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bstract

A single cell of a PEMFC with PtRu/C anode and Pt/C cathode catalysts after an acceleration test in which constant high potential was applied to
he cathode was observed by analytical TEM to investigate the structural changes in electrocatalysts and the proton-exchange membrane (PEM) at
micro- and nano-scale. A cross-sectional specimen of a membrane-electrode-assembly (MEA) was successfully prepared for TEM observation

y using an ultramicrotome. A thin area of the electrode catalyst layer and the PEM were observed at a nano- and atomic-scale. The interface
etween the catalyst layer and the PEM was also observed. The results showed that large Pt particles of about 10–100 nm were formed in the PEM
fter an acceleration test in which a constant potential was applied. This result indicates that Pt dissolved and diffused, and Pt crystals grew in the
EM. The distribution of Pt particles in the PEM depended on the kind of gas supplied for cathode.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Proton-exchange membrane fuel cells (PEMFCs) are attrac-
ive low-emission power sources for electrically powered vehi-
les and distributed power generation [1]. Small PEMFCs
micro-fuel cells) have also been developed as power sources for
ortable equipment such as laptop computers, cellular phones,
nd so on [2]. Reliability and lifetime are the most important
ssues for practical use of such power sources. However, the

echanisms of the deterioration of PEMFC are not well under-
tood. Particularly, the structural changes in the electrocatalyst
nd membrane in fuel cells at a microscopic scale are not well
nvestigated. Thus, it is important that we determine the mech-
nisms of degradation under various operating conditions at a
icro- and nano-scale.

In this work, a membrane-electrode-assembly (MEA) in a

ingle cell of a PEMFC after accelerated degradation tests
as observed by analytical transmission electron microscopy
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TEM). Many detailed studies have been conducted to deter-
ine the structure of the electrocatalyst or membrane itself by

sing electron microscopy at a microscopic scale [3–5], and
here have also been some reports on the structure of the cell
or practical operation [6–11]. It is important that we observe
he structure of the electrocatalyst, proton-exchange membrane
PEM), and the interface between the electrocatalyst and the
EM in MEA under various operating conditions to elucidate

he mechanism of degradation. In our previous report, degra-
ation caused by fuel starvation was investigated by analytical
EM [12]. We noted the dissolution of Ru from the PtRu/C
lectrocatalyst at the anode, and the growth of particles at both
he anode and cathode. In this study, after acceleration tests in
hich a constant high potential was applied to the cathode, the
EA was observed by TEM to investigate structural changes

n electrocatalysts and the PEM at a micro- and nano-scale.
nalytical TEM is very advantageous because it can reveal the

patial distributions of components even for complicated func-
ional materials, and can be used to analyze the composition

f a local area at a nano- or atomic-scale. It is an indispens-
ble tool for analyzing functional materials such as fuel cells
hich have a complicated structure at the nano-scale. Although

t is difficult to prepare sufficiently thin specimens from such
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Pt particles appeared in the PEM near the Pt/C electrocatalyst
layer. The Pt particles are large compared to the Pt particles in
the electrocatalyst. The Pt particles observed in the PEM are
10–100 nm while those in the electrocatalyst are 2–5 nm. These
62 T. Akita et al. / Journal of Po

omplicated functional materials for TEM observation, cross-
ectional specimens of a membrane-electrode-assembly (MEA)
ere successfully prepared for TEM observation by using an
ltramicrotome. Accelerated degradation tests were carried out
y applying high potential to the cathode while supplying N2
as or air. The structure of the cell after the acceleration test was
nvestigated by TEM.

. Experimental

Electrodes for the PEMFC were prepared from a 10 wt.%
arbon black-supported platinum electrocatalyst (Johnson
atthey) for the cathode and 30 wt.% Pt/C/15 wt.% Ru/C elec-

rocatalyst (Johnson Matthey) for the anode and a Nafion®

olution (5 wt.% solution, E.I. DuPont de Nemours and Com-
any). Catalyst ink was prepared by adding Nafion® solution
ith isopropyl alcohol to the electrocatalyst powder. The result-

ng ink was applied to a polytetrafluoroethylene (PTFE) sheet,
nd then dried and transferred to a proton-exchange mem-
rane, Nafion® (7 mil-thick and 1100 EW sulfonic acid form,
uPont) by hot-pressing to produce a membrane-electrode-

ssembly. The Nafion® content of the electrodes was 15 wt.%.
he Nafion® membrane pretreated with hydrogen peroxide and
mol/l H2SO4 aqueous solution. Wet-proofed carbon paper

