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Understanding  and  optimizing  water  and  thermal  management  in the  catalyst  layer  of proton-exchange-
membrane  fuel  cells  is  crucial  for performance  and  durability  improvements.  This is especially  the  case  at
low  temperatures,  where  liquid  water  and  even  ice may  exist.  In  this  article,  the  durability  of  a traditional
Pt/C dispersed  and  a nanostructure  thin  film  (NSTF)  membrane-electrode  assembly  (MEA)  are  examined
under  wet/dry  and  freeze/thaw  cycles  using  both  in  situ  and  ex situ experiments.  Multiple  isothermal
cold  starts  result  in  a performance  degradation  for  the  dispersed  MEA,  while  no  such  a  degradation  is
found  in  the  NSTF.  The  results  are  consistent  with  stand-alone  MEA  tests,  wherein  the  dispersed  catalyst
embrane electrode assembly (MEA)
t/C dispersion
anostructured thin film (NSTF)
egradation
reeze/thaw cycle
nvironmental scanning electron
icroscope (ESEM)

layer  results  in  an exponential  increase  in the  number  and  size  of  cracks  until  it  delaminates  from  the
membrane  due  to  the  impact  of the  freeze/thaw  process  within  the  catalyst-layer  pores.  The  NSTF  catalyst
layer shows  minimal  crack  generation  without  delamination  since  the  ice  forms  on top  of  the  layer.  The
results  are useful  for  understanding  degradation  due  to  phase-change  containing  cycles.

© 2013 Elsevier Ltd. All rights reserved.
. Introduction

Proton-exchange-membrane fuel fells (PEMFC) are promising,
fficient energy-conversion devices for transportation appli-
ations; however, they require optimal water and thermal
anagement for successful commercialization [1,2]. One barrier to

ommercialization is the ability to start up and operate from sub-
ero conditions where ice may  exist within the porous media. The
urrent target temperature of −20 ◦C (−40 ◦C for survivability) [3]
ecessitates that even if there is supercooling (where some water
xists in a liquid form at subfreezing temperatures) [4,5], a signif-
cant amount of water will freeze in these circumstances. The ice
s expected to impact not only cold-start success and performance,
ut also freeze/thaw cycles could impact durability and ultimately
ause performance degradation.

At subfreezing temperatures, the produced and transported

ater can freeze in the cathode catalyst layer, causing blockage of

vailable electrochemical surface area (ECSA) and possibly induc-
ng mechanical damage due to volume expansion during freeze

∗ Corresponding author. Tel.: +1 5104866308.
E-mail address: azweber@lbl.gov (A.Z. Weber).

013-4686/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.electacta.2013.02.017
[6–16]. Over a PEMFC’s lifetime, repeated thermal cycles between
subfreezing and normal operating temperatures can lead to signif-
icant damage, especially to the cathode catalyst layer. To reduce
this possible damage and enable successful cold start, the typical
strategy is to remove as much water as possible during cell shut-
down, thereby increasing the water capacity during startup before
mass-transport limitations occur. However, this is not always pos-
sible, especially for thin-film catalyst layers, and it also results in
parasitic power and fuel losses due to gas purging.

Two  different canonical PEMFC catalyst layers, which are shown
in Fig. 1, are used in this study. The traditional, dispersed catalyst
layers are on the order of 10–20 �m thick and contain platinum
nanoparticles supported on carbon (Pt/C) as the electrocatalyst and
ionomer binder for proton conductivity and empty pore space to
allow for efficient oxygen ingress and water egress. The nanostruc-
tured thin-film (NSTF) catalyst layer from 3 M Company on the
other hand is on the order of 0.5 �m thick and does not contain
ionomer, and the electrocatalyst is an extended polycrystalline Pt
surface (i.e., whisker) coated on an organic support. The advantage

of the NSTF catalyst layer is that its carbon-free configuration leads
to mechanical/electrochemical stability, which might result in bet-
ter durability, and also allows for high mass activities [17–19].  The
disadvantage is that the thinner NSTF structure leads to reduced

dx.doi.org/10.1016/j.electacta.2013.02.017
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:azweber@lbl.gov
dx.doi.org/10.1016/j.electacta.2013.02.017
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ig. 1. Scanning electron micrographs of a cross-sectional view of a MEA with bot
ectional view of NSTF and surface view of Pt/C dispersed one.

ater-holding capability and demonstrates a tendency to flood at
ow temperatures, which in turn result in poor transient response
20,21] and lack of cold-start robustness [22].

