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Cold start characteristics of a polymer electrolyte membrane fuel cell are investigated experimentally,
and microscopic observations are conducted to clarify the freezing mechanism in the cell. The results
show that the freezing mechanism can be classified into two types: freezing in the cathode catalyst layer
at very low temperature like −20 ◦C, and freezing due to supercooled water at the interface between the
catalyst layer and the gas diffusion layer near 0 ◦C like −10 ◦C. The amount of water produced during the
cold start is related to the initial wetness condition of the polymer electrolyte membrane, because water
EM fuel cell
old start
reezing
ce
irect observation

absorption by the membrane due to back diffusion plays an important role to prevent the water from
freezing. It is also shown that after the shutdown of the cold start the cell performance of a subsequent
operation at 30 ◦C is temporarily deteriorated after the freezing at −10 ◦C, but not after the freezing at
−20 ◦C. The ice formed at the interface between the catalyst layer and the gas diffusion layer is estimated
to cause the temporary deterioration, and the function of a micro porous layer coating the gas diffusion

n is a
erformance deterioration layer for the ice formatio

. Introduction

The polymer electrolyte membrane fuel cell (PEFC) is considered
potential candidate for automotive power sources and portable

lectricity generators because of its characteristics of high effi-
iency, high power density, low operating temperature, and other
dvantageous characteristics. Characteristically, PEFCs are also less
ffected by deterioration at subzero temperature operation than
econdary batteries, but low-temperature startability issues of
EFCs remain as an obstacle in need of solution for use of PEFCs in
old regions. Freezing of water produced by the cathode reaction
ay induce a shutdown at cold start in below zero temperatures,

nd it has been reported that this freezing causes various kinds of
egradation of the cell performance [1–3].

The research group of the authors have investigated the per-
ormance of a PEFC at temperatures below the freezing point by
oth experiments and simulation, and the initial temperature at
hich self-starting is possible, which is determined by the balance

f the produced heat and water generated due to the reaction, was
dentified [4]. Cyclic voltammetry studies on the degradation of the
lectrochemically active Pt area of the cathode catalyst layer due

o the ice formation were conducted for a cell containing a mem-
rane with high water content after freezing/thawing cycling [1,2]
nd during and post-subzero start-up of a PEFC [3]. Here, together
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lso discussed.
© 2012 Elsevier B.V. All rights reserved.

with the permanent degradation caused by structural alterations of
the cathode catalyst layer [1–3], a temporary deterioration of the
cell performance was reported after start-up from subzero tem-
peratures and the warm-up to 25 ◦C with all ice in the catalyst
layer melted [3]. Tajiri et al. proposed a strict gas purge process
before cold start operation, and estimated the ice distribution in
the cathode catalyst layer at the end of cold starting at −30 ◦C at
low and high current densities [5]. Recently, cryo-SEM observations
were conducted to elucidate further details of the ice distribu-
tion in the catalyst layer at −25 ◦C or −20 ◦C; these observations
were carried out with the examined components kept at very low
temperature and in vacuum conditions to avoid thawing and cov-
ering by frost deposits [6–9]. At temperatures closer to zero, like
−10 ◦C, it was reported that the produced water is present in a
supercooled state, and that the freezing behavior in a PEFC can be
visualized by infrared thermography and it was possible to cap-
ture the 2-dimensional propagation in the high temperature region
caused by the release of heat due to freezing [10–12]. Thus, the
characteristics of the cold start using specific cells and start-up tem-
peratures, and the effects of the water freezing in the cell on the
performance deterioration have been reported. Further research,
however, is necessary to clarify the effects of the start-up tempera-
ture on the cold start characteristics with the operating conditions
strictly controlled by gas purging before the cold start, because the

characteristics of the operation here are strongly affected by the ini-
tial residual water inside the cell [13]. Additionally, the freezing site,
the freezing mechanism, and the effect of the start-up temperature
on the conditions in the cell have not been fully elucidated, and an

dx.doi.org/10.1016/j.jpowsour.2012.02.052
http://www.sciencedirect.com/science/journal/03787753
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ig. 1. Experimental apparatus and photo of the inside of the thermostatic chamber.

nderstanding of more details of the freezing mechanism would
e extremely useful to be able to design the structure of PEFCs and
pecify the operating conditions that are optimal for cold starting.

