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bstract

Polarization losses of the fuel cells with different residual water amount frozen at subzero temperature were investigated by electrochemical
mpedance spectroscopy (EIS) taking into account the ohmic resistance, charge transfer process, and oxygen mass transport. The potential-dependent
mpedance before and after eight freeze/thaw cycles suggested that the ohmic resistance did not change, while the change of the charge transfer
esistance greatly depended on the residual water amount. Among the four cells, the mass transport resistance of the cell with the largest water
mount increased significantly even at the small current density region. According to the thin film-flooded agglomerate model, the interfacial
harge transfer process and oxygen mass transport within the agglomerate and through the ionomer thin film in the catalyst layer both contributed
o the high frequency impedance arc. From the analysis of the Tafel slopes, the mechanism of the oxygen reduction reaction (ORR) was the same

fter the cells experienced subzero temperature. The agglomerate diffusion changed a little in all cells and the thin film diffusion effect was obvious
or the cell with the largest residual water amount. These results indicated that the slower oxygen diffusion within the catalyst layer (CL) was the
ain contributor for the evident performance loss after eight freeze/thaw cycles.
2007 Elsevier B.V. All rights reserved.
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. Introduction

The cold start of a PEM fuel cell is a complex transient process
oupled with water, heat transport and ice formation. At subzero
emperature, the electrolyte, i.e. Nafion®, conductivity is low.
he generated water due to the ORR will freeze once the heat
roduced is not enough to warm the membrane electrode assem-
ly (MEA) above the freezing temperature. The freezing of the
enerated water most likely covers the catalyst sites, reduces the
hree phase boundaries (TPB) and blocks the reactant gas access-
ng to the reaction sites. The increased polarization will usually
ead to a failure cold start. Another concern is fuel cell surviv-

bility relating with the freeze/thaw thermal cycles at subzero
emperature. The thermal cycle is a main method to investigate
he materials durability. Furthermore, the protocol of the fuel
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ell shut down is a preliminary way to promise a successful cold
tart.

Recently, based on the experimental data, Wang’s group [1–5]
ade calculations and set up mathematic modeling. Basic under-

tandings and fundamentals of PEM fuel cell cold start process
ave been thus boosted a step. The fundamental principles of fuel
ell freeze related degradation have not been fully understood
et, though the freeze/thaw cycle has been applied to PEM fuel
ell [6–9]. As early as 1995, the freeze/thaw cycle were applied
o investigate the integrity of the thin-film catalyst layer and

embrane assembly by Wilson et al [10]. After 3 freeze/thaw
ycles, they found no cell performance decay. Pivovar and co-
orkers [11] also found no performance degradation after 100

reeze/thaw cycles down to −40 ◦C. However, a degradation rate
f 2.8% at 0.6 V was observed after 4 freeze/thaw cycles (−10

o 80 ◦C) [12]. The different results likely indicate the fabrica-
ion arts of the catalyst layer and MEA will affect the fuel cell
urvivability at subzero temperature. The MEA is porous and
hus has water storage capacity. Moreover, even though there is

mailto:hmyu@dicp.ac.cn
dx.doi.org/10.1016/j.jpowsour.2007.07.015
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ome water in MEA, the volume expansion from ice formation
oes not change the pore size distribution [9]. This fact induces
relationship of the freeze related degradation with the residual
ater amount.
The EIS technique proves a good diagnostic tool which is

ble to separate the responses of the various transport pro-
esses occurring simultaneously in PEM fuel cell [13–16].
enerally, the highest-frequency intercept of an impedance

pectrum denotes the cell resistance, and the high-frequency
egion reflects the charge transport in the catalyst layer, whereas
he low-frequency region represents mass transport in the gas
iffusion layer (GDL), the CL, and the membrane [13]. Useful
nformation can be acquired from the impedance spectroscopy.

