
A

e
r
t
w
b
i
a
t
f
i
©

K

1

e
t
f
e
c
o
t
r
t
b
i
p
m

0
d

Electrochimica Acta 52 (2007) 4825–4835

Characteristics of subzero startup and water/ice formation on the
catalyst layer in a polymer electrolyte fuel cell

Shanhai Ge, Chao-Yang Wang ∗
Electrochemical Engine Center (ECEC), and Department of Mechanical and Nuclear Engineering,

The Pennsylvania State University, University Park, PA 16802, United States

Received 19 December 2006; received in revised form 18 January 2007; accepted 21 January 2007
Available online 30 January 2007

bstract

This work experimentally explores the fundamental characteristics of a polymer electrolyte fuel cell (PEFC) during subzero startup, which
ncompasses gas purge, cool down, startup from a subfreezing temperature, and finally warm up. In addition to the temperature, high-frequency
esistance (HFR) and voltage measurements, direct observations of water or ice formation on the catalyst layer (CL) surface have been carried out for
he key steps of cold start using carbon paper punched with microholes and a transparent cell fixture. It is found that purge time significantly influences
ater content of the membrane after purge and subsequently cold-start performance. Gas purge for less than 30 s appears to be insufficient, and that
etween 90 and 120 s is most useful. After gas purge, however, the cell HFR relaxation occurs for longer than 30 min due to water redistribution
n the membrane-electrode assembly (MEA). Cold-start performance following gas purge and cool down strongly depends on the purge time

nd startup temperature. The cumulative product water measuring the isothermal cold-start performance increases dramatically with the startup
emperature. The state of water on the CL surface has been studied during startup from ambient temperatures ranging from −20 to −1 ◦C. It is
ound that the freezing-point depression of water in the cathode CL is 1.0 ± 0.5 ◦C and its effect on PEFC cold start under automotive conditions
s negligible.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

The polymer electrolyte fuel cell (PEFC) is widely consid-
red as a promising energy conversion system for the future due
o many attributes, among which the principal advantage is the
act that it emits only clean water. However, at a subzero ambi-
nt temperature the PEFC produces ice, making the cold-start
apability and survivability a great challenge for automotive or
utdoor applications. At present, fundamental mechanisms of
he subzero startup dynamics are not fully understood, but it is
ecognized that product water forms ice or frost, accumulating in
he cathode catalyst layer (CL), thereby reducing the triple-phase
oundary critical for the oxygen reduction reaction and hinder-

ng the oxygen diffusion. When the cathode CL is plugged by
roduct ice, a PEFC shuts down. In addition, ice formation and
elting in the CL in successive startup and warm up cycles may
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Visualization

nduce structural damage to the membrane-electrode assembly
MEA).

Although the cold-start capability and associated MEA dura-
ility of a PEFC is critically important, the relevant literature is
ery scarce and can be roughly divided into three areas: MEA
urability from freeze/thaw cycles without water production
1–6], startup dynamics [7–11], and ex situ characterization
f Nafion membranes at temperatures below 0 ◦C [12–14].
otably, there is controversy on the MEA durability from

reeze/thaw cycles and its dependence on the membrane water
ontent in the literature. McDonald et al. [1] observed that
he proton conductivity of Nafoin 112 membrane does not
hange and no degradation occurs for the dry MEA subjected
o freeze/thaw cycling between −40 and 80 ◦C. Wilson et al.
2] showed that the freezing at −10 ◦C does not appear to be
etrimental to the integrity of MEA even at high water content

n the membrane. On the other hand, Cho et al. [3] reported that
he performance of a cell containing membrane with high water
ontent is degraded after freeze/thaw cycling between −10
nd 80 ◦C. In particular, the electrochemically active area of
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latinum catalyst decreases and the membrane resistance
ncreases. Their later study showed that if the cell is purged
ith dry gas for 20 min, almost no performance degradation
r increase in membrane resistance can be observed after the
reeze/thaw cycling [4]. Guo and Qi [5] also observed that while
reeze/thaw cycles cause the cathode CL of a fully hydrated

EA to crack, there is no apparent damage to the CL if the cell
s purged with dry gases for 1 min. Evidently, purge time is an
mportant factor to determine the membrane water content and
ence MEA durability from freeze/thaw cycles. St-Pierre et al.
6] suggested that the optimum purge strategy is to stop the
urge operation at a point when water in the channels and gas
iffusion layer is removed but water in the membrane is still
argely present. He showed that the optimum purge time is 88 s
ith dry gas at 70 ◦C and purging of the anode is not necessary.
t-Pierre et al. [6] further indicated that if a cell was purged
ith dry gas at 85 ◦C (hot purge), progressive performance

osses were observed after freeze/thaw cycling. However, in
cell purged with dry gas at 20 ◦C (cool purge), performance

osses were not observed.
To remove product water from the cathode CL and prevent

ell shutdown, Kagami et al. [7] proposed to use high-flowrate
eactant gases to carry away water vapor through the exhaust.
owever, the simulation results of Hishinuma et al. [8] showed