This study investigated the effects on the cold start character-
stics of a PEFC, of the start-up temperature, current density, and
nitial residual water in the cell, experimentally. Investigation of the
reezing mechanism and its dependence on the start-up tempera-
ure was also conducted by direct observations of the inside of the
ell, here the cell was disassembled after the cold start shutdown
nd the distribution of the ice formed in the cell was identified using
ptical microscopy. Further, the effect of the start-up temperature
n the temporary performance deterioration at subsequent non-
reezing temperature operation after the occurrence of cold start
hutdowns was clarified, and the causes of the deterioration are
iscussed based on the results of the direct observations.

. Experimental apparatus and methods

An outline of the single cell with an active area of 25 cm2

5 cm × 5 cm) used in this study is shown in Fig. 1, together with a
hoto of the arrangements inside the thermostatic chamber which
ill be described further later. A catalyst-coated membrane (CCM)

ith a 30 �m thick polymer electrolyte membrane and two 10 �m

hick catalyst layers was sandwiched between the gas diffusion lay-
rs (GDLs), separators with gas flow channels, electricity collectors,
nd the end-plates of the cathode and anode sides. Here, 0.3 mm

Fig. 2. Schematic outline of the developed arrangement for evaluating
urces 208 (2012) 366–373 367

thick carbon paper with a micro porous layer on the CCM side was
used for the GDLs, and straight channel carbon separators were
placed on both sides of the GDLs. The widths of the channels and
lands were 1.0 mm, and the channel height was 0.5 mm. The thick-
nesses of the copper electricity collector overlaid with gold and the
stainless-steel end-plates were 3.0 mm and 15.0 mm, so the heat
capacity per reaction area of the cell is much larger than that of
an ordinary PEFC stack. Thus, the cell temperature controlled by
the ambient temperature can be kept fairly constant (isothermal)
during the cold start operation in low output conditions. Rubber
heaters for rising temperature on the both end-plates and ther-
mocouples for measuring the cell temperature on both separator
surfaces at the electricity collector sides were installed.

Fig. 2 shows a schematic view of the apparatus for evaluating
the fuel cell performance in this study. The flow rates of the sup-
plied gases: hydrogen, nitrogen, air, and oxygen, were controlled
by mass flow controllers installed at each supply line; the pres-
sure of the supplied gases was 0.2 MPa and the exhaust valves were
open to the atmosphere. The gas supply lines can be switched to
become wet lines by passing a bubbler or to be dry lines, con-
trolled by a three-way valve, and it is also possible to flow the
gases bypassing the cell by bypass lines. These basic gas supply
lines were used to ensure strict control of the initial residual water
conditions in the cell. In the cold start operation below freezing,
purpose-installed dry lines which are independent of the basic gas
supply lines (not shown in Fig. 2) were used to eliminate uncer-
tainties that could arise from residual moisture in the gas lines.
The cell was set vertically in a thermostatic chamber (HITACHI, EC-
25MTP) with a controllable temperature range of −30 to 100 ◦C
with ±0.3 ◦C accuracy, and the temperatures of the cell and the
supply gas were controlled by the chamber temperature. An opti-
cal microscope for high or low magnification (HIROX, SH-4500 or
LEICA, Z16APO) was installed in the chamber to enable direct obser-
vations of the cell components, and a LED light source with low
heating value was used as the light source for high magnification
observations to prevent even small ice crystals from melting due
to thermal effects of the light. The focus and the observation posi-
tions were adjusted using a motorized XYZ stage movable in the
low-temperature environment, and this was also installed in the
thermostatic chamber. The thermostatic chamber has a window

and two handling holes at the front, which make it possible to dis-
assemble the cell and observe the component surfaces inside the
cell (without removal from the cell) using the optical microscope
and at the below freezing temperatures. The cell resistance was

the cold start performance and the ice formation inside the cell.
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cold start operation at the three wet conditions of the polymer
membrane and the operation periods (expressed by the amount of
water produced) were investigated. The experimental results of the
0.04 A cm−2 cold start at −20 ◦C and −10 ◦C are plotted in Fig. 5. The
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ig. 3. Experimental procedures of the cold start, the direct observation, and the
ormal temperature operation.

easured by an alternating impedance meter at 1 kHz, and the cell
oltage, cell resistance, as well as the temperatures of the cell and
he supply gas were recorded on a computer.

