaw cycles. Cell-6—without freezing—showed no 
performance change, which demonstrates that the purging treatment does no harm to the 
cell and the degradation was caused only by freezing. 

  
(a) (b) 

  
(c) (d) 

Energies 2021, 14, x FOR PEER REVIEW 9 of 18 
 

 

  
(e) (f) 

Figure 3. Effect of freeze/thaw cycles on performance of the five cells with different initial membrane water content: (a) λ 
= 14.0 (cell-1); (b) λ = 12.0 (cell-2); (c) λ = 10.7 (cell-3); (d) λ = 8.2 (cell-4); (e) λ = 7.7 (cell-5); and (f) cell-6 without freezing. 

  
(a) (b) 

Figure 4. Effect of freeze/thaw cycles on the open circuit voltage of the two cells: (a) cell-1; (b) cell-4. 

Further reducing the initial membrane water content to 8.2 (cell-4) and 7.7 (cell-5), as 
displayed in Figure 3d,e, no performance degradation was observed for cell-4 and cell-5 
after 30 cycles. The OCV of cell-4 remained unchanged at 0.94 V, as shown in Figure 4b, 
which suggests no destruction occurred to the polymer electrolyte membrane. The results 
of this experiment indicate that a membrane water content of 8.2 is relatively safe for cold 
storage at −50 °C. Ding et al. [33] believed that the average membrane water content for 
the optimal purge protocol is 7.8, which is important and should be considered in the cold 
start strategy design, considering the purge effectiveness and energy consumption. This 
value is very close to our experimental results, and, to a certain extent, proves the reliabil-
ity of our experimental results. Furthermore, Jiao et al. [34] presented an empirical corre-
lation to calculate the maximum saturation of non-frozen water based on the experimental 
work of Thompson, and the limit amount of non-frozen water content at −50 °C is around 
4.8, which, in turn, indicates that the maximum amount of freezable water allowed in the 
membrane at −50 °C is around 3.4. As a result, an effective purge for successful storage at 
−50 °C requires purging the content of freezable water below 3.4. 

Figure 3. Effect of freeze/thaw cycles on performance of the five cells with different initial membrane water content: (a)
λ = 14.0 (cell-1); (b) λ = 12.0 (cell-2); (c) λ = 10.7 (cell-3); (d) λ = 8.2 (cell-4); (e) λ = 7.7 (cell-5); and (f) cell-6 without freezing.



Energies 2021, 14, 4520 9 of 17

Energies 2021, 14, x FOR PEER REVIEW 9 of 18 
 

 

  
(e) (f) 

Figure 3. Effect of freeze/thaw cycles on performance of the five cells with different initial membrane water content: (a) λ 
= 14.0 (cell-1); (b) λ = 12.0 (cell-2); (c) λ = 10.7 (cell-3); (d) λ = 8.2 (cell-4); (e) λ = 7.7 (cell-5); and (f) cell-6 without freezing. 

  
(a) (b) 

Figure 4. Effect of freeze/thaw cycles on the open circuit voltage of the two cells: (a) cell-1; (b) cell-4. 

Further reducing the initial membrane water content to 8.2 (cell-4) and 7.7 (cell-5), as 
displayed in Figure 3d,e, no performance degradation was observed for cell-4 and cell-5 
after 30 cycles. The OCV of cell-4 remained unchanged at 0.94 V, as shown in Figure 4b, 
which suggests no destruction occurred to the polymer electrolyte membrane. The results 
of this experiment indicate that a membrane water content of 8.2 is relatively safe for cold 
storage at −50 °C. Ding et al. [33] believed that the average membrane water content for 
the optimal purge protocol is 7.8, which is important and should be considered in the cold 
start strategy design, considering the purge effectiveness and energy consumption. This 
value is very close to our experimental results, and, to a certain extent, proves the reliabil-
ity of our experimental results. Furthermore, Jiao et al. [34] presented an empirical corre-
lation to calculate the maximum saturation of non-frozen water based on the experimental 
work of Thompson, and the limit amount of non-frozen water content at −50 °C is around 
4.8, which, in turn, indicates that the maximum amount of freezable water allowed in the 
membrane at −50 °C is around 3.4. As a result, an effective purge for successful storage at 
−50 °C requires purging the content of freezable water below 3.4. 