hat cell startup is difficult from temperatures below −5 ◦C
ecause a large quantity of gas to remove product water would
imultaneously take away the heat generated by the cell. Another
trategy is to store product water/ice in MEA. Most recently,
szcipok et al. [9,10] demonstrated that in a cell purged with dry
itrogen prior to freezing, cumulated charge density can reach
0 C/cm2 (or product water of 6.5 mg/cm2) during a potentio-
tatic startup from −10 ◦C. Ice formation in the cathode CL was
ound to result in both a current density reduction of ∼5.4% (@
.45 V) for each cold start, and a decrease in the electrochemi-
ally active surface area of the cathode CL. Mao et al. [11] was
mong the first to study MEA degradation mechanisms resulting
rom cold start (i.e. with water production), which is the subject
f the present study.

To elucidate the fundamental principles underlying cold start
f an automotive PEFC from −20 ◦C and lower, a series of
xperimental and modeling studies were published by Wang
nd co-workers [16–20]. Ge and Wang [16] used a transpar-
nt cell and silver mesh GDL to visualize ice formation on
he catalyst layer in an operating fuel cell, and showed that
he freezing-point depression of water in the CL pores is no
arger than 2 ◦C. Therefore, for a practical fuel cell vehicle cold-
tart that is typically from −20 ◦C or lower, the freezing-point
epression is inconsequential. Mao and Wang [17] delineated
he governing physics of water and heat balance in PEFC cold
tart and presented an analytical model to forecast key param-
ters such as the initial membrane water content prior to cold
tart and thermal mass of bipolar plates. Mao et al. [18] fur-
her developed a multiphase, transient 3D model to simulate

old-start performance. The model accounted for ice/frost pre-
ipitation and growth in the cathode CL and gas diffusion layer
GDL), water transport at very low temperatures, heat transfer
ith phase transition, oxygen transport, electrochemical kinet-
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cs, and their mutual interactions. The 3D numerical model was
xtensively validated against the experimental data of Tajiri et
l. [19,20] with good agreement. Tajiri et al. [19,20] described
ovel experimental procedures and extensive test data aimed to
xplore the fundamentals of PEFC cold start.

Continuing this series of studies, in this work we present an
xperimental study of the complete sequence of PEFC cold start
hat includes gas purge, cool down, cold startup and warm up.
he goal is to elaborate the fundamental characteristics of not
nly cold startup but also key steps prior to and post cold start. As
ater or ice formation in these steps holds a key to understanding

he fundamental mechanisms involved, a simple but effective
ethod for direct observations in an operating PEFC is devised

n this work, along with the measurements of cell high-frequency
esistance (HFR), temperature and voltage.

. Experimental

.1. Cell fixture

The cell fixture used in the present work is a transparent
EFC previously developed at ECEC and shown schematically

n Fig. 1 [16]. In brief, two gold-plated stainless steel current
ollector sheets were machined to form a single-path serpentine
owfield with channels 1 mm wide and 0.5 mm deep. A transpar-
nt polycarbonate plate was placed outside of the cathode current
ollector sheet to provide optical access. The polycarbonate plate
nd anode current collector sheet were clamped by two stain-
ess steel end plates. A window was cut in the cathode end plate
or observations. Similarly, a catalyst-coated membrane (CCM)
ased on an 18 �m thick Gore-Select membrane was employed.
he Pt loadings in the anode and cathode catalyst layers are both
.4 mg/cm2. The active area of the electrode is 5 cm2.

A major improvement from the earlier visualization work
16] was that realistic GDLs instead of metal meshes, i.e. two
TFE-proofed carbon papers with microporous layer (20BB,
GL), were employed on both anode and cathode, respectively.
he cathode GDL was punched with several holes of about
00 �m in diameter that are located in various positions of
he channel area of the cell. These microholes provide excel-
ent optical access to directly observe water or ice behaviors on
he CL surface during cell operation. The use of metal meshes
s a model GDL to visualize water behaviors at the catalyst
ayer surface was described first by Ge and Wang [16] and
ater by Ishikawa et al. [21]; however, such cells suffer from
xcessive electric and thermal contact resistances between the
L and the mesh GDL as there is very limited point contact
etween mesh wires and CL surface. Thus, the previous trans-
arent cells using mesh GDL feature much lower polarization
erformance during startup, and furthermore, distort the ther-
al environment due to additional heat generation from the

lectric contact resistance and artificial temperature distribution
nside CL due to thermal contact resistance. The carbon paper

DL punched with microholes overcomes the above described
ifficulties and preserves the thermal environment, which is a
ey requirement to accurately portray the events surrounding
ubzero startup.
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Fig. 1. Schematic of the cell structure. The diameter of