The procedures of the experiment are outlined in Fig. 3. Because
he initial residual water strongly affects the cold start characteris-
ics [13], the initial conditions of the water in the cell before the cold
tart were carefully controlled by the procedure described next.
fter an aging process to enhance the performance of an unused
CM, a dry purge, lasting about 5 min, with dry nitrogen was con-
ucted to remove the liquid water in the cell, followed by a wet
urge with humidified nitrogen to achieve an equilibrium state of
he CCM until the resistance was maintained at a steady level for
–5 h. Four humidification conditions of the nitrogen were used: a
ubbler temperature of 30 ◦C and cell temperatures of 60 ◦C (rela-
ive humidity of nitrogen 22%), 50 ◦C (RH 35%) or 35 ◦C (RH 76%),
nd a bubbler temperature of 32 ◦C cell temperature 60 ◦C (RH 24%).
fter the wet purge and cooling the cell and the chamber tem-
eratures to the temperature of the experiment, −20 ◦C or −10 ◦C,
ell operation was initiated and continued at a constant current
ensity until the operation shut down, the point where the cell
oltage dropped away completely. The anode and the cathode sup-
ly gases were dry hydrogen and dry air, with flow rates of 140
nd 330 standard cc min−1 (SCCM) respectively. Then, for direct
bservations of the inside of the cell, the cell was disassembled
nd the component surfaces were observed by the optical micro-
cope installed in the thermostatic chamber. In the investigation of
he subsequent cell performance at ordinary temperatures, the cell
as heated to 30 ◦C with an about 2 ◦C min−1 rate of temperature

ncrease, and the cell performance at a constant current density
as measured. The anode and the cathode supply gases at the
ormal temperature operation were humidified hydrogen and air
ith relative humidity 100%, and flow rates of 500 and 2000 SCCM,

espectively.

. Results and discussion

.1. Cold start characteristics and the effect of start-up
emperature

Measured cold start characteristics, the cell voltage and the
ell resistance changes, at −20 ◦C and −10 ◦C are shown in Fig. 4.
umidified nitrogen with relative humidity 22% was used in the
et purge (details above) here at 60 ◦C, and the applied current
ensity was initially increased for 80 s followed by a constant

−2
alue of 0.04 A cm . After the start of operation, the cell resis-
ance decreases, and after a minimum around 80 s the cell voltages
ncrease gradually. This is because the water produced by the cath-
de reaction humidifies the polymer electrolyte membrane due to
Fig. 4. Cell voltages and resistances for the 0.04 A cm−2 cold start operation at −20 ◦C
and −10 ◦C.

back diffusion; the membrane resistance comprising a large part
of the cell resistance becomes smaller with wetter states [14]. The
difference in the initial cell resistance at 0 s, between −20 ◦C and
−10 ◦C, is caused by the temperature dependent behavior where
the membrane resistance increases with decreasing temperature
at the same wet state [14]. The cell resistance at −20 ◦C approaches
a steady value around 250 s after the start of the operation, and
then increases slightly before the cell voltage rapidly falls off and
operation stops. The slight increase in the cell resistance around
250 s makes a small contribution to the drastic voltage drop, and
this shutdown of the cold start can be considered to be caused by
the freezing of the water produced in the cell, here the formed ice
induces a decrease in the effective reaction area or an interrup-
tion in the reaction gas supply. The cell resistance and the voltage
at −10 ◦C are nearly constant from 300 to 400 s, and the opera-
tion shuts down around 580 s. This can be explained with previous
research by the authors showing that the water produced by the
cathode reaction is at a supercooled liquid state in the cell at −10 ◦C
relatively near to zero [10]. Thus, the cold start characteristics at
−20 ◦C and −10 ◦C are governed by different phenomena, and a
longer operation at −10 ◦C is possible before the shutdown with a
same initial wet condition.

Experiments with operation at three relative humidities of the
nitrogen in the wet purge process, 22, 35 and 76%, were conducted,
and the relationships between the cell resistances just before the
Fig. 5. Amount of water produced in the total operation and in the membrane rehy-
dration at −20 ◦C and −10 ◦C; the abscissa is the cell resistance before the cold
start.
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reactant gases exiting the cell [15]. In this study, only the amount
of water removed by the dry cathode gas was considered. The
eriod of operation is here converted to the estimated amount of
ater produced by the cathode reaction. These amounts were cal-

ulated from the period of operation and the current density, and
he amounts during the total operation and during the membrane
ehydration (this could also be termed “water uptake by the mem-
rane” or “water back diffusion into the membrane”) were plotted.
he period of the membrane rehydration was defined as the period
hen the cell resistance was decreasing. The abscissa is the cell