In this work, a study of EIS response was conducted for four
ells with different residual water amount frozen at −10 ◦C for
freeze/thaw cycles. The cells were also subjected to polar-

zation experiments. By changing the amount of the residual
ater, the water saturation in the layers of MEA, especially in

he CL was adjusted. And thus the freeze degradation was corre-
ated with the residual water amount using the thin film-flooded

gglomerate model. The aim of this study was to elucidate fun-
amentals of the freeze related degradation taking into account
he ohmic resistance, the charge transfer process due to ORR,
nd mass transport phenomena within the CL.

. Experimental

.1. GDE, MEA fabrication and cell configuration

The 50 wt.% home-made Pt/C (Vulcan XC-72) catalyst was
abricated by reducing H2PtCl with HCHO. Toray carbon paper,
afion® solution and PTFE suspension were used to fabricate

he gas diffusion electrodes (GDEs). The carbon/PTFE slurry
as brushed on the two sides of the hydrophobicity treatment

arbon paper, and then the carbon paper was dried and calcined.
ubsequently, the slurry of the Pt/C dispersion was brushed
n the smooth carbon paper. After that, the carbon paper with
icroporous layer and the CL was dried and calcined in flow-

mwater,in =
(

NH2 t
P in

water,an

Panode − P in
wa
ng nitrogen gas. Finally, Nafion® solution was sprayed on the
atalyst layer. The Pt loading was about 0.5 mg cm−2 and the
afion® loading was 0.6–1.2 mg cm−2. Two electrodes with the

ffective area of 4 cm2 and a N212 membrane were hot-pressed
w
o

able 1
peration processes to obtain different residual water amount in cells

Current (A cm−2) Run time (s) Flow rates
(ml min−1)

Generated water

1 0.1 120 10 4.11
2 0.4 120 20 16.41
3 0.8 240 30 65.63
4 0.8 1800 30 440.34
urces 171 (2007) 610–616 611

o form a MEA. Two graphite polar plates used as current col-
ectors were machined with parallel flow channels. The silicon
-ring was used as a seal and the whole cell was tightened by

wo organic glass end plates and eight bolts. To measure cell
emperature, a pore for the thermal couple was drilled on the
ide of the graphite polar plate. Details can be found in Ref.
17].

.2. Residual water amount and freeze/thaw process

The cells were firstly experienced conditioning, perfor-
ance test and electrochemical measurement. Then, they were

urged by dry gas to remove water. To obtain different residual
ater amounts, four different operation processes were applied

Table 1). The three cells C1–C3 were operated at 25 ◦C with
he dry reactant gases fed in, while the cell C4 ran at 60 ◦C with
umidified reactant gases. The inlet O2 and H2 relative humidity
RH) were both 100% which was measured using a hygrome-
er (Vaisala HMT360, Finland). The gaseous water into the cell
ould be calculated by the following equation:

ode

+ NO2 t
P in

water,cathode

Pcathode − P in
water,cathode

)
MH2O (1)

here NH2 and NO2 are the H2 and O2 molar flow rates, t
he time, F the Faraday’s constant, MH2O the water molecu-
ar weight, Panode and Pcathode the gas pressures of anode and
athode, respectively, and P in

water,anode and P in
water,cathode the water

artial pressures of the anode and cathode inlets. The generated
ater amount could be simply calculated by the Faradic law,

nd the amount of the water out of the cell was measured by
eighing the silica gel tubule which was connected to the cell
utlets. The electronic balance (Sartorius BS2202S, Germany)
ad an accuracy of two significant digits after the decimal point.
or the one without weight increase, the RH of the outflow was
easured. In these cases, the amount of the gaseous water out

f the cell with the reactant gas was estimated according to the
ollowing equation:

water,out =
(

NH2 − iA

2F

)
t

Pout
water,anode

Panode − Pout
water,anode

MH2O

+
(

NO2 − iA
)

t
Pout

water,cathode
out MH2O
4F Pcathode − Pwater,cathode
(2)

here Pout
water,anode and Pout

water,cathode are water partial pressures
f the anode and cathode outflow, respectively. A is the MEA

(mg) Water in (mg) Water out (mg) Residual water (mg cm−2)

– 0.60 0.9
– 0.94 3.9
– 50.61 3.6

145.88 420 41.6
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ffective area. The residual water amount in the cell could be esti-
ated by the amount of the generated water minus the amount

f the water out of the cell. These results were all summarized
n Table 1.