TGPH 060, Toray) was used as gas diffusion backing. The
ccelerated degradation test was performed using a single cell.
he details of the configuration of the cell have been described
reviously [12]. Potential holding experiments were carried out
n a single circular cell (10 cm2) made from titanium without a
recious metal coating to avoid the effect of cell material corro-
ion. The flow field was a conventional parallel channel design.
constant potential was applied to the cathode against the anode

s a reference hydrogen electrode (RHE) by an HA-151 Poten-
iostat/Galvanostat while pure N2 or pure air was supplied for
he cathode and pure H2 was supplied for the anode at 353 K. A
otential of 1.0 V was applied for 30, 87 h in these experiments.
he cell was maintained at 353 K and the operating pressure
as atmospheric. Gases were humidified at the same tempera-

ure as the cell and fed to each electrode. The electrochemically
ctive surface area was evaluated from the hydrogen desorp-
ion charge of a cyclic voltammogram using an electrochemical
nalyzer (BAS100B/W).

The cross-sectional specimen for TEM observation was pre-
ared by ultramicrotomy. The carbon paper was removed from
he single cell and the MEA was cut into pieces that measured
bout 1.5 mm × 3.0 mm × 0.2 mm using a razor. A small piece
as embedded in epoxy resin (EPON 812 RESIN) and dried

or a few hours. A piece of the MEA was sliced by an ultra-
icrotome (Leica ULTRACUT UCT) using a diamond knife

t room temperature. The thickness of the sample was about
0–60 nm. The sliced specimen was supported on a conven-
ional �3 mm Cu mesh with a carbon micro-grid. The TEM
bservations were performed using a JEOL JEM-3000F trans-

ission electron microscope equipped with a Thermo Noran

nergy dispersive X-ray spectroscopy (EDS) system. The TEM
as operated at an accelerating voltage of 300 kV. Observa-

ions were also conducted at room temperature without a cooling
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tage. The regions of the anode, cathode, membrane and epoxy
esin were identified by EDS measurement in the TEM image.

e could distinguish the membrane from the epoxy resin by
oting the peaks of fluorine and oxygen in EDS spectra. The
poxy resin shows X-ray signals corresponding to oxygen with-
ut a peak for fluorine, while strong fluorine peaks are seen in
he PEM region.

. Results and discussion

Fig. 1a shows the time-dependence of the electrochemically
ctive surface area of cathode Pt catalyst during the applica-
ion of a constant voltage of 0.8 V or 1.0 V versus RHE under
ir. The value is given as a percentage of the initial value. The
ctive surface area decreased with the duration of testing and
lso depended on the applied voltage. The decrease in the sur-
ace area was almost saturated at around 100 h for 1.0 V. The
rolonged holding of the cathode at 1.0 V versus RHE, which
eflects holding near the open circuit potential of the PEMFC
ith negligible oxygen reduction current, resulted in large cath-
de degradation. Although this decrease in the electrochemically
ctive surface area is caused by sintering of platinum particles, a
mall amount of platinum dissolves out of cathode catalyst layer
s described below.

Fig. 2a shows a low magnification TEM image around the
nterface between the Pt/C cathode and PEM after 1.0 V was
pplied for 87 h under air. The lower left side of the TEM image
s the Pt/C catalyst layer and Pt particles are seen as dark contrast.
he upper right side is the PEM region, and uniform contrast is
een at this magnification. Fig. 2b and c shows TEM images of
he PEM approximately 10 �m from cathode layer and the inter-
ace between the PEM and the PtRu/C anode layer, respectively.
he PEM is often torn during sample preparation when the spec-

men is thin, and it is difficult to observe the whole region from
he cathode to the anode. One noticeable feature is that large
ig. 1. Electrochemically active surface area of Pt presented as a percentage of
he initial value. Cathode potential was held potentiostatically at (a) 1.0 V, (b)
.8 V vs. RHE.
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ig. 2. Cross-sectional TEM images of a MEA after 1.0 V was applied for 87 h
b) TEM image of the PEM 10 �m from the cathode layer, (c) TEM image near

arge Pt particles are also observed in Fig. 2b, which was taken
ar from the cathode layer in the PEM. The Pt particles gradu-
lly decrease in size depending on the distance from the cathode
ayer. Small Pt particles are observed even in the PEM near the
node side, as shown in Fig. 2c. The enlarged TEM image from
he area indicated by the white rectangle is shown in Fig. 2c
nd the Pt particles are indicated by arrows. The Pt atoms seem
o diffuse from the cathode to the anode layer during applying
onstant potential.

Fig. 3 shows the EDS spectrum obtained from a Pt particle in
he PEM. The particle mainly consists of platinum. A peak for
opper appears as background signal from the Cu-grid support-
ng the sample. Carbon and fluorine are detected from the PEM
n the measurement area. Small peaks of potassium and iron
re also detected as impurities. The peak of sulfur overlaps the
inor peak of Pt and it is difficult to distinguish the peaks when

he signal is weak. It is also difficult to detect the sulfur peak
ince sulfur is easily desorbed by irradiation with a high-energy

lectron beam.