.2. Experiment procedure and measurements

The experimental cell was connected to a fully computer-
ontrolled fuel cell test station (Arbin Instruments), which
egulates the current density and the operating conditions. The
ressures of the anode and the cathode were both kept at 1 atm
absolute). The end plate temperature was controlled using a
uilt-in heat exchanger with circulating anti-freeze coolant. The
ell was preconditioned by operating it with fully humidified
ydrogen and air at low stoichiometric ratios (ξ) and at 80 ◦C for
h. Before each purge operation, the cell was operated with fully
umidified hydrogen and air at current density of 0.2 A/cm2,
toichiometric ratios of 2 and at cell temperature of 55 ◦C for
0 min. Then both anode and cathode were purged with dry
itrogen at the flow rates of 400 and 900 ml/min under stan-
ard temperature and pressure (STP), respectively. The duration
f purge varied between 30 and 150 s in this work. During gas
urge, the temperatures of the cell and inlet gases were all kept at
5 ◦C. After purging the cell, the gas inlets and outlets were shut
ff and the cell temperature was maintained at 55 ◦C for 32 min
o record internal resistance of the cell. Then the coolant was
irculated through the end plate to lower the cell temperature to
prescribed startup temperature.

When starting up the cell at a subfreezing temperature, dry
ydrogen and air were fed to the cell at stoichiometric ratios
f 14.35 and 12.06 (H2 flow rate: 50 ml/min, STP; air flow
ate: 100 ml/min, STP@ i = 0.1 A/cm2), respectively. The cur-
ent density was kept constant at 0.1 A/cm2 (or 0.02 A/cm2)
uring each startup and the cell potential was recorded. When
ell potential dropped to 0.1 V, cold startup operation was cut
ff. Cold startup tests along with in situ imaging were con-
ucted at −20 to −1 ◦C. After each cold-start operation, the
ell was warmed up and then operated with fully humidified
ydrogen and air at current density of 1.0 A/cm2 and at 70 ◦C

or 2 h to restore cell performance. Internal resistance of the cell
as recorded during cool down, startup and warm up stages.
A digital camera (Olympus DP 70) combined with a zoom

ens (Navitar) were used to record micrographs using external

r
H
s
p

les punched on cathode carbon paper is about 400 �m.

alogen illumination. The illumination light was turned on only
n the period of taking images (1–2 s for each image). HFR
easurements (Tsuruga Model 3566 AC Milliohm Meter) were

arried out at 1 kHz during all experiments.

. Results and discussion

.1. Gas purge

Purging the cell with dry gases to remove water from the
hannel, GDL, MPL, CL and membrane is a critical process
o create an initial water distribution for subzero startup. We
ontrol the purge duration and measure the resulting cell HFR
o vary initial water content of the membrane (λ, the number
f water molecule per sulfonic acid group) prior to cold start.
ig. 2 shows internal resistances of the cell during and after purge
peration. The test sequence is to purge the cell for 150, 120,
0, 60 and finally 30 s. In all the purge tests, the temperatures
f the cell and inlet gases were kept at 55 ◦C. The HFR data
enerally show that the internal resistance of the cell increases
uring gas purge, indicating that the membrane and ionomers in
he CL are gradually dehydrated by purge gas. More specifically,
n situ visualization indicates that in the first 30 s of purge, the
urge gas sweeps all water droplets and water film out of the
ow channel of the cell. However, residual water in the GDL,
PL and CL remains in this first stage of purge, leading to a

ather slow increase in HFR. Between 30 and 150 s of gas purge,
he CL and membrane begin to be dehydrated, thus resulting in
apid increase of HFR, as shown in Fig. 2a. This result implies
hat gas purge shorter than 30 s may not be effective to reduce
ater content in the membrane in PEFCs.
Once gas purge ceased and the gas inlets and outlets were

hut off, all internal resistances of the cell purged with differ-
nt durations were seen to decrease with time and eventually

each asymptotic values, as shown in Fig. 2b. The decrease in
FR is very rapid in the first 180 s after gas purge and then

lows down to reach a steady state at approximately 30 min after
urge. This phenomenon is referred to as HFR relaxation in the
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ig. 2. Internal resistances of the cell (a) during purge and (b) after purge (purge
onditions are Tpurge = 55 ◦C, Fpurge,a = 400 ml/min, Fpurge,c = 900 ml/min. Purge
ases are dry nitrogen).

resent work. While the measured HFR includes the membrane
esistance, CL resistance, and electronic and contact resistances,
FR relaxation obviously originates from the membrane and

onomers. HFR relaxation is a significant feature of gas purge
s found for the first time here. While the exact mechanism for
FR relaxation remains elusive, possible explanations include:

1) rehydration of the membrane and ionomers by residual liq-
id water remaining in pores of CL, MPL and GDL after gas
urge; (2) reorganization of the polymer-water structure, par-
icularly in low-λ membranes; (3) interfacial non-equilibrium
f water between the ionomeric and gas phases [22,23]; and
4) internal diffusion of water inside the membrane. The last
eason due to internal diffusion within the membrane becomes
ess likely for medium to high water content as the diffusion
ime constant is scaled with (δm

