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a b s t r a c t

A novel, non-destructive transmission electron microscopy technique is introduced, which enables the
observation of the identical locations of a catalyst before and after electrochemical treatment (IL-TEM). The
significance of this method is exemplified by the analysis of a standard, commercially available carbon
ccepted 3 August 2008
vailable online 13 August 2008

eywords:
uel cell
atalyst degradation
ransmission electron microscopy

supported platinum catalyst. We demonstrate that the observed changes of the catalyst particles are
a direct consequence of the applied electrochemical treatment; and that selected catalyst regions are
representative for the catalyst as a whole. Different electrochemical treatments were applied in order to
discuss the potential of the method for studying processes of catalyst degradation.

© 2008 Elsevier B.V. All rights reserved.

i
t
e
s
b
(
f
s
i
a
r
a
c
p
t

ccelerated electrocatalyst testing

. Introduction

Fundamental investigations of electrocatalysts are essential for
he further development of practical applications such as fuel cells
r batteries [1]. Besides the activity and selectivity for certain elec-
rochemical reactions, the long term stability of the catalyst is of

ajor interest. Whereas plenty of advances in the performance
f catalysts have been recently reported [2–6], improvements in
he durability are scarce. This is partially due to the lack of inves-
igative techniques that enable an effective analysis of degradation
rocesses in electrolyte solutions. Commonly, the loss of active
urface area is determined in-situ by electrochemical means [7,8].
dditionally, X-ray diffraction (XRD) and transmission electron
icroscopy (TEM) are applied to obtain the average crystallite size

nd complete size distributions, respectively. Latter techniques are,
owever, considered destructive for the study of electrocatalysts

9], since the catalyst has to be removed from the working electrode
fter the treatment in electrolyte. Consequently, only one single
easurement can be conducted on a certain sample, in contrast to

n-situ ultra-high vacuum TEM studies of catalysts [10,11].

∗ Corresponding author. Tel.: +49 8928913294; fax: +49 8928913389.
∗∗ Corresponding author.

E-mail addresses: karl.mayrhofer@mytum.de (K.J.J. Mayrhofer),
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a
h

d
n
t
e
o
i
m

378-7753/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2008.08.003
The information on the surface area loss and/or particle growth
s often not sufficient for a detailed description of occurrences on
he catalyst particles in the nanometer scale. As a consequence, sev-
ral theories are proposed in order to explain the loss in the active
urface area of catalysts. The four primary mechanisms believed to
e of relevance to low temperature fuel cell catalysts are [12–15]:
i) Ostwald-ripening, metal ions dissolve from smaller particles, dif-
use, and re-deposit onto larger particles, resulting in reduced metal
urface area via a minimization in surface energy; (ii) reprecip-
tation, Pt dissolves into the ionomer phase within the cathode
nd then precipitates again as newly formed Pt particles via the
eduction of hydrogen; (iii) particle coalescence, Pt particles that
re in close proximity sinter together to form larger particles; (iv)
orrosion of the carbon support that anchors the Pt particles and
rovides electrical contact. These particle growth mechanisms and
heir rates may vary as a function of electrode potential, cell volt-
ge cycling conditions, current density, particle size and shape, the
ydration state of the membrane, and operating conditions.

In order to obtain an improved understanding of the degra-
ation mechanism of fuel cell catalysts, we developed a novel,
on-destructive method based on TEM, which enables the inves-

igation of identical locations on a catalyst before and after
lectrochemical treatments (IL-TEM). The results from studies
n a standard, commercially available Pt catalyst presented
n this work should demonstrate the high potential of this

ethod.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:karl.mayrhofer@mytum.de
mailto:matthias.arenz@mytum.de
dx.doi.org/10.1016/j.jpowsour.2008.08.003
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. Experimental

.1. Electrochemical measurements

The electrochemical measurements were conducted in an
ll-Teflon three-compartment electrochemical cell [16], using a
otating disc electrode (RDE) setup (Radiometer Analytical, France)
nd potentiostat (Bank, Germany). A saturated calomel electrode
SCE), separated by an electrolytic bridge from the main cell com-
artment was used in each experiment. However, all potentials
ere calculated with respect to the reversible hydrogen poten-

ial (RHE), which was measured for every experiment. A graphite
od was used as counter electrode. The electrolyte was prepared
sing Millipore Milli-Q® water (>18.3 M� cm−1, TOC < 5 ppb) and
oncentrated HClO4 (Normatom; VWR, Germany).

The carbon supported catalyst with a 50.6 wt.% Pt content
Tanaka Kikinzoku Kogyo K. K., Japan) was dispersed ultrasonically
n ultrapure water to a concentration of 0.28 mgCatalyst mL−1 for
t least 30 min. Before each measurement the catalyst suspension
as placed into an ultrasonic bath for 5 min. During ultrasonic dis-
ersion, a volume of 20 �L of the suspension was pipetted onto
polished glassy carbon substrate (5 mm diameter, 0.196 cm2 geo-
etrical surface area) leading to a Pt loading of 14 �gPt cm−2 for the

atalyst. After the evaporation of the water in a nitrogen stream, the
hus prepared electrode tip was inserted into the RDE, transferred
o the electrochemical cell, and immersed under potential con-
rol at 0.05 VRHE in argon-saturated 0.1 mol L−1 HClO4 solution. The
otential was then continuously cycled between 0.05 and 1.0 VRHE
ntil a stable cyclovoltammogram was recorded. The CO-stripping
ehaviour was studied in CO-free Ar-purged solution, after adsorb-

ng CO at a potential of 0.05 VRHE. The oxidation of COad starts at a
otential of approximately 0.7 VRHE (Fig. 1a), reaching a maximum
t around 0.88 VRHE before declining back to the capacitive current
t 1.0 VRHE after all of the CO has been removed. The electrochem-
cal measurements on the RDE were performed before and after
ach treatment procedure.
.2. Transmission electron microscopy