Subsequently, the cell inlets and outlets were sealed and the
ell was put into the climate chamber. The cell temperature was
ept at −10 ◦C for 1.5 h. After that, the cell was taken out of the
limate chamber after each freeze cycle, and directly warmed by
ot air which was supplied by the air condition. When the cell
emperature was above 10 ◦C, the cell was set up at the home-
ade fuel cell test station. The reactant gases were fed in the

ell, and the gas pressure was kept at 0.03 MPa. The out flow
ates were constant at 100 ml min−1 for O2 and 40 ml min−1 for

2. Meanwhile, the cell was heated by the cycling water. The
ell performance tests were conducted at 60 ◦C. Each cell was
epeated 8 cycles.

.3. Performance evaluation and electrochemical study

When the cell temperature reached 60 ◦C, the cell started up
t the current density of 0.5 A cm−2 and ran at this current den-
ity for 20–30 min. And then, the polarization characterization
as conducted for three times at the constant out flow rates of
00 ml min−1 for O2 and 40 ml min−1 for H2. The third data
as chosen for comparison. For the cell C4, it was not able to

tart at 0.5 A cm−2, and was operated at 0.3 A cm−2. The cell
erformance was usually stable in the process of 20–30 min of
quilibrium condition. After the cell performance was measured,
he KFM2030 impedance meter (Kikusui, Japan) was connected
or in situ EIS measurement using Fuelcell-Load&Impedance

eter software (Kikusui, Japan). The perturbation amplitude
or the sine signal was 165 mA (peak to peak) over a frequency
ange of 10 kHz–0.5 Hz. Since the impedance was measured at
alvanostatic mode, the cell voltage was adopted from the cor-
esponding value in i–v plot. This was confirmed by comparing
he cell voltage in i–v plot with that during the process of the

mpedance measurement at the same current density. Consid-
ring the fast rate of hydrogen oxidation reaction (HOR) and
mall effect of water freezing on the anode [7], impedance data
eported in the paper were all measured in two-electrode system.

s
c
b
w

ig. 1. Performance loss after 8 cycles of freeze at −10 ◦C for 0.03 MPa H2/O2 PEM
urces 171 (2007) 610–616

. Results and discussion

.1. Performance evaluation

Fig. 1 shows the performance of the four cells with differ-
nt water amount frozen at −10 ◦C for 8 cycles. Comparing
he initial cell performance, there is a little difference between
oltages in the current density region of 0–1 A cm−2 for C1, as
hown in Fig. 1a. Increasing the residual water amount makes
he performance loss more evident, as shown in Fig. 1b–d. With
.9 mg cm−2 water amount, the cell performance degrades from
.593 to 0.516 V at 1 A cm−2, while performance loss is from
.598 to 0.503 V for C3 with 3.6 mg cm−2. For the biggest water
mount, the cell is unable to run at 0.5 A cm−2.

The semi-empirical equation as Eq. (3) is used to fit the i–V
lots in the region of activation and ohmic polarization [18]:

= E0 − b log i − Ri (3)

here

0 = Er + b log i0 (4)

r is the reversible potential, b the Tafel slope, i0 the exchange
urrent density for the oxygen reduction and R consists of
aterial bulk resistance, interfacial contact resistance and con-

ribution from the mass transport limitation within the catalyst
ayer. Those parameters can be obtained by non-linear least
quare fit of the polarization plot and are summarized as well as
he cell voltages at 10 mA in Table 2.