Figure 4. Effect of freeze/thaw cycles on the open circuit voltage of the two cells: (a) cell-1; (b) cell-4.

Further reducing the initial membrane water content to 8.2 (cell-4) and 7.7 (cell-5), as
displayed in Figure 3d,e, no performance degradation was observed for cell-4 and cell-5
after 30 cycles. The OCV of cell-4 remained unchanged at 0.94 V, as shown in Figure 4b,
which suggests no destruction occurred to the polymer electrolyte membrane. The results
of this experiment indicate that a membrane water content of 8.2 is relatively safe for cold
storage at −50 ◦C. Ding et al. [33] believed that the average membrane water content for
the optimal purge protocol is 7.8, which is important and should be considered in the cold
start strategy design, considering the purge effectiveness and energy consumption. This
value is very close to our experimental results, and, to a certain extent, proves the reliability
of our experimental results. Furthermore, Jiao et al. [34] presented an empirical correlation
to calculate the maximum saturation of non-frozen water based on the experimental work
of Thompson, and the limit amount of non-frozen water content at −50 ◦C is around 4.8,
which, in turn, indicates that the maximum amount of freezable water allowed in the
membrane at −50 ◦C is around 3.4. As a result, an effective purge for successful storage at
−50 ◦C requires purging the content of freezable water below 3.4.

3.4. Electrochemical Active Surface Area and Hydrogen Crossover

Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) measurements were
carried out before and after freeze/thaw operations to measure the ECSA of Pt catalysts
and hydrogen crossover currents. The ECSA of Pt catalysts is one of the most important
properties affecting the overall performance of the cell, which is estimated based on the
charge of hydrogen desorption peak in the CV curves. The hydrogen desorption peak area
and the ECSA are calculated from the data in Figure 5 and summarized in Table 3. The
ECSA of cell-1 (membrane water content of 14.0) after 30 freeze/thaw cycles decreased
from 26.09 m2·g−1 to 5.10 m2·g−1, with a reduction rate of −0.7 m2·g−1·cycle−1. The severe
reduction in ECSA is one of the main reasons for the polarization degradation in Figure 3a.
A similar conclusion was made by Luo et al. [26], who attributed the performance degrada-
tion in low current density regions to the reduction in ECSA. For the cells with an initial
membrane water content of 12.0 (cell-2) and 10.7 (cell-3), the ECSA showed a smaller
reduction, mainly due to the fact that the remaining water content in the catalytic layer was
low after purging, and it did not cause catastrophic damage within a limited number of
cycles. At the same time, it can also be seen from the polarization curve in Figure 3 that the
performance degradation mainly occurs in the high current density region, which is in the
mass transfer polarization region. Thus, the slight ECSA degradation for cell-2 and cell-3
is reasonable. Cell-4, with the initial membrane water content of 8.2, did not show any
reduction in ECSA: the ECSA of cell-4 increased from 38.76 m2·g-1 to 40.49 m2·g−1 and the
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increment is within the range of the errors permitted [25], which indicates that lowering
the membrane water content to 8.2 (cell-4) is helpful in eliminating freezing damage to
the CL. The schematic diagram shown in Figure 6 is to further explain the relationship
between membrane water content and performance degradation. For cell-1—without
purging—liquid water almost fills the pores in the catalyst layer, and the membrane is
saturated, as shown in Figure 6a. The structure of the catalyst layer was destroyed after
several freeze/thaw cycles with repeated ice formation and melting. Due to repeated
volume change during freeze/thaw cycles, Pt particles detachment and aggregation may
occur, which are the main reasons for the ECSA reduction. When a gas purge is applied
to remove liquid water from the cell, gas will remove water directly from the membrane,
while the overall saturation in the catalyst layer remains high when purging with high flow
rate [35]. Therefore, when the membrane water content is within the range of 8.2 to 14.0,
continuous liquid water still remains in the catalyst layer but with lower saturation, as
shown in Figure 6b, which eventually results in relative slight degradation after repeated
freeze/thaw cycles. As described in Figure 6c, when further reducing the membrane water
content to 8.2, there exists only scattered moisture trapped in pores and the ionomer of the
catalyst layer. Given the low moisture content in the catalyst layer, the volume expansion
caused by icing can be borne by its inherent pores, thus the catalyst layer will not be
damaged and the ECSA will be preserved.
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Table 3. The ECSA before and after freeze/thaw cycles.