Fig. 4 shows high-resolution TEM (HRTEM) images and
lectron diffraction patterns from the Pt particle observed in
he PEM after the test corresponding to the sample shown in

Fig. 3. EDS spectrum obtained from a Pt aggregates in PEM.
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EM image near the interface between the cathode catalyst layer and the PEM,
nterface between the anode catalyst layer and the PEM.

ig. 2. The Pt particle has a complicated shape as shown in
ig. 4a and d. It appears as if some small Pt particles aggre-
ate into a large Pt particle. Interestingly, the corresponding
iffraction pattern indicates that the Pt particle almost consists
f a single crystal. Fig. 4b and e shows diffraction patterns cor-
esponding to the TEM images in Fig. 4a and d, respectively.
hey are single crystalline diffraction patterns from the 〈1 1 0〉
one axis and 〈1 2 3〉 zone axis for a face centered cubic (fcc)
tructure. Enlarged HRTEM images of part of these Pt par-
icles are shown in Fig. 4c and e. The HRTEM images also
how lattice fringes and a well-ordered crystalline structure.
ig. 4c shows the lattice image from the 〈1 1 0〉 direction, and

he {1 1 1} and {2 0 0} crystal planes are clearly observed. The
1 1 1} plane is seen in Fig. 4f, as observed from the 〈1 2 3〉
irection.

Aggregates of Pt particles were often observed in the elec-
rocatalyst layer even for the MEA before the degradation test.
he Pt aggregates in the electrocatalyst layer generally show a
oly-crystalline diffraction pattern as shown in Fig. 5. It appears
s though some small Pt particles aggregate into a large parti-
le. The structure of Pt particles in PEM is apparently different
rom that in the electrocatalyst layer. The Pt particles in the
EM shown in Fig. 4 seem to grow atomically without the
oalescence of small particles. The surface of the Pt particle
ndicates curvature, and low index facets are observed in the
quilibrium crystal are not seen. This means that the inter-
acial energy of the Pt particle in the PEM is different from
hat in a vacuum. The growth of the Pt particle occurs under
estricted conditions in the PEM. These Pt particles are con-
iderably larger than the size of the ionic cluster in the PEM
13].

Fig. 6 shows low-magnification TEM images around the
nterface between the Pt/C cathode and the PEM after 1.0 V was
pplied for 87 h with N2 gas supplied for the cathode. Fig. 6b and
shows TEM images of the PEM approximately 15 �m from the

athode layer and the interface between the PEM and the PtRu/C
node layer, respectively. There are a few small particles in the
EM, as indicated by arrows in Fig. 6b, and Pt particles are not
etected near the PtRu/C layer, as shown in Fig. 6c. The dis-
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Fig. 4. TEM images and electron diffraction patterns of Pt particles in the PEM. (a and d) Low-magnification TEM images of Pt particles in the PEM, (b and e)
corresponding electron diffraction patterns of the Pt particles, and (c and f) HRTEM images of the Pt particles.

Fig. 5. (a) TEM image of a Pt aggregate in the catalyst layer and (b) the corresponding electron diffraction pattern.

Fig. 6. Cross-sectional TEM images of a MEA after 1.0 V was applied for 87 h with N2 supplied for the cathode. (a) TEM image near the interface between the
cathode layer and the PEM, (b) TEM image of the PEM 15 �m from the cathode catalyst layer, (c) TEM image near the interface between the anode catalyst layer
and the PEM.
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Fig. 7. TEM images of the interface between the cathode and PEM after acceleration tests and the size distribution of Pt particles in the PEM. 1.0 V vs. RHE for
t on® 1
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he cathode with N2 gas supplied for 87 h (a) using Nafion® 112, (b) using Nafi
istribution of Pt particles in the PEM (e).

ribution of Pt particles in the PEM depends on the kind of gas
upplied for the cathode.