2/Dw), where δm is the mem-
rane thickness and Dw the water diffusivity estimated to be
.2 × 10−6 cm2/s for Gore-Select membranes at water content
f 6.0 and at 55 ◦C [24,25]. Thus, the diffusion time constant

s estimated to be ∼1.5 s, much shorter than that of HFR relax-
tion. Further investigation on HFR relaxation after gas purge is
eeded as it dramatically reduces the effectiveness of gas purge
uring shutdown and cool down of a fuel cell vehicle.

w
d
o
m

ig. 3. Cell voltage curves for startup from −20 ◦C with different purge times
startup conditions are Tcell = −20 ◦C, i = 0.1 A/cm2, ξH2 = 14.35, ξair = 12.06,
HH2 = RHair = 0%, pH2 = pair = 1 atm).

.2. Cold start

After purging the cell and then holding at 55 ◦C for 32 min
o stabilize the cell HFR, the cell was cooled down to −20 ◦C in
reparation for cold start. Dry hydrogen and air were fed to the
ell and the current density was kept constant at 0.1 A/cm2 in all
tartup experiments. The test cell possessed excessive thermal
ass such that the cell temperature did not rise during cold start,

.e. isothermal cold start; however, the cumulative product water
ill cell shutdown is indicative of the intrinsic cold-start capa-
ility of a MEA [16,18,19]. Fig. 3 shows cell voltage curves
or startup from −20 ◦C for purge durations ranging from 30
o 150 s. It is seen that the operational time during cold start
ncreases with the purge duration. This is due to the fact that
ome product water generated during cold start is transported
nto the initially dry membrane caused by gas purge, thus post-
oning the plugging of the cathode CL by ice or frost and hence
oltage drop-down. For initially drier membranes resulting from
urge of longer duration, it can be seen that upon start, the cell
oltage initially increases slightly as the dry membrane absorbs
ater and hence improves its conductivity. For the cell purged
ith dry gases for 30 s, the initial increase in cell voltage does
ot exist as the membrane remains nearly fully hydrated after
hort purge. Note also from Fig. 3 that the difference in cold-
tart performance between 120 and 150 s purge diminishes, thus
uggesting the existence of optimal purge duration.

Fig. 4 displays initial water content of the membrane prior to
old start and the amount of product water generated during cold
tart for different purge times. The product water (mw, g/cm2)
an be simply calculated from

w = it

2F
Mw (1)
here t is operational time prior to cutoff voltage, i the current
ensity, F Faraday’s constant, and Mw the molecular weight
f water. The initial water content of the membrane is esti-
ated from the measured HFR at 30 ◦C based on the membrane
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Fig. 4. Water content of the membrane after purge and the cumulative product
water during cold start for the cell purged with dry gases for different durations.
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Fig. 5. Cell voltage curves for startup from −20, −15, −10, −5, −4, −3
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than the theoretical water storage capacity of the membrane and
cathode CL. This implies that the cathode CL temperature is
below 0 ◦C and part of product water probably forms ice or frost
so as to plug and shut down the CL.
ater content of the membrane is calculated from the cell resistance at 30 ◦C
startup conditions are Tcell = −20 ◦C, i = 0.1 A/cm2, ξH2 = 14.35, ξair = 12.06,
HH2 = RHair = 0%, pH2 = pair = 1 atm).

onductivity-water content relationship of Springer et al. [26] It
an be seen from Fig. 4 that the initial water content of membrane
ecreases almost linearly with purge duration and the cumulative
roduct water during cold start increases with increasing purge
uration or decreasing membrane water content. As explained
arlier, the product water reaches a plateau at low water content
r for purge time between 120 and 150 s.

It is worthy comparing gas purge conditions employed in var-
ous studies. Cho et al. [4] reported that their cell was purged with
ry gas for 20 min, while St-Pierre et al. [6] suggested that the
ptimum purge time was only 88 s and purging of the anode was
ot necessary. Cho et al. [4] and St-Pierre et al. [6] did not study
he effect of purge conditions on cold-start performance. Osz-
ipok et al. [9,10] reported that their purging process continued
ntil the internal resistance of the cell increased to values large
han 23 � cm2. This is about two orders of magnitude higher than
hat studied here. It is obvious that the membrane was extremely
ry in Oszcipok’s work.

Effects of startup temperature were experimentally explored.
ig. 5 shows cell voltage curves for startup from −20, −15, −10,
5, −4, −3 and −1 ◦C. As shown above, the performance of

old start from −20 ◦C is optimal when the cell is purged with
ry gases for 120 s. Thus, 120 s purge duration was used through-
ut startup from −15, −10, −5, −4, −3 and −1 ◦C, and the
urrent density was set to 0.1 A/cm2. Strikingly, Fig. 5 illustrates
hat the operational time depends strongly on the startup tem-
erature, with the startup from −1 ◦C proceeding indefinitely
ithout shutdown. Fig. 6 shows the corresponding HFR evo-

utions during these startup experiments. By and large, the cell
nternal resistance decreases as the membrane takes up product
ater during cold start. For startup from −1 to −10 ◦C, the inter-
al resistance appears to stabilize after a certain period of cold

tart.