.2. EIS general pattern and ohmic resistance change

The transport processes greatly depend on the overpotential
t the steady state [13,14]. The EIS experiment is thus conducted
t different cathode potentials, and the typical in situ impedance

pectra at different cathode potentials are shown in Fig. 2. The
athode potential is iR-corrected cell voltage. From Fig. 2a and
, when the overpotential increases, the arc diameter decreases,
hich reflects the increasing driving force of the ORR process.

fuel cells with different residual water amount: (a) C1; (b) C2; (c) C3; (d) C4.
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Table 2
The kinetic parameters for 0.03 MPa H2/O2 fuel cells before and after frozen at
−10 ◦C

Samples E0 (V) b (mV decade−1) R (� cm2) V10 mA (V)

C1
0 0.9608 72.1 0.23 0.937
8 0.9623 72.4 0.27 0.935

C2
0 0.9748 74.3 0.22 0.946
8 0.9766 72.3 0.28 0.951

C3
0 0.9738 72.9 0.23 0.942
8 0.9693 66.4 0.27 0.944

C4

o
i
s
t

F
p

F
a

e
w
0
f
t
c
w
t
b

3
k

i
t
p
t

0 0.9744 78.0 0.24 0.948
8 0.9743 68.2 0.62 0.954

Since the fuel cell performance losses originate from the

hmic polarization, the limited interfacial kinetics, and the lim-
ted effective permeability of oxygen in the catalyst layer, the
ignificant performance losses in Fig. 1 can be analyzed. From
he EIS general pattern in Fig. 2, the ohmic resistances at differ-

ig. 2. Typical in situ impedance spectra before freezing at different cathode
otentials: (a) from 0.946 to 0.902 V; (b) from 0.890 to 0.779 V.

ig. 3. Cell resistances change at 0.1 A cm−2 with different water amount frozen
t −10 ◦C for 8 cycles.
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nt overpotentials obtained from the highest frequency intercept
ith the real axis are almost the same. The ohmic resistances at
.1 A cm−2 before and after the freezing process are shown as the
unction of the residual water amount in Fig. 3. The results show
hat the cell resistance does not change after the 8 freeze/thaw
ycles. The performance loss of the cells with different residual
ater amount does not originate from the increased ohmic resis-

ance. Furthermore, the increased slope of the i–v plots should
e owing to the mass transport.

.3. Change of oxygen transport and charge transfer
inetics

As the resistance obtained from the fitting of the i–v plot
ncludes the cell resistance and mass transport limitation within
he CL, the difference of R − Rcell ascribes to the mass trans-
ort limitation within the CL and the magnitude is denoted as
he mass transport resistance. Fig. 4 shows the change of the
ass transport resistance at 0.2 A cm−2 as function of the water

mount. After C1 with 0.9 mg cm−2 residual water is frozen at
10 ◦C for 8 cycles, the mass transport resistance changes a lit-

le. For C2 and C3, the changes of the mass transport resistance
re almost the same, about 65 m� cm2. Increasing the resid-
al water amount makes the mass transport resistance change
ignificant for C4.

To investigate the change of the charge transfer process before
nd after the freezing process, the impedance responses at 0.1
nd 0.5 A cm−2 for each cell are compared. Typical complex
yquist plots at two current densities before and after the freez-

ng process are shown in Fig. 5. Generally, the diameter of the
rc stands for the charge transfer resistance. As in Fig. 2, the
mpedance characteristic is the diameter of the arc decrease
ith the overpotential increase. The diameter for the frozen cell

s larger than the unfrozen one, which is more significant for
he impedance at 0.5 A cm−2. The change of the charge trans-
er resistances at the two current densities with the residual
ater amount is shown in Fig. 6. As C4 is not able to run

t 0.5 A cm−2 after 8 cycles of freeze/thaw, the impedance is

ot given in Fig. 6b. Increasing the residual water amount in
he cell, the change of the charge transfer resistance is more
vident. Especially with the largest water amount, the charge
ransfer resistance even at 0.1 A cm−2 greatly increases. The

ig. 4. Change of the mass transport resistance within catalyst layer at
.2 A cm−2 as function of the residual water amount.
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Fig. 5. Typical impedance responses at two current densities before and after
the freezing process.
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ig. 6. The change of the charge transfer resistances at two current densities
ith residual water amount: (a) 0.1 A cm−2; (b) 0.5 A cm−2.