The results of tests under various conditions are summarized
n Fig. 7. These TEM images were taken after acceleration tests
n which we varied the gas supplied for the cathode, the thickness
f the PEM and the duration of testing. Fig. 7a–c shows TEM
mages after 1.0 V was applied for 87 h with N2 supplied for the
athode. Based on a comparison with Fig. 2, platinum deposition
s restricted to near the cathode catalyst layer. The dependence of
he platinum distribution on the membrane thickness was inves-
igated using a thinner membrane, Nafion® 112, with a thickness
f 50 �m, with N2 supplied for the cathode. With Nafion® 112,
latinum deposition in the electrolyte membrane was seen closer
o the catalyst layer, as shown in Fig. 7a compared to Fig. 7b.
he mean diameter of Pt particles versus the distance from the
lectrocatalyst layer is summarized in Fig. 7e. This graph shows
he mean diameter, and does not indicate the amount or density
f Pt in the PEM. The mean diameter was measured from the
ach specific region of TEM images about 1 �m in width perpen-

icular to the catalyst layer, as illustrated in the inset in Fig. 7e.
arge particles exist near the catalyst layer and few Pt particles
ppear far from the catalyst layer when N2 gas was supplied
or the cathode. The distribution of Pt particles also depends on

u
r
p
f

17, and with air supplied (c) for 30 h using Nafion® 117, and (d) for 87 h. Size

he thickness of the PEM. Pt particles were distributed near the
athode layer when a thin PEM was used, as seen in Fig. 7a.
hen air was supplied for the cathode for 87 h, the Pt particles

lmost reached the anode layer through the PEM, as shown in
ig. 2.

Fig. 8 shows a schematic drawing of the possible growth
rocess of Pt particles in the PEM. A Pt particle is almost a sin-
le crystal, as shown in Fig. 4. This result indicates that the Pt
ggregates in the membrane are not formed by the migration and
oalescence of Pt particles from the catalyst layer. The Pt parti-
les seem to form nuclei and grow atomically by the deposition
f dissolved Pt ionic species. The applied voltage of 1.0 V is suf-
cient to dissolve some of the Pt particles to Pt ions. The single
rystal generally shows isotropic growth in the liquid or vapor
hase under equilibrium. In such a case, atoms will be uniformly
upplied from the surroundings to the nuclei, and an isotropic
quilibrium crystalline shape will be observed depending on
he surface energy, which is well known as Wulff construction.
owever, in the PEM, the supply of Pt ions to the nuclei is not

niform because of the microscopic phase separation, which
esults in the formation of ionic clusters. Furthermore, the over-
otential of Pt deposition on the nuclei may be large (i.e. far
rom equilibrium), which generally inhibits layered deposition.
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ig. 8. Schematic drawings of the possible growth process of Pt particles in the
EM.

hese possibilities may explain the complicated shape of the Pt
articles shown in Fig. 4a and d. Concerning the distribution of
t particles in the PEM, the spatial distribution of Pt particles
ppears to be related to the hydrogen distribution in the PEM
rossover from the anode through the PEM, as shown in Fig. 8b.
n the MEA for PEMFC, it has been reported that some of the
upplied gas such as hydrogen traverses the membrane [14,15].
t ionic species are dissolved into the PEM from the catalyst

ayer by the applied high potential. Pt ionic species dissolved
n the PEM then diffuse through the PEM. The form of the Pt
onic species is unknown. Pt cation can diffuse due to a concen-
ration gradient. An anionic Pt complex formed with fluoride or
ulfonate anion formed by membrane degradation or a chloride
nion impurity can also migrate by a potential gradient in the
EM under operating conditions of the cell. They are reduced
y hydrogen gas coming from the anode, form nuclei and grow
nto large particles. Interestingly, Fig. 2a shows that the Pt parti-

les are not strictly distributed along the interface of the cathode
ayer but rather appear in a straight line. The distribution of
t particles parallels the macroscopic-scale interface between

he PEM and the catalyst layer. This suggests that the Pt parti-
[

ources 159 (2006) 461–467

les are distributed depending on the hydrogen concentration in
he PEM. Hydrogen crossover through the membrane increases
ith decreasing membrane thickness, since the concentration
radient within the membrane increases. The distribution of Pt
articles in the PEM depends on the concentration of hydrogen
n the membrane, as shown in Fig. 7.

In the case of a cathode with air, the oxygen concentration
ear the cathode interface is high and the hydrogen concentra-
ion is low. Under these conditions, it may be difficult for a
latinum nucleus to be generated by reduction with hydrogen
ince a very small platinum nucleus might be unstable with a
igh potential (mixed potential composed of dissolved hydro-
en and oxygen) under such oxygen-rich conditions. Therefore,
he Pt ions can diffuse longer toward the anode before nucleus
eneration occurs under air for the cathode. We are currently
tudying the details of the mechanism of the aggregation of Pt
n the PEM.

. Conclusion

The structure of a MEA after the application of a potential
as successfully observed by analytical TEM at a nano- and

tomic-scale. The results indicated that

1) Large Pt aggregates are observed in the PEM by an accel-
eration test in which potential is applied to the cathode.

2) The Pt aggregates formed in the PEM have a well-ordered
crystalline structure.

3) The distribution of Pt particles depends on the concentration
of gases in the PEM.
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