The amount of product water in each startup is correlated
ith the startup temperature in Fig. 7. It is shown that the cumu-

ative product water at cell shutdown improves modestly for the

F
(
i
1

nd −1 ◦C (purge conditions are Tpurge = 55 ◦C and tpurge = 120 s, and startup
onditions are i = 0.1 A/cm2, ξH2 = 14.35, ξair = 12.06, RHH2 = RHair = 0%,

H2 = pair = 1 atm).

emperature range of −20 to −5 ◦C, but drastically increases
or startup temperatures higher than −5 ◦C. In particular, at
he startup temperature of −3 ◦C, the cell can be operated for

240 s. That indicates that the waste heat generated during
tartup from −3 ◦C is sufficient to keep the CL and GDL above
he freezing point. The amount of product water from startup
t −3 ◦C is 2.24 mg/cm2, which is higher than the theoretical
ater storage capacity of the membrane and cathode CL com-
ined (i.e. 0.85 mg/cm2 as estimated from the previous work
16]). This means that a portion of the product water must have
ransported into the MPL or GDL. In comparison, the amount of
roduct water during startup from −5 ◦C is 0.59 mg/cm2, lower
ig. 6. Internal resistance of the cell during cold start from different temperatures
purge conditions are Tpurge = 55 ◦C, tpurge = 120 s, and startup conditions are
= 0.1 A/cm2,ξH2 = 14.35, ξair = 12.06, RHH2 = RHair = 0%, pH2 = pair =
atm).
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Fig. 7. Cumulative product water during cold start from different startup tem-
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eratures (purge conditions are Tpurge = 55 ◦C and tpurge = 120 s, and startup
onditions are i = 0.1 A/cm2, ξH2 = 14.35, ξair = 12.06, RHH2 = RHair = 0%,

H2 = pair = 1 atm).

.3. Cool down and warm up

The cool down and warm up processes prior to and post cold
tart have significant implications to cold-start performance and

EA durability. Moreover, these two processes are of main con-
ern in freeze/thaw cycling studies. Fig. 8 shows the temperature
ependences of the cell HFR during cool down after purge of
arious duration and holding of 32 min at 55 ◦C as well as dur-
ng subsequent warm up after cold start. The cooling and heating
ates were approximately 0.5 and 1.0 ◦C/min, respectively. Dur-
ng cool down, it is interesting to find that the cell HFR smoothly
ncreases for purge durations of 90–150 s (or equivalently mem-
rane water content between 5.0 and 7.6 according to Fig. 4).
owever, for purge duration of 60 s (or membrane water content
f 9.2), there exists a point of deflection at about −10 ◦C on the
FR-temperature curve, signifying a phase transition of water
ithin the membrane. The same point of deflection occurs at
7 ◦C for purge duration of 30 s or membrane water content of

0.7. It is well known that the phase transition of water in the
embrane occurs at different subzero temperatures, depending

n the water content [12–15,19]. Additionally, Fig. 8 suggests
hat water freezing in the membrane can be avoided by purg-
ng a PEFC between 90 and 120 s prior to cool down. For 30 s
urge, the internal resistance is highest when the cell temperature
ecreases to −20 ◦C.

Fig. 8b shows the internal resistance evolutions during warm
p after cold start. Prior to warming up, the residual hydrogen
nd air on the anode and cathode sides of the cell were replaced
y nitrogen. Current load was turned off and inlet and outlet
ases were shut off. The cell was then warmed up at a rate
f 1.0 ◦C/min. All the internal resistances of the cell purged
ith different times are seen to decrease sharply around 0 ◦C,
orresponding to ice thawing in the CL and membrane. The
eason is that ice generated during cold startup melts at about
◦C. Comparing Fig. 8a and 8b, it is found that the internal

esistance of the cell at −20 ◦C post cold start was higher than

o
L
c
T

ig. 8. Internal resistances during (a) cool down and (b) warm up for the cell
urged with different durations.

hat prior to it. On the other hand, the cell resistance at 20 ◦C
ost cold start and after warm up was generally lower than that
rior to cold start at 20 ◦C. This can be explained by the fact the
ater production during cold start and subsequent ice melting
uring warm up results in membrane hydration and hence lower
esistance than prior to cold start and after gas purge.

.4. Visualization of water/ice formation on catalyst layer

To understand the dependence of product water on the startup
emperature, it is instructive to visualize the water or ice forma-
ion on the CL surface during cold start. Fig. 9 shows a series of
uch images from a single microhole of the cathode GDL during
tartup from −1 ◦C. The view in Fig. 9 (and Figs. 11 and 12) is
ocated in the center of the flowfield. The microhole is marked
y a dash-line ring in these images for better viewing.