verpotential is small at low current density region and the mass

ransport contribution to the arc diameter is too small to be
eglected. But, C4 mass transport resistance changes a lot after
he freezing process as shown in Fig. 4. Whether the change
f the charge transport resistance at low current density region

s
a
fi
e

Fig. 7. Schematic thin film-flooded agglomerates after f
urces 171 (2007) 610–616

ontains the contributor from the mass transport is clarified
elow.

.4. Residual water correlation

The microstructure of the catalyst layer can be depicted as
atalyzed carbon particles flooded with the electrolyte form
gglomerates covered with a thin film of electrolyte [19,20].
he reactant gas firstly passes the channels among the agglom-
rates, diffuses through the ionomer thin film and thereafter in
he agglomerates, and then reaches the reaction sites. Consider-
ng the porous electrode and the hydrated ionomer, the catalyst
ayer is able to hold a certain amount of water. The saturation of
he CL increases with the residual water amount. But, it is not
ossible for the generated water to fill the catalyst layer fully.
ven in the case of C4, the void pores still exist in the catalyst

ayer, functioning as the gas channels. That is one of the reasons
hat the cell is able to run with a specific performance and does
ot shut down during the process of obtaining the residual water.
owever, it is most possibly that some of the generated water

esides in the pores among agglomerates and does not block the
ores, which is shown in Fig. 7a. The residual water fills the
ores following the sequence of small hydrophilic pores, large
ydrophilic pores, large hydrophobic pores and small hydropho-
ic pores. With the increase of the residual water amount or
he saturation of the CL, the hydrophobic pores will likely be
ncluded in the pores among the agglomerates which are filled by
he residual water. Once the water freezes, the volume expan-
ion makes the two blocks of ice contact, enlarges the pores
mong agglomerates and thus compresses the pores in agglomer-
tes. This effect becomes more evident with the cycles increase,
s shown in Fig. 7b. The fact that the number of small pores
<25 nm) decreased while the number of big pores (>25 nm)
ncreased [12] supports the changed agglomerates. The pores in
gglomerates are more or less compressed, and thus oxygen dif-
usion within the agglomerates becomes a little more difficult.
he generated water can also reside in the pores in the agglom-
rates. The volume expansion caused by ice formation is much

maller compared with that happens in the pores among the
gglomerates. This can be verified by the results from the thin
lm-flooded agglomerate model. Furthermore, the compressing
ffect makes the number of the TPBs decrease. The induced

reeze/thaw cycles: (a) initial one; (b) after freeze.
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Table 3
Tafel slopes in the low current region and high current region before and after
the freezing process

Tafel slopes C1 C2 C3 C4

Low current region
b0 (mV decade−1) 60.2 65.2 65.5 61.0
b8 (mV decade−1) 63.4 62.1 66.2 62.5

High current region

t
b
c
o
t
t
t
c
t
t
d
d
s

F
(

J. Hou et al. / Journal of Pow

ecay of cell performance is irreversible and can be called “irre-
ersible performance loss”. Once the ice melts, a thin water film
ill be formed and block the pore among agglomerates (Fig. 7b).
he performance decay induced by this effect is “reversible per-

ormance loss”. When the residual water amount in the catalyst
ayer is too small to form a continuous water film, this kind of
erformance decay does not appear, i.e. C1–C3.