A number of studies have investigated MEA  durability under
he cyclic thermal operation at subfreezing temperatures mainly
or dispersed Pt/C catalyst layers [6–8,13,23–35]. The impacts of

ultiple thermal cycles (T = −40 to 80 ◦C with 4 to 385 cycles) on
erformance have been minimal in relatively dry MEAs (i.e., purged
ith dry gas before freezing) [6,23–25]. However, the results for

elatively wet MEAs have not been consistent. No significant per-
ormance losses were observed after 3 thermal cycles from T = −10
o 80 ◦C [26], 40 cycles from T = −40 to 80 ◦C [27], and 20 cycles
rom T = −20 to 30 ◦C [6].  However, in other tests only 2 to 3 cycles
f isothermal cold start from a dry MEA  at T = −10 ◦C resulted in
pparent ECSA and performance losses [28,29]. Other experimental
esults under similar experimental conditions reported signifi-
ant degradation for multiple freeze/thaw cycles of pre-wet MEAs
ith and without microporous and gas-diffusion layers (MPLs and
DLs) for 40 cycles at T = −80 to 80 ◦C [7,8,13,30,31].  These studies
bserved that the performance losses are caused by various factors
uch as reduced ECSA [6,7] and porosity [30], increased pore size
7], membrane pinholes [31], interfacial delamination [8,31],  and
ncreased contact resistance [7,13,32]. The discrepancy between
o measurable degradation and significant performance/physical
egradation with thermal cycles in existing studies can be associ-
ted with the different experimental protocols, MEA manufacturing
rocesses, and/or cell assemblies, which potentially could impact
he water and mechanical-stress distributions throughout the cat-
lyst layers. For example, freezing of pre-wet MEAs is expected to
e more gradual compared to that of the produced water at the
athode catalyst layer during an isothermal cold start. In addition,
he degree of the degradation is related to the amount of the resid-
al water in the adjacent layers, i.e., membrane and MPLs/GDLs,
hich may  provide different stress distribution by different volume

xpansion, including upon cell assembly [8,33].  The cooling rate
nd different GDL types (paper and cloth) including different PTFE
oadings might also have influenced the performance degradation
34,35].
Compared to the typical dispersed Pt/C catalyst layers, freeze-
elated degradation with NSTF catalyst layers has been much less
tudied. A few studies have shown that mechanical and electro-
hemical degradation were reduced [17,18],  since it is carbon and
persed Pt/C and a nanostructured thin-film (NSTF) catalyst layer, including cross-

ionomer free, but the exact origins require further exploration. Fur-
thermore, all of the above studied were in situ and utilized full
cells, which inhibits exploration of the nature of the possible freeze-
related damage.

In this study, the impact of cold start in terms of physi-
cal and performance changes is investigated through both in-
and ex situ studies. In particular, the propensity for the catalyst
layer to crack upon water phase changes and the crack genera-
tion/evolution are visualized using novel environmental scanning
electron microscopy (ESEM) studies. Both dispersed and NSTF
MEAs are utilized and tested both in cyclic passive cooling and
isothermal cold starts at −10 ◦C. The degree of degradation is mea-
sured in terms of the polarization performance, ECSA, and crack
surface density.

2. Experimental

2.1. Samples

Dispersed Pt/C MEAs were obtained from Ion Power Inc., with
nominal catalyst loadings of 0.3 mgPt/cm2 with VulcanXC72R car-
bon and Nafion® 1100 g/mol equivalent weight (EW) ionomer
binder and Nafion® 115 membrane. NSTF MEAs were provided by
3 M Company and contained 0.1 mgPt/cm2 with 3 M 800 EW mem-
brane. For the single-cell fuel cell test of the dispersed catalyst,
the anode was  a 20%Pt/Vulcan XC72 carbon and the cathode was a
40%Pt/EA-carbon, and the NSTF was  0.15 mgPt/cm2 at the cathode
and 0.05 mgPt/cm2 at the anode.