esistance just before the cold start; the leftmost two data points
or each condition (two of each of the open and solid triangles and
ircles) are by the RH 76% purge, the following two by the RH 35%,
nd the remaining (rightmost data points) by the RH 22% purges.
he estimated amounts of the produced water during the mem-
rane rehydration (shown as solid plots (dots and triangles) and
roken lines in Fig. 5) become larger as the cell resistances before
he cold start increase, both at −20 ◦C and −10 ◦C, and they appear
o be clearly correlated. This is because the dryer membrane with
he higher initial cell resistance has a larger capacity to absorb the
ater produced by the reaction. Comparing the water amounts pro-
uced during the membrane rehydration at −20 ◦C and −10 ◦C, the
mounts at −10 ◦C are larger with the same cell resistance before
he cold start. One factor contributing this difference is the temper-
ture dependence of the membrane resistance as mentioned above:
he initial cell resistance at −10 ◦C is about 1 � cm2 lower than that
t −20 ◦C with the same wet condition in Fig. 5. Even allowing for
his temperature dependence, the amounts of the water at −10 ◦C
re still larger, and this suggests that the freezing at −20 ◦C occurs
efore the produced water uptake by the membrane is completely
nished. The estimated amount of produced water during the com-
lete operation at −20 ◦C (open circles in Fig. 5) also increases to
bout 1.4 mg cm−2 with an increase in the initial cell resistance,
hile that at −10 ◦C (open triangle in Fig. 5) reaches 2.0 mg cm−2

ut with some variation.
To examine the characteristics from the end of the membrane

ehydration to the shutdown, Fig. 6 shows the estimated amounts
f produced water following the end of the membrane rehydration
n the experiments as in Fig. 5. The amounts after the membrane
ehydration at −20 ◦C are very similar for the various cell resis-
ances before the cold start operation, but there is great variability
mong the amounts of the −10 ◦C operation. These results indi-
ate that after the end of the membrane rehydration the produced
ater that is not absorbed on the membrane immediately freezes at
20 ◦C while the water may remain as supercooled water at −10 ◦C,

nd this then causes the larger amounts of produced water and the
arger variations at −10 ◦C in Fig. 6.
Fig. 7. Cell voltages and resistances for the cold start operation of various current
densities at −20 ◦C and −10 ◦C.

3.2. Observation of ice distribution and evaluation of the freezing
mechanism

The cold start characteristics of PEFCs depend on the start-up
cell temperature as shown in Fig. 4, and the differences, especially
after the membrane rehydration, are mainly caused by the differ-
ent freezing mechanisms at −20 ◦C and −10 ◦C. Before attempting
a more detailed discussion of the freezing mechanism using the
direct observation of the ice formed inside the cell, experiments
were performed controlling the amount of residual water in the
cell after the shutdown at the cold start by the start-up current
density. This was done because the expected differences in the ice
distribution at −20 ◦C and −10 ◦C may be affected not only by the
freezing mechanism but also by the amount of the residual water,
e.g. the longer operation during the cold start at −10 ◦C compared
with that at −20 ◦C in Fig. 4 may be a cause of the larger amount of
the ice observed in the cell.

The cell voltage and the cell resistance changes for various cur-
rent densities at −20 ◦C and −10 ◦C are shown in Fig. 7. Humidified
nitrogen with relative humidity 24% was used in the wet purge.
Table 1 lists the amounts of residual water estimated to be gener-
ated during the total operation and from the end of the membrane
rehydration till the shutdown. The amount of residual water was
estimated as the produced water minus the water removed by
the reactant gases, here it was assumed that a portion of the pro-
duced water during the cold start is removed by the saturated
amounts remaining after operation at the various current densi-
ties in Table 1 show no clear correlation of the current density with
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Table 1
Amount of the residual water generated in the total operation and after the mem-
brane rehydration.