Therefore, the thin film-flooded agglomerate model is applied
o analyze the impedance data. The model has been success-
ul in explaining the gas diffusion electrodes behavior. When
he diffusion in the agglomerates is the control step of the
eaction kinetics, plots of log(R−1

ct ) as a function of electrode
otential must present a double Tafel slope, with respect to
he value observed when the charge transfer resistance is the
ate determining step [15,18–20]. As seen from the impedance
pectra presented in Fig. 2, there is only one loop in the low
verpotentials region. In such cases, the charge transfer resis-
ance Rct is associated with the charge transfer process at the
atalyst/electrolyte interfaces, and may contain contributions
rom the mass transport process within the catalyst layer. To
nvestigate the freeze effect at subzero temperature, the cath-
de potential was plotted as a function of log(R−1

ct ) for the
our cells, as shown in Fig. 8. Based on Eq. (3), the equation
cath = Ecell − b log i can be obtained by iR-crorrected cell volt-
ge. The Rct and the current density in the low overpotentials
egion have the relation of R = RT/nFi [16,21]. Rearranging the
ct
quation, then we have

cath = b log Rct + C (5)

w
t
w
a

ig. 8. The plots of log(R−1
ct ) as function of cathode potential for the four cells exper

c) C3; (d) C4.
b0 (mV decade−1) 125.4 115.2 129.8 157.1
b8 (mV decade−1) 141.4 178.0 212.2 –

By linear-fitting at the low current region, the Tafel slope in
his region can be obtained and is summarized in Table 3. b0 and
8 stand for the Tafel slope before and after the 8 freeze/thaw
ycles. It can be seen that in the low current density region the
verpotential dependence arc reflects a pure kinetic control, and
he Tafel slopes in this region are almost 63 mV decade−1 for
he four cells before and after the freezing process. It indicates
hat the ORR mechanism is the same for the frozen and unfrozen
ells. The Tafel slopes obtained by this method are all less than
hose by fitting the polarization plots. It is reasonable for that
he fitting region in the latter situation usually includes mass
iffusion effects within the catalyst layer. At the high current
ensity region, the Tafel slopes of the four cells all become
teeper. It suggests that there is an agglomerate diffusion effect

ithin the CL for all cells. The second Tafel slope increases after

he freezing process especially for the cells with large residual
ater amount. The Tafel slopes in the high current density before

nd after the freezing process are also summarized in Table 3.

iencing with different residual water amount frozen at −10 ◦C: (a) C1; (b) C2;
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he increased Tafel slopes after the freezing process suggest
hat the pores in agglomerates have been compressed and thus
he agglomerate diffusion effect is more evident. It also indi-
ates that the volume expansion due to water freezing in the
ores in the agglomerates can be neglected compared with that
ccurs in the pores among the agglomerates. As a result, the
gglomerates change as in Fig. 7b after 8 freeze/thaw cycles.
he increase of the residual water amount makes the CL more
aturated, which brings not only the evident agglomerate dif-
usion effect but also the thin film diffusion effect. After the 8
reeze/thaw cycles, there is a more evident slope change for C4
ith the largest water amount as shown in Fig. 8d. The value of

og(R−1
ct ) does not increases linearly with the overpotential and

he turn point appears, which reflects the obvious thin film dif-
usion effect. As a result, the R of C4 in Table 2 increases from
.24 to 0.62 � cm2 and the mass transport resistance within the
atalyst layer increases (Fig. 4). This effect is caused by the thin
ater film of ice melting.

. Conclusion

By analyzing the EIS results, the ohmic resistance did not
hange for the cells frozen with the four different residual
ater amounts. The change of the charge transfer resistance
epended on the residual water amount, while the mass trans-
ort resistance of the cell with the largest residual water amount
ncreased significantly even at small current density region.
ased on the thin film-flooded agglomerate model, the potential-
ependence impedance suggested that the mechanism of the
xygen reduction reaction did not change after the cells expe-
ienced subzero temperature. The water freezing in the pores
mong agglomerates compressed the pores in agglomerates,

nduced agglomerates diffusion effects, and thus resulted in irre-
ersible performance loss. When the amount of the water resided
n the pores among agglomerates was enough to form a contin-
ous thin water film, the evident thin film diffusion effect was

[
[
[
[

urces 171 (2007) 610–616

ound. It was predicted that the performance decay induced by
his effect was reversible performance loss.
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