Recall that the cell can operate indefinitely at −1 ◦C as shown
n Fig. 6. Fig. 9a and b show that no water appears on the surface

f CL when the cumulative product water reaches 0.84 mg/cm2.
iquid water in the form of droplets begins to appear as the
umulative product water becomes 1.12 mg/cm2; see Fig. 9c.
o interpret these experimental observations, it is useful to con-
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ider water transport mechanisms during startup. First, part of
ater produced by ORR in the cathode CL can be removed by

eactant gases exiting the cell. The remainder of product water
hen accumulates inside the cell. The molar flow rate of water
eaving the cell (Fw,out, mol/s) through the exhaust gas can be
stimated by

a
w,out =

(
FH2 − iA

2F

)
pa

w

pa − pa
w

(2)

c
w,out =

(
FAir − iA

4F

)
pc

w

pc − pc
w

(3)

here FH2 and Fair are the molar flow rates (mol/s) of hydrogen
nd air entering the cell, respectively, A the active area of the
lectrode, pa and pc the gas pressures (Pa) of the anode and

a c
athode, and pw and pw the water partial pressures of the anode
nd cathode. The rate of water production is simply given by

w,product = iA

2F
(4)

t

s
t

ge = 55 ◦C, tpurge = 120 s, and startup conditions are Tcell = −1 ◦C, i = 0.1 A/cm2,
outlines the peripheral of the microhole. (a) mw = 0 mg/cm2, mw = 0.84 mg/cm2,

elative ratios of water carried away by hydrogen (Ra
w =

a
w,out/Fw,product) and air (Rc

w = F c
w,out/Fw,product) streams and

ater stored in MEA (RMEA = 1 − Ra
w − Rc

w) are shown in
ig. 10. Here it is assumed that hydrogen and air leave the cell
t the relative humidity of 50 and 100%, respectively. It is seen
rom Fig. 10 that 80.5% of product water remains in the cell dur-
ng startup from −1 ◦C. This means that there is 0.90 mg/cm2

i.e. 1.12 × 80.5%) water accumulated in the MEA when the
roduct water reaches 1.12 mg/cm2. Since the maximum water
torage capacity of the cathode CL and membrane combined is
stimated to be 0.85 mg/cm2, one may well expect product water
o emerge from the CL at this moment.

Rough estimates shown in Fig. 10 indicate that the majority of
roduct water remains in the cell during cold start of automotive
EFCs, and that this amount increases with decreasing startup
emperature.
The state of water on the CL surface was further studied in the

tartup experiment from −3 ◦C. All other conditions remained
he same as that from −1 ◦C. The corresponding images are
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ig. 10. Relative ratios of water carried away by the exhaust gases and stored
n MEA (ξH2 = 14.35, ξair = 12.06). It is assumed that hydrogen and air leave
he cell at relative humidity of 50 and 100%, respectively.

hown in Fig. 11. It is seen that when the cumulative product
ater is less than 0.84 mg/cm2 as occurred at 90 s into cold

tart, neither ice/frost nor liquid water is observed. However,
hen the cumulative product water reaches 1.12 mg/cm2, liquid
roplets begins to emerge from the CL. The water droplet diame-
ers are seen to be 10–50 �m and found to grow with time. When
he cumulative product water increases to 2.24 mg/cm2, the cell
otential drops to 0.1 V and the startup operation is terminated,
s shown in Fig. 6. In this experiment (T = −3 ◦C, pa

w = 238.03,
c
w = 476.06 Pa, ξH2 = 14.35 ξair = 12.06), 83.5% of product
ater is stored in MEA, according to Fig. 10. This leaves
.94 mg/cm2 water accumulated in the MEA when the product
ater reaches 1.12 mg/cm2. As analyzed earlier, the theoretical

apacities of water accumulation in the cathode CL and mem-
rane add up to be 0.85 mg/cm2. Therefore, it is reasonable that
roduct water begins to emerge on the CL surface when the
roduct water reaches 1.12 mg/cm2, as visually captured by the
mages. Once again, the water observed on the CL surface in
he startup from −3 ◦C is liquid, due to either the temperature
ifference between the cell plate and the cathode CL or a minor
egree of freezing-point depression of water within CL pores.