Current density (A cm−2)

0.01 0.02 0.04 0.08 0.12

Residual water (mg cm−2)
Total operation

−20 ◦C 1.51 1.31 1.26 – –
−10 ◦C – – 2.28 2.41 2.52

After membrane rehydration
−20 ◦C 0.680 0.435 0.298 – –
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Fig. 9. Experimentally suggested images of the cross-sectional distribution of ice at
−10 ◦C – – 0.721 0.537 0.439

he estimated amount of residual water during the total operation
ut there is a correlation with that generated after termination
f the membrane rehydration till the shutdown both at −20 ◦C
nd −10 ◦C. The higher operating current densities decrease the
stimated amount of residual water after the membrane rehydra-
ion. It can be assumed that all of the residual water is absorbed
y the membrane during the beginning membrane rehydration
eriod, whereas the residual water is released and freezes mainly

n the cathode components outside the membrane after the end of
he membrane water uptake, and this ice disrupts the cell oper-
tion. The results suggested that at the higher current densities
he effect of the ice formed at the cathode side on an increase in
he concentration overpotential becomes larger and the capacity of
he cathode components to maintain the ice without a shutdown
ecreases. The larger amounts of residual water after the mem-
rane rehydration at −10 ◦C is considered to be caused by a process
here the produced water is maintained in a supercooled state for

ome time before the freezing.
After the shutdown of the cold start, the cell was disassembled

nd the surfaces of the cell components were subjected to detailed
bservations by the optical microscope at the sub-zero tempera-
ure of the thermostatic chamber. Fig. 8 is example of micrographs
f the cathode catalyst layer surface at −20 ◦C and −10 ◦C. The start-
p current densities were 0.02 A cm−2 at −20 ◦C and 0.12 A cm−2 at
10 ◦C with the similar estimated amounts of the residual water

n the cathode components after the membrane rehydration in
able 1. Much ice was observed across the catalyst layer surface
fter the shutdown at −10 ◦C as shown in Fig. 8(b); however, only
ew ice crystals were observed at −20 ◦C. The micrograph in Fig. 8(a)
s a rare example with small ice crystals at −20 ◦C, generally no ice

as observed here. In the observations of this study, no ice was
een on the surface of the other components such as in the micro
orous layer (MPL) or in the gas diffusion layer (GDL). Ice distri-

utions similar to those in Fig. 8 were also confirmed under the
ther current density conditions. Overall, it may be concluded that
he differences in the ice distribution described above would be

Fig. 8. Micrographs of the cathode catalyst layer sur
the shutdown after the cold start at −20 ◦C and −10 ◦C.

caused by the start-up temperature of the cold start and not by the
amount of residual water.

Fig. 9 is a schematic representation of the cross-sectional ice
distribution and the freezing mechanism suggested by the experi-
mental results. The produced water during the cold start at −20 ◦C
freezes only inside the cathode catalyst layer, Fig. 9(a), and this
causes the shutdown of the cell operation. The produced water
at the −10 ◦C cold start reaches the interface between the cata-
lyst layer and the MPL where it remains as a supercooled liquid
water film for some time before it freezes (Fig. 9(b)), this is a rea-
son why the released heat of solidification due to the freezing can
be detected by infrared thermography [10–12]. The freezing at the
interface triggers the operation shutdown, and in total the freez-
ing mechanism and cold start characteristics differ, depending on
whether supercooled water can exist in a cell. The water produced
by the cathode reaction passes through the cathode catalyst layer
and freezes from the surpercooled state at the interface between
the catalyst layer and the MPL at temperatures near zero like at
−10 ◦C, while at lower temperatures, like at −20 ◦C, the produced
water freezes immediately near the reaction sites inside the cath-
ode catalyst layer. Some experimental results of cell characteristics
affected by the cell structure near the catalyst layer were obtained
at−10 ◦C, and these support the suggestion that the produced water
freezes outside the cathode catalyst layer at −10 ◦C; put differently,
a weaker clamping pressure of the cell increased the operation
period of the −10 ◦C cold start and there was an abrupt increase in
the cell resistance measured at the shutdown due to this freezing
(not appears in Fig. 4). This behavior can be explained as the space
allowing the supercooled water to exist at the interface between
the catalyst layer and the MPL becomes larger with a weaker con-
tact pressure and the freezing of a larger amount of liquid water

increases the contact resistance between the catalyst layer and the
MPL significantly.

face after the shutdown at −20 ◦C and −10 ◦C.
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out the MPL (ice shown as thinly white layers in Fig. 12(b)). This
suggests that the MPL acts to limit the water amount on the sur-
face of the catalyst layer especially under the lands, due to the less
free space between the catalyst layer and the MPL with the higher
ig. 10. Plot of the cell performance at 30 ◦C before and after the occurrence of
hutdown due to the cold start at −20 ◦C and −10 ◦C.