2.2. Environmental scanning electron microscopy

Environmental scanning electron microscopy (ESEM) is a useful
tool to understand surface water behavior in various PEMFC com-
ponents due to high spatial resolution in a humidity-controlled
environmental chamber [36–38].  However, those studies have
primarily focused on condensation and liquid-water transport.
Here, ESEM (FEI Quanta 200 at the University of Michigan) was
extensively used to investigate water behavior under subfreezing

temperature and its impact on durability. The state of water was
controlled by the water vapor pressure and temperature using a
vacuum pump and Peltier cooling stage. The MEAs were placed
on the temperature-controlled aluminum sample holder as shown
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ig. 2. Schematic of the ESEM experimental setup. The MEA  samples are placed
n the aluminum sample holder. Peltier cooling stage, hydrophobic tape, and ther-
al/electrical conducting tapes placements are also shown.

n Fig. 2, and a hydrophobic tape (PTFE) was applied to avoid inva-
ion of condensed water from the sample edge. A thermal/electrical
onducting tape was also placed to minimize thermal contact
esistance for careful sample temperature control. The built-in
hermocouple of the Peltier cooling controller was calibrated using

 separate thermometer (OMEGA, 450AET). The operating temper-
ture and pressure ranges were T = −12 to 12 ◦C and pv = 0.08 to

 torr.
The electron beam was used only when taking images to min-

mize beam damage. The exposure time per image was  typically
 min, and during the cyclic operation, the total exposure time was
bout 10–20 min  depending on the number of cycles. To confirm
he minimal beam damage, both the dispersed and NSTF MEAs were
xposed to the irradiation for 20 min  without thermal cycles and
o apparent damage (cracking) was observed (not shown).

To mimic  the water behavior for the freezing/thawing and
ondensing/evaporating process during typical PEMFC start-
p/shut-down procedures, three cyclic pathways were chosen,

.e., liquid to ice (path 1), vapor to liquid (path 2), and vapor to
ce (path 3) as shown in Fig. 3(a). One cycle took 12 min, and
he maximum number of cycles was 20. The water condensa-
ion and freezing/thawing created morphology/texture changes
ice appears rougher than liquid water), as detected by observa-
ion. Similarly, cracks were detected by visual inspection at 2000×

agnification and counted per given surface area, which was  used
s a metric for degree of surface degradation,

¯ d,A = nc,A

nt
(1)

here nc,A is the number of cracked regions per image area and nt is
he total number (30) of subsections in the image (5 × 6). The onset
f water condensation on the MEA  surfaces is shown in Fig. 3(b)
long with a hydrophilic substrate (i.e., aluminum foil). The phase
iagram validates the use of visual inspection of the water droplet
nd associated morphological changes to predict freezing. From the
gure, both catalyst layers appear hydrophilic.

.3. Fuel-cell testing, characterization, and post-test analyses

Both passive thermal cycling and isothermal starts were con-
ucted in single-cell fuel cells using a fuel-cell test station (Fuel
ell Technologies) for both the dispersed and NSTF catalyst layers.
or the former, SGL 25BC diffusion media were used; for the latter,
iffusion media were provided by 3 M Company. For the isother-
al  cold starts, cells were run at −10 ◦C at a constant current of

.02 A/cm2 until the cell potential degraded to 0 V due to trans-
ort limitations. For the passive thermal cycling, 50 cm2 fuel cell
ssemblies with a quad-serpentine flow field were run at 80 ◦C

nd then brought down to −10 ◦C for half hour and then back
p to +10 ◦C. After every 5 isothermal starts or passive thermal
ycles, polarization curves were recorded at 80 ◦C, 63% inlet rel-
tive humidity, and hydrogen and air stoichiometries of 2 and 2.5,
Fig. 3. (a) Phase diagram for water showing the three cyclic ESEM paths used in
the experiments. (b) Onset of water condensation for the two catalyst layers, also
shown is the aluminum foil phase diagram for reference.