The images on CL surface during startup from lower tem-
eratures (i.e. Tcell = −4, −5, −10, −15, and −20 ◦C) are much
ifferent from those at −3 and −1 ◦C, where no water droplets,
rost or ice can be observed on the CL surface at any time. That
s, there is no water emerging out of the cathode CL. The surfaces
f GDL, current-collecting lands and flow channels were also
arefully checked by an optical microscope with no water, frost
r ice found. During the cold-start experiment from −4 ◦C, the
umulative product water at shutdown is only 0.93 mg/cm2. Con-
idering 84.9% of that product water is stored in MEA according
o Fig. 10, this is 0.79 mg/cm2 water accumulated in the catalyst
ayer and membrane, apparently unable to exceed the theoret-

cal capacity before water can emerge from the CL and hence
upporting the observation that no water is detected on the CL
urface (no shown here). As shown in Fig. 4, the initial water
ontent of the membrane is 6.0 after the cell is purged with dry

2
a
c
c
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ases for 120 s. Hence 0.47 mg/cm2 water can be stored in a
embrane of 18 �m thickness if the membrane water content is

aised from 6 initially to 14 at full hydration [16]. A comparison
f the product water achieved at shutdown (i.e. 0.37 mg/cm2 at
old-start temperature of −20 ◦C) to the theoretical water stor-
ge capacity of the membrane (i.e. 0.47 mg/cm2) implies that
roduct water does not fully diffuse into and hydrate the entire
embrane.
To further confirm that what was observed on the CL surface

s shown in Figs. 9c and d and 11c–f is liquid water but not
ce or frost, a “quenching” experiment was carried out after the
tartup from −3 ◦C by turning off the current load, shutting off
he inlet and outlet gases and maintaining cell temperature at

3 ◦C for 2 h. Through this process, the liquid water underwent
hase transition from liquid to ice/frost on the CL surface, as
hown in Fig. 12. Fig. 12a displays the water droplets generated
uring cold start at −3 ◦C, and Fig. 12b shows the ice particles
rozen from the same water droplets. Water droplets and ice
articles on the CL surface differ in shape: the droplets appear
ound, while the ice particles are irregular. This “quenching”
xperiment confirms that it is liquid water to emerge from CL
urface in startup experiments from −1 and −3 ◦C, but not ice.

.5. Freezing-point depression of water in catalyst layer

An interesting experiment was carried out to separate actual
reezing-point depression of water in the CL from the tempera-
ure difference between the land and CL during cold start. Here,
he freezing-point depression due to the effect of well-known
ibbs-Thomson undercooling [27], �TFPD, defined as the dif-

erence between the freezing point in small pores and the normal
quilibrium temperature of water, TE (i.e. 273.15 K), is inversely
roportional to the pore radius

TFPD = σLSTE cos α

ρshfgrCL
(5)

here σLS the surface tension of ice-water interface (J/m2), α

he contact angle, ρs and hfg the ice density (kg/m3) and latent
eat of fusion (J/kg), and rCL the pore radius of the catalyst layer.
learly, the freezing point of water is lowered in confined spaces
s the size decreases. Much of the knowledge on ice formation in
onfined spaces and its ensuing damage to the matrix structure
s available in cryobiology [28,29].

It is noted that the rate of total heat generated in the cell can
e described by (U0 − T∂U0/∂T − Vcell)iA and most of heat is
enerated in the cathode CL and membrane [30]. Here U0 is
hermodynamic potential and Vcell cell potential. In this work,
he flow rates of reactant gases exiting the cell are very low
FH2,out = 3.458 × 10−5 mol/s, Fair,out = 7.307 × 10−5 mol/s @
= 0.1 A/cm2). Heat capacity of hydrogen and air are 28.84 and
9.20 J/mol K, respectively [31]. If we assume that the tem-
erature difference between inlet and outlet gases amounts to

.5 ◦C, the rate of heat removal by gases is only 7.83 × 10−3 W
s compared to 0.29 W heat generation under typical operating
onditions (Vcell = 0.66 V, i = 0.1 A/cm2). Thus, it can be con-
luded that the heat removed by gases is negligible and heat
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Fig. 11. Images on the CL surface during startup from −3 ◦C (purge conditions are Tpurge = 55 ◦C, tpurge = 120 s, and startup conditions are Tcell = −3 ◦C, i = 0.1 A/cm2,
ξH2 = 14.35, ξair = 12.06, RHH2 = RHair = 0%, pH2 = pair = 1 atm). (a) mw = 0 mg/cm2, (b) mw = 0.84 mg/cm2, (c) mw = 1.12 mg/cm2, (d) mw = 1.40 mg/cm2, (e)
mw = 1.96 mg/cm2 and (f) mw = 2.24 mg/cm2.
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Fig. 12. Phase transition from water droplets to ice particles. Water droplets
were generated during cold start from −3 ◦C and observed on the CL surface.
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simulation results reported in the literature under normal tem-
hen the cell was left open circuit at −3 ◦C for 2 h, in which period the water
roplets turned into ice particles. (a) Water droplets and (b) ice particles.

enerated in the CL and membrane is primarily removed through
he GDL (with MPL) to the end plate. In all experiments in
his work, the temperature of the end plates is kept constant at
he startup temperature. The temperature increase (�T = TCL −
end plate) in the cathode CL then depends on current den-
ity and cell potential. In contrast, freezing-point depression of
ater in the porous CL (TFPD) should not vary with current
ensity.