.3. Effect of freezing on the performance of subsequent operation
t normal temperature

After the shutdown at the cold start, a deterioration of the cell
erformance sometimes appears at the subsequent operation at
elatively low temperatures above zero like at 30 ◦C. This corre-
ponds to a temporary deterioration recoverable by the operation
t high temperature, 70 ◦C, with humidified hydrogen and air with
elative humidity 100% for 2 h [3] or by the dry nitrogen purge
ith flow rate of 3000 SCCM for 5 min (will be shown later), but

he causes of this temporary deterioration after the cold start have
et to be elucidated fully. In this section, the deterioration of the
ell performance in subsequent operation at 30 ◦C was investigated
fter the occurrence of a shutdown due to cold start at −20 ◦C and
10 ◦C, and the causes are discussed.

After the shutdown at the cold start, the cell was heated to 30 ◦C
nd operation resumed with the cell temperature kept fairly con-
tant (as outlined in Fig. 3). Fig. 10 shows the results before and
fter the cold start shutdown with the cold start conditions of the
xperiments in Fig. 8, where the amounts of residual water in the
athode side after the −20 ◦C and −10 ◦C shutdown are estimated to
e similar. The applied current density was increased to 0.50 A cm−2

uring the first 300 s of the operation before and after the cold start
hutdown. The broken lines are the cell voltages before the cold
tarting, and the solid lines are those after. The plots clearly show
hat the cell voltage after the shutdown at the −10 ◦C cold start does
ot recover to the value before the cold start, while there is little
ifference between the voltages before and after the cold start shut-
own at −20 ◦C. This deterioration after the −10 ◦C shutdown could
e recovered by the dry nitrogen purge with flow rate of 3000 SCCM
or 5 min, and very similar cell resistances in the range from 0.08 to
.09 � cm2 were recorded during all of the operations at 30 ◦C (not
hown in Fig. 10). These results indicate that the large amount of
iquid water melted from the ice at the interface between the cath-
de catalyst layer and the MPL at −10 ◦C limits the gas diffusion in
he operation at 30 ◦C, but that the ice formed in the catalyst layer
n the cold start at −20 ◦C does not affect the gas diffusion after the
emperature rises to 30 ◦C. It was also confirmed that the cell volt-
ges under the other current density conditions behaved similarly
o those shown in Fig. 10 and that the temporary deteriorations
ould be recovered by the dry nitrogen purge.

To investigate the effect of the residual water on the surface of
he cathode catalyst layer, the decreases in the cell voltage after the
hutdown of the −10 ◦C cold start were compared between using
.3 mm thick carbon papers with and without an MPL as the cath-

de GDL and the results are shown in Fig. 11. The current densities
t the cold start and the operation at 30 ◦C were 0.04 A cm−2 and
.50 A cm−2, respectively. The cell voltages before the cold starts
broken lines) show lower cell voltages of the cell without the MPL.
Fig. 11. Plot of the cell performance at 30 ◦C before and after the occurrence of
shutdown due to the cold start with and without the MPL.

This was a common tendency also observed in other experiments,
and corresponds to the generally recognized effect that there is less
flooding with an MPL. The voltage of the cell without the MPL after
the cold start shutdown was also lower and operation was soon
terminated, as shown by the red solid line in Fig. 11. This supports
the above interpretation that the liquid water on the surface of the
cathode catalyst layer, which is affected by existence of the MPL,
induces the temporary deterioration of the cell performance after
the shutdown of the cold start.

Fig. 12 is example of photos of the cathode catalyst layer surface
after the shutdown of the cold start at −10 ◦C using the GDL with
and without the MPL. The start-up conditions are the same as those
of the cold start in Fig. 11, and the observations were conducted for
a wider area with lower magnification than in Fig. 8 to investigate
the ice distribution on the catalyst layer surface. Ice was observed
only on the surface of the catalyst layer in both cases (Fig. 12(a)
and (b)), but the clear differences in the ice distribution were con-
firmed. Larger amounts of ice forms under the channels than under
the lands after the cold start shutdown of the cell with the MPL
(ice is shown as the scattered white regions in Fig. 12(a)), while the
ice is distributed all over the catalyst layer surface in the cell with-
Fig. 12. Photos of the cathode catalyst layer surface after the shutdown of the cold
start at −10 ◦C with and without the MPL.
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Fig. 13. Experimentally suggested images of the cross-sectional distribution

ontact pressure. The wider ice distribution of the cell without the
PL is estimated to result from the poorer direct contact and the

arger space between the catalyst layer and the GDL because of the
ougher surface of the GDL compared with that of the MPL. The
arger space at the interface may allow the larger amount of liquid

ater to accumulate at the interface and act to disturb the oxygen
upply to the cathode catalyst layer before and after the cold start
hutdown.