respectively. Similarly, the ECSA was  periodically measured using
cyclic voltammetry (from 0.085 to 1.0 V vs. RHE at a scan rate
of 100 mV s−1) and calculated from the average of the hydrogen
desorption/adsorption peaks after correction for baseline and elec-
trode capacitance. In addition, the mean Pt particle size of virgin
catalyst powders and those removed from tested MEAs (i.e., after
20 cycles) were measured using X-ray diffraction (XRD) (Siemens
D5000, Cu k-� radiation). The XRD data were fit using whole-
pattern fitting methods (Shadow analysis software by MDI  Inc.)
with particle-size and strain-line-broadening functions [39]. We
also employed micro X-ray computed tomography (microXCT) to
visualize changes in the internal morphology of the MEAs before
and after in situ temperature cycling. Tomographic image sets of
new and tested MEAs were recorded by a MicroXCT system (Xradia,
Inc.) with a field of view of 1 by 1 mm and a resolution of ∼2 �m.

3. Results and discussions
3.1. In situ freeze/thaw cycling and cell performance

As mentioned above, the NSTF catalyst layer is expected to
have a substantially lower water-holding capacity than that of the
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ig. 4. (a) Measured performance, and (b) high frequency resistance, Rh , as a functi
t/C  catalyst layers at different starting relative humidities (RHs).

ispersed catalyst layer. This lower capability is observed from
n isothermal start as shown in Fig. 4(a). Interestingly, the mea-
ured water capacity during the cold start (2 and 9 C/cm2 for 50%
nd 100% RH, respectively) is higher than the intrinsic capacity

f the layer (∼0.2 C/cm2), indicating that water moves away from
he NSTF layer during the isothermal freeze at −10 ◦C, where it is
hought that freeze kinetics are nucleation limited [4,5]. This extra
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capacity is observed even under fully humidified conditions, where
it is expected that the membrane can no longer act as a storage
medium for the generated water (see the difference between the
two NSTF curves in Fig. 4) [22].
To understand the impact of the freeze on cell resistance,
Fig. 4(b) shows the high-frequency resistance obtained from
impedance during the isothermal cold start. The NSTF exhibits a
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ig. 6. ESEM time-series images of the dispersed Pt/C catalyst layer, (a) no conden
ozing out and condensation in the other locations.

maller resistance, which may  be due to the thinner membrane, and
 resistance that is independent of current density. The increasing
esistance with current density for the dispersed Pt/C may  be due
o ice crystals isolating and separating the carbon particles within
he catalyst layer. However, for the NSTF, ice will form on the sur-
ace of the backing layer and spread, and thus a concern would be
elamination of the diffusion media due to ice formation. Since the
igh-frequency resistance is constant, this is not expected to occur
nder these conditions.

Fig. 5 shows the impact of both the passive thermal cycles and
he cyclic isothermal starts for the two types of catalyst layers. The
assive thermal cycled cells show no appreciable change in per-
ormance (although subsequent passive cycles down to −40C did
how a few percent performance decrease), which is attributed to
erhaps some liquid (unfrozen) water remaining at the minimum
emperature of −10 ◦C after the 1 h cool down and 30 min  hold [5].

n addition, there may  be minimal impact since there could be a
mall amount of water within the micropores of the catalyst layer
ince the method of wetting the MEA  depends on operating the
ell and cooling it down. In contrast, the isothermal starts generate

ig. 7. ESEM images of dispersed Pt/C MEA  (a) as received and after (b) 5, (c) 10, (d) 15
ighlight crack locations within the circle area.
, (b) preferential condensation of water droplet within a crack, (c) subsequent and

water within the catalyst layer (catalytic sites), resulting in more
ice within the micropores. This is observed as shown in Fig. 6, where
the ESEM images clearly show water preferentially condensing and
existing within the crack or pore. Fig. 5(c) and (d) clearly shows that
for the dispersed MEA, the performance appreciably decreases after
the cyclic isothermal cold starts, whereas the NSTF MEA  does not
exhibit a substantial change in performance.