Freeze/Thaw
Cycles

Cell-1 Cell-2 Cell-3 Cell-4

ECSA(m2·g−1) ECSA(m2·g−1) ECSA(m2·g−1) ECSA(m2·g−1)

0 26.09 33.81 28.39 38.76
30 5.10 32.28 24.57 40.49
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The hydrogen crossover current density is also displayed in Figure 5a–d. The hydrogen
crossover current density for cell-1 (membrane water content of 14.0) increases slightly
from 1.33 mA·cm−2 to 2.06 mA·cm−2. The results imply that minor changes in the polymer
electrolyte membrane have occurred due to repeated freeze/thaw cycles, leading to the
increase in hydrogen crossover. However, the increase is not significant. The slight increase
in hydrogen crossover also correlates well with the reduction in OCV in Figure 4a. The
hydrogen crossover current does not increase for the other cells, which indicates that liquid
water in the interface of the membrane and CL is removed by dry purge, and the structure
of the membrane is well preserved.

3.5. Electrochemical Impedance Spectra

In order to investigate the degradation mechanism of the cell experienced freeze/thaw
cycles, electrochemical impedance is measured to evaluate the resistance characteristics and
transport features. The Nyquist plot based on the ac impedance is measured at 1 A·cm−2,
as is shown in Figure 7. Generally, the Nyquist plot with one single semicircle, as displayed
in Figure 7, includes two characteristic regions: the highest frequency intercept, RΩ, which
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mainly consists of membrane resistance and contact resistance, and the high frequency arc,
which is responsible for the charge transfer resistance (Rct) and a double layer capacitance
in the cathode catalyst layer. The absence of the low frequency arc indicates that the mass
transport limitation is not a controlling step at the given current density. Therefore, a
simple equivalent circuit consists of Rct connected with a constant phase element (CPE) in
parallel, and RΩ in series [36] is applied to fit the Nyquist curves, as depicted in Figure 7a.
The fitting data are listed in Table 4.
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Table 4. The EIS fitting data at 1 A·cm−2 before and after freeze/thaw cycles.

Freeze/Thaw
Cycles

Cell-1 Cell-2 Cell-3 Cell-4

RΩ(
mΩ · cm2) Rct(

mΩ · cm2) RΩ(
mΩ · cm2) Rct(

mΩ · cm2) RΩ(
mΩ · cm2) Rct(

mΩ · cm2) RΩ(
mΩ · cm2) Rct(

mΩ · cm2)
0 52.35 250.75 46.96 297.45 47.54 275.65 44.89 272.05
30 77.30 446.55 46.10 292.55 46.45 221.10 42.80 223.90

From Table 4, RΩ of cell-1 (membrane water content of 14.0) increases from 52.35 mΩ·cm2

to 77.30 mΩ·cm2 at 1 A·cm−2. This may be due to the freezing of the water in the interfa-
cial gap and the deterioration of the interfacial coupling characteristics, resulting in the
increase in contact resistance between the GDL and CL. The charge transfer resistance
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nearly doubled at 1 A·cm−2 for cell-1. This can be attributed to the reduction in ECSA and
the change in microstructure of catalyst layer. The volume expansion caused by freezing is
beyond endurance in the pores of the catalyst layer, thus the catalyst particles are squeezed,
resulting in the detachment and aggravation of Pt particles. Moreover, since ionomer is
usually used as binder and proton conductor in the catalyst layer, repeated icing/melting
may change the structure and shape of ionomer, which will definitely worsen the charge
transfer process. Additionally, Hou [25] pointed out that charge transfer resistance is greatly
affected by the residual water content, and the repeated volume expansion inside the CL
changed the pore structure of the CL, making the CL vulnerable to flooding. Another point
worthy of attention is that the degradation trend of cell-2 and cell-3 is indistinguishable
in the EIS data under 1000 mA·cm2, which is attributed to the fact that the cell showed
significant degradation only in the high current density region (higher than 1200 mA·cm2,
as shown in Figure 3) and the electrochemical reaction can be maintained at the same
speed at 1000 mA·cm−2. Moreover, the charge transfer resistance for cell-3 and cell-4 even
reduced at 1 A·cm−2. Two reasons are considered. First, the ECSA of cell-4 is increased and,
according to Ref. [37], the freezing of residual water in the CL more or less changes the pore
structure of the agglomerates where even the water content is relatively low, exposing more
active sites and connecting proton transport channels. Second, since the EIS measurements
are conducted after a long period of activation (5 h), more residual water increases the
charge transfer resistance in the first test. In summary, the degradation of cell performance
for cell-1 is mainly ascribed to the increase in charge transfer resistance, and purging the
cell membrane water content to 8.2 is effective in eliminating freezing damage after 30
freeze/thaw cycles.