Experimentally suggested cross-sectional images are shown in
ig. 13, highlighting the effect of the liquid water at the interface
etween the catalyst layer and the MPL or the GDL on the oxygen
upply in the air during the operation at 30 ◦C. In the operation
sing the GDL with the MPL at a normal temperature (Fig. 13(a)),
he MPL limits the accumulation of water on the surface of the cat-
lyst layer and promotes the transport of the produced water to
he GDL, and this enables a stable operation with little liquid water
ear the cathode catalyst layer. The direct contact of the GDL with
he catalyst layer without the MPL results in a lager space due to the

ore irregular GDL surface, and this space allows a larger amount
f liquid water to remain on the catalyst layer surface, decreasing
he cell performance (Fig. 13(c)). In the cold start operation at a
emperature relatively near to zero like −10 ◦C, the produced water
ould accumulate in a supercooled state in the constricted space
ue to the low temperature, and after freezing the ice expands
eyond the limitations of the space because of the freezing. After
eating to a higher temperature (here 30 ◦C), the ice melts and a

arge amount of liquid water remains on the surface of the cath-
de catalyst layer, and this blocks the oxygen supply to the catalyst
ayer, resulting in the temporary deterioration of the cell perfor-

ance (Fig. 13(b) and (d)). In the case of the operation without
he MPL after the cold start shutdown, the larger space on the cat-

lyst layer surface also allows the larger amount of liquid water
o spread across and remain on the surface and this liquid water
auses the more pronounced deterioration in cell performance after
he cold start shutdown (Fig. 13(d)) than in the operation with the
uid water at normal operation and after the cold start shutdown operation.

MPL (Fig. 13(b)). This discussion allows the conclusion that it is crit-
ically important to control the ice formation and the liquid water
from melting ice on the surface of the cathode catalyst layer to sup-
press the temporary deterioration of the cell performance after cold
starts.

4. Conclusions

The cold start characteristics of a PEFC were investigated exper-
imentally, and the mechanisms of the freezing in the cell and the
temporary deterioration of the cell performance after the cold start
shutdown are discussed based on the results of direct observations
of the inside of the cell. The major conclusions may be summarized
as follows:

1. The cold start characteristics can be classified into two types
depending on the start-up temperature. Freezing starts near the
end of the membrane rehydration by the produced water at very
low temperatures like −20 ◦C and this results in the shutdown
here. Near 0 ◦C, like at −10 ◦C, the produced water after the mem-
brane rehydration remains as supercooled water before it freezes
after some holding time and then the shutdown occurs.

2. Few ice crystals at −20 ◦C and a substantial ice layer at −10 ◦C
are formed only on the surface of the cathode catalyst layer after
the shutdown following the cold starts. This indicates that the
produced water freezes only inside the cathode catalyst layer at
−20 ◦C, but that the water produced at −10 ◦C reaches the inter-
face between the cathode catalyst layer and the micro porous
layer (MPL) coating the gas diffusion layer, and then this super-
cooled water film freezes.

3. There is no temporary performance deterioration in the subse-

quent operation at 30 ◦C after the shutdown of the −20 ◦C cold
start but the performance after the −10 ◦C shutdown results in
a poorer performance. Very similar cell resistances were mea-
sured before and after the cold starts, indicating that the oxygen
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supply to the reaction area after the temperature rises to 30 ◦C is
less affected by the ice formed in the catalyst layer in the −20 ◦C
cold start, but after the −10 ◦C cold start performance is limited
by the liquid water melted from the large amount of the ice at
the interface between the cathode catalyst layer and the MPL.

. The performance of the cell without an MPL before and after
the −10 ◦C cold start is poorer than with the MPL. Ice covers the
catalyst layer surface after the cold start shutdown of the cell
without the MPL, and less deposits under the lands than under
the channels when the cell is equipped with the MPL. These
results suggest that the MPL limits the liquid water accumula-
tion on the surface of the catalyst layer due to the better contact
between the catalyst layer and the MPL, and this functions to
improve the cell performance and suppresses the temporary
deterioration after the cold start.
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