To further investigate this issue, the ECSA was determined. For
the dispersed MEA, the ECSA decreased from 86 to 59 cm2/cm2 after
the passive thermal cycles, and the mean Pt particle size increased
from 2.2 to 2.6 nm for the anode and 3.8 and 5.1 nm for the cath-
ode. These results are qualitatively consistent with the decrease in
performance (see Fig. 5(c)), and indicate that some morphological
changes occur within the catalyst layer due to the freezing pro-
cess. For the NSTF, the ECSA increased from 6.7 to 10 cm2/cm2,
which may  be indicative of the freeze/thaw helping to condition the

cell and possibly fracture the underlying support. While the NSTF
does not have high water capacity, it does demonstrate improved
freeze\thaw and subzero temperature durability compared to the
traditional Pt/C dispersed catalyst layer.

, and (e) 20 liquid/ice cycles, path(1) in Fig. 3(a). The dotted lines are marked to
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.2. Environmental scanning electron microscopy

To explore phase-change-related degradation mechanisms
urther, cycling studies were conducted using the ESEM. The gen-
ration and evolution of the cracks under water freeze/thaw cycles
liquid/ice, path (1) in Fig. 3(a)) are visualized in Fig. 7 for the
ispersed catalyst layer. In the intact sample, minimal cracks are
ound, and the number of cracks increases as the number of cycles
ncreases, until significant delamination of the layer from the mem-
rane occurs after 15 cycles. It is clear that the observed changes
re much more damaging than those suggested by the in situ cell
erformance changes; this indicates that the ex situ conditions
re perhaps more severe or the cell assembly and diffusion media

elp to provide support and minimize the impact of freeze [8].  In
ddition, unlike the in situ test, the water is generated by local
ondensation instead of capillary flow from the adjacent layers.
onetheless, the qualitative trend is consistent with the above
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ig. 9. Variations of the number of cracks as a function of cycle for the (a) dispersed and
hown in (a).
uid/ice cycles, path(1) in Fig. 3(a). The dotted lines are marked to highlight crack

mentioned in situ performance and observed ECSA changes, i.e.,
water freezing results in appreciable morphological changes within
the catalyst layer.

In the NSTF catalyst layers, phase and thermal cycling do not
significantly impact the structure, as seen in Fig. 8. Although some
cracks seem to form at the valley of the zig-zag structure, they are
isolated and may  be caused by beam damage as well as ice for-
mation or swelling stresses by the membrane, and delamination
does not occur even after 20 cycles. Thus, similar to the in situ
performance, the NSTF demonstrates remarkable stability under
the harsher phase-change conditions within the ESEM. The phase
change on the NSTF is expected to occur along the longitudinal
structures (cross section shown in Fig. 1) in contrast to condensa-

tion within the pores and cracks in a dispersed catalyst layer (see
Fig. 6) in the ESEM experiments. This formation place combined
with the inherently stronger mechanical properties afforded by the
NSTF structure improve its robustness.
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 (b) NSTF MEAs. The results of the dispersed catalyst layer coated on PTFE are also
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To explore the cycle impacts and quantify the cracking, Fig. 9
hows the crack surface density calculated by Eq. (1) for the dif-
erent MEAs. The NSTF samples do not exhibit total failure and
he crack formation and growth rates are similarly minimal for all
aths. For the Pt/C dispersed catalyst layers, the normalized crack
umber rapidly increases as the freezing cycle number increases,
nd paths (1) and (3) (see Fig. 3(a)) show total failure (delamina-

ion) above 10 and 15 cycles, respectively, whereas path (2) does
ot demonstrate severe cracking. This suggests that the ice for-
ation that occurs with the other paths causes more damage than

he swelling/contracting of the ionomer and underlying membrane,
s in situ. Left: MEA cross-sectional images. Right: slices showing the catalyst layer

although the membrane swelling/contracting may  also play a role
in NSTF cracking.