On basis of this reasoning, additional experiments were car-
ied out by varying the current density during cold start. Fig. 13
hows cell voltage curves for startup from −2 to −1 ◦C and at
he current density of 0.02 A/cm2. The purge conditions are the
ame as in experiments shown in Fig. 5. Dry hydrogen and air
ere fed to the cell at stoichiometric ratios of 14.35 and 12.06

i = 0.02A/cm2 (H2 flow rate: 10 ml/min, STP; air flow rate:

0 ml/min, STP), respectively. Similar to the cold-start opera-
ion at the current density of 0.1 A/cm2, the cell can operate
ndefinitely when the cell is started up from −1 ◦C at the current

p
t
t

ig. 13. Cell voltage curves for startup from −2 and −1 ◦C (purge conditions
re Tpurge = 55 ◦C and tpurge = 120 s, and startup conditions are i = 0.02 A/cm2,

air = 12.06, ξair = 12.06, RHH2 = RHair = 0%, pH2 = pair = 1 atm).

ensity of 0.02 A/cm2. While starting from −2 ◦C, the cumu-
ative product water at shutdown is 1.00 mg/cm2. Since 82.1%
f product water is stored in MEA according to Fig. 10, this
s 0.82 mg/cm2 water accumulated in the MEA. This value is
ower than the theoretical water storage capacity of the mem-
rane and cathode CL combined (i.e. 0.85 mg/cm2). Thus, it
an be deduced that water is ice in the CL during 0.02 A/cm2

tartup from −2 ◦C, but liquid water in the CL during startup
rom −1 ◦C. It follows that the value of (�T + �TFPD) @
= 0.02 A/cm2 should be lower than 2 ◦C, but higher than 1 ◦C.
imilarly, the value of (�T + �TFPD) @ i = 0.1 A/cm2 should be

ower than 4 ◦C but higher than 3 ◦C. Mathematically one has

T0.1 + �TFPD = 3.5 ± 0.5 (6)

T0.02 + �TFPD = 1.5 ± 0.5 (7)

here �T0.1 and �T0.02 are the temperature differences between
athode CL and end plate when the cell is operated at 0.1 and
.02 A/cm2, respectively. Since the rate of heat generation at
.1 A/cm2 is roughly five times of that at 0.02 A/cm2, one may
xpect

T0.1 = 5�T0.02 (8)

Solving Eqs. (6–8) yields �TFPD = 1.0 ± 0.5 ◦C and
T0.1 = 2.5 ± 0.5 ◦C. This estimate of the freezing-point depres-

ion, while numerically more exact than that analyzed in Ge
nd Wang [16], reaches the same conclusion that freezing-point
epression should be negligible in cold-start theory and practice
or the startup temperature range between −20 and −30 ◦C of
nterest for automotive applications.

The analysis described above also indicates that the temper-
ture difference between the CL and end plate is approximately
5 ◦C cm2/A. This value is higher than experimental data and
eratures. For example, Vie and Kjelstrup [32] reported that the
emperature difference between two sides of GDL is 5 ◦C when
he cell is operated at 1 A/cm2 (with the average temperature at
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3 ◦C). The simulation results of Ju et al. [33] showed that the
emperature difference between CL and end plate is 11 ◦C when
he cell is operated at 0.7985 A/cm2 at the average temperature
f 87.2 ◦C and if the thermal conductivity of GDL is assumed
o be 0.5 W/m K. This is a temperature difference of 13.8 ◦C
m2/A. Two possible reasons for higher temperature difference
etween the CL and end plate at subzero temperatures are: (1)
ower GDL thermal conductivity at subzero temperatures than at

80 ◦C; and (2) larger thermal contact resistance at subzero tem-
eratures due perhaps to ice formation at the CL and MPL/GDL
nterface.

. Conclusions

We have examined a complete set of events centering on
EFC cold start, starting from gas purge, to cool down, to sub-
ero startup, and finally to warm up. We describe a simple
ethod to visualize water/ice formation on the CL surface in

n operating PEFC, enabling elucidation of water transport in
he subzero environment. Gas purge is found to be a key step to
nsure self-startup from subzero temperatures. Purge duration
f 120 s using dry gas appears to be optimal. After gas purge
here is substantial relaxation of membrane HFR over a period
f longer than 30 min, indicating water redistribution within the
EA. Understanding the precise mechanisms for HFR relax-

tion merits future study.
Following gas purge, the membrane HFR exhibits smooth

ise with decreasing temperature during cool down, except when
he membrane is nearly fully hydrated. This is indicative of no
hase transition of water within membranes of practical interest
n the startup of automotive fuel cells. As expected, cold-start
erformance depends strongly on the purge duration and startup
emperature. However, their nonlinear relationships unraveled
n this work are significant.

The state of water in the cathode CL has been carefully exam-
ned by direct observations in an operating PEFC as well as water
alance analysis. Freezing-point depression of water in the CL
s found to be 1.0 ± 0.5 ◦C, which is sufficiently small to be
eglected in cold-start theory and practice for the startup temper-
ture range between −20 and −30 ◦C of interest in automotive
pplications.
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