3.6. Morphology and Porosity

SEM and mercury porosimeter were applied as postmortem analyses to diagnose the
morphology and pore structure of the cell after freezing. Devastating damage was detected
after F–T cycles, as shown in Figure 8. In the case of cell-1, as displayed in Figure 8b,d,
extensive cracks at the surface of MPL and massive of fracture of carbon fibers at the
surface of the GDL are observed, while small cracks appear on the CL surface, as depicted
in Figure 9b. It is believed that the formation of cracks is attributed to the volume expansion
due to water freezing. Figure 9d indicates that there is no delamination between the CL
and membrane for cell-1 even though no purge treatment is applied. As for the case of
cell-4, no physical damage is found on the surfaces of the CL, MPL, and GDL, which also
demonstrates that the freezing damage is eliminated by lowering the membrane water
content to 8.2.
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Pore size distribution was obtained using a mercury intrusion porosimeter. The pore
size distribution is plotted in Figure 10. The results indicate that there is no distinct differ-
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ence between fresh MEA, MEA−1 and MEA−4. The pore volume in this measurement
is the sum of pores in the GDL, MPL, CL, membrane, and the interfacial gaps. Therefore,
pore structure change may be masked. However, existing studies [6,12,13] have shown
that freezing can change the porous structure of the membrane electrode, resulting in a
decrease in the proportion of micropores and an increase in the proportion of macropores.
In addition, freeze/thaw cycles could reduce the hydrophobicity of the microporous layer
and the carbon-paper supporting layer. These damages caused by freezing will definitely
make the fuel cell more prone to flooding under high density conditions, which justifies our
experimental results. Unfortunately, it is impossible to completely separate the electrode
layer by layer from a complete cell, especially a cell that has been hot-pressed and tested,
which makes it impossible for us to measure the hydrophobicity and pore structure change
in the catalyst layer, microporous layer, and GDL separately. Therefore, further research
should pay more attention to the individual porosity and hydrophobicity changes of the
porous structure.
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4. Conclusions

The effect of membrane water content on PEMFC freeze/thaw durability from −50 ◦C
to 30 ◦C was investigated. To accurately calculate the membrane water content, an equi-
librium purge was performed, and it was found that the non-membrane resistance part
of the measure HFR was constant in the range of membrane water content of 2.98 to 14.0.
Then, a dry purge was applied to remove liquid water inside the cell. The HFR after
relaxation was used as the direct indicator of the membrane water content, as the HFR after
relaxation truly reflects the equilibrium state of water distribution in the membrane. The
electrochemical performance was tested before and after freeze/thaw cycles. Cell-1 with
the highest initial membrane water content of 14.0 was found to have severe performance
degradation over the entire current density range. Cell-2 (membrane water content of 12.0)
and cell-3 (membrane water content of 10.7) showed performance decay only in the high
current density region. Electrochemical performance tests revealed that ECSA reduction,
contact resistance, and charge transfer resistance increase were the main reasons for the
performance degradation. Morphology characterization also revealed that cracks and
deformation of the cell components occurred due to repeated freeze/thaw cycles. Cell-4
and cell-5 with the initial membrane water content of 8.2 and 7.7, respectively, showed no
performance degradation after 30 freeze/thaw cycles. As a result, the critical membrane
water content, a threshold beyond which freezing damage occurs, for successful cold
storage at −50 ◦C, is 8.2.
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