To explore the last point in more detail, ESEM cycling stud-
ies were conducted with dispersed catalyst layers on a PTFE (i.e.,
hydrophobic) membrane rather than Nafion® to minimize impacts
of hydroscopic membrane swelling. Fig. 9 shows that it decreased
the onset of cracking, although the cracking still increases rapidly

once initiated with an almost exponential shape. This delay may
be caused by the substrate hydrophobicity as well as the lack of
membrane dimensional changes due to swelling/contracting. In
addition, Fig. 9 highlights that any defects or damage within the
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atalyst layer could be exacerbated and quickly propagated by
reeze\thaw cycles. The results are consistent with a suggestion
hat formation of ice within the catalyst layer results in measur-
ble morphological changes and subsequent decrease in surface
rea due to crack formation.

Finally, as discussed, the ESEM results seem to be more aggres-
ive than those in situ, and one can wonder whether cracking
ill occur within assembled PEMFCs. To this end, computed X-ray

omography (XCT) of the Pt/C dispersed and the NSTF MEAs was
ccomplished before and after passive thermal cycling (Fig. 10).
he results, as shown in Fig. 10,  demonstrate that cracks exist in
he Pt/C catalyst layers, both before and after testing in situ. While
he XCT provides insight into the MEA’s 3D structure (Fig. 10,  left)
ith a relatively large field of view (1 mm × 1 mm), sub-micrometer

eatures cannot be discerned due to the limited resolution of the
maging equipment. Note that the cracks shown in Fig. 10 for
t/C cathode catalyst layers propagate throughout the catalyst-
ayer thickness (from the outer surface facing the MPL, to the
nner interface with the membrane). These cracks are at least
everal micrometers wide and tens of micrometers long, and do
ot grow substantially over the course of 10 passive thermal
ycles (see Fig. 10). One should not confuse these cracks with
he ones discussed in the ESEM experiments (Fig. 7), which are

ore than an order of magnitude smaller and do not propagate
hrough the entire thickness of the catalyst layer (unless com-
lete delamination occurs). The NSTF MEA  shows ordered and
niformly dispersed catalyst, without larger cracks for both new
nd cycled MEAs. Some minor variations in the Pt distribution
fter cycling, Fig. 10 bottom right, are not due to freeze cycling
ut rather from some of the catalyst being stuck to the MPL
hich was removed prior to taking the images. Post-mortem SEM

nalysis of in situ cycled NSTF MEAs did not reveal formation of
ub-micron cracks which were formed during the ESEM exper-
ments. Thus, the ESEM thermal cycling protocols seem to be

ore aggressive than those in situ, as both the Pt/C and the NSTF
atalyst layers exhibited cracking on a micro-scale in the ESEM
etup. Additional experiments are under way to investigate the
ormation and growth of both larger and sub-micrometer cracks
fter more severe thermal-cycling protocols within a fuel-cell
ssembly.

. Summary

The impact of phase-change cycles (liquid/vapor and
ce/liquid) for Pt/C dispersed and nanostructured-thin-film
NSTF) membrane-electrode-assemblies was elucidated from
arious observations and experimental results. Isothermal cold
tarts demonstrated loss of electrochemical active surface area
nd a decrease in cell performance for the dispersed catalyst
ayer, whereas the NSTF catalyst layer did not exhibit these
hanges. Under passive thermal cycles down to −10 ◦C, neither
ayer exhibited appreciable performance changes. For the dis-
ersed catalyst layer, the loss in surface area was  consistent
ith ex situ analysis of freeze/thaw cycles using an environmen-

al scanning electron microscope (ESEM), which demonstrated
rack formation and crack-density increase with cycle number
ue to water condensation and freezing between secondary
arbon particles. The formation of ice along the NSTF structures
id not result in any significant cracking of the layer, nor was
elamination of the layer observed or implied from either the

SEM or in situ resistance measurements. In addition, it was
hown that large catalyst-layer cracks exist after cell assembly
nd testing in dispersed electrodes. The findings help eluci-
ate degradation mechanisms and effects due to phase-change
ycling.
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