For the TEM investigations the catalyst suspension was diluted
y a factor of 1:10. A gold finder grid (400 mesh; Plano, Germany)

ig. 1. CO-stripping curves recorded with 20 mV s−1 before and after several poten-
ial cycling treatments (a). The treatments were 3600 cycles with 1.0 V s−1 from a
xed, lower potential limit of 0.4 to 1.0 VRHE (yellow), to 1.2 VRHE (green) and to
.4 VRHE (blue). The integrated charges of the peaks are depicted in inset (b) (For
nterpretation of the references to colour in this figure legend, the reader is referred
o the web version of the article).
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as coated with a conducting film of carbon. The hydrophilicity
f the carbon film (which is necessary for a uniform distribution of
he catalyst particles) develops during a glow discharge exposure to
n Ar-plasma. After this pre-treatment, 5 �L of catalyst suspension
as pipetted onto the gold finder grid. In order to keep the catalyst

oading as low as possible (to avoid overlapping catalyst particles),
he drop was delicately absorbed off the grid after approximately
0 s, using a tissue. The grid was dried, and then investigated using
JEM 100CX microscope (JEOL, Japan) with an accelerating voltage
f 100 kV.

For evaluating the initial state of the catalyst, firstly certain loca-
ions of the as-prepared catalyst agglomerates were analysed on the
old finder grid. Then the grid was transferred to the electrochemi-
al cell, contacted by a Pt wire, and immersed into the electrolyte as
working electrode. After the electrochemical treatment, the TEM
rid was dried under a gentle argon stream and transferred back
or the TEM analysis. By means of an alphabet index, the identi-
al quadrants on the grid were retrieved in the microscope with
thousand fold magnification. Within these quadrants, the iden-

ical catalyst agglomerates observed before treatment were again
nvestigated using a magnification of 100k.

.3. Electrochemical treatment procedure

The electrochemical treatment procedure was performed in a
eparate three-compartment cell, using the same potentiostat and
xperimental setup as described for the RDE measurements. How-
ver, instead of using a single working electrode, two working
lectrodes were connected in parallel, namely the RDE and the TEM
old grid. Each were positioned in the electrochemical cell in such
way that the distance to the Luggin capillary, as well as to the

ounter electrode was equal in both cases. Both were connected
ver the same lead to the potentiostat, and were consequently
ubject to the same potential treatment. After the electrochemi-
al treatment the RDE was transferred back into the measurement
ell, whereas the TEM grid was subject to further TEM analysis.

. Results

.1. Proof of principle

A prerequisite for the new methodology is that the catalyst
gglomerates on the TEM grid are not affected by the transfer pro-
edure from the TEM microscope into the electrochemical cell and
ack. The observations should solely reflect the impact of the elec-
rochemical treatment. Consequently, as a first step the influence
f different electrochemical treatments on the catalyst was probed
sing the thin-film RDE method. In order to identify changes in the
tate of the catalyst, CO-stripping curves as well as cyclovoltammo-
rams in argon-purged electrolyte were recorded before and after
everal different treatment procedures. The CO-stripping curves in
ig. 1 demonstrate the degradation of the active Pt surface area
epending on the positive potential limit during cycling of the
otential.

The red CO-stripping curve in Fig. 1 was recorded before the
lectrochemical treatment procedure. The orange, green and blue
urves were received after cycling the potential 3600 times with
.0 V s−1 between a lower potential limit of 0.4 VRHE and an upper
imit of 1.0, 1.2 and 1.4 VRHE, respectively. These treatments ensured

n alteration between a reduced surface state of Pt at 0.4 VRHE and a
tate at which the Pt particles are oxidized to various degrees [17].
fter scanning to 1.0 VRHE the CO-stripping peak potential does not
hange, and the integrated charge under the peak decreases by less
han 1% (Fig. 1b). If, however, the potential is cycled to 1.2 VRHE,
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ig. 2. IL-TEM micrographs recorded with a magnification of 100 k of the catalyst be
hemical treatment between A and B was 3600 cycles with 1.0 V s−1 in the potential
he according Pt particle size distributions are depicted next to the corresponding i

he CO-stripping peak shifts to negative potentials by 15 mV and
small pre-peak evolves. The latter observation is most likely due

o the formation of defect sites on the Pt particles, which facilitate
O oxidation [18]. The peak shifts further negative by 10 mV after
potential cycling treatment up to 1.4 VRHE. Moreover, the peak
rea dramatically declines, which also becomes visible in the inset
Fig. 1b). The decrease in the CO-stripping charge is a consequence
f a diminished active surface area of Pt, a clear indication for the
egradation of the catalyst.

o

m
e

ig. 3. IL-TEM micrographs (100 k) of a catalyst region before 3600 potential cycles betw
C) in 0.1 mol L−1 HClO4; showcasing the detachment of Pt particles from the carbon supp
A + C) and after electrochemical treatment (B + D) in 0.1 mol L−1 HClO4. The electro-
of 0.05 and 1.05 VRHE, between C and D in the potential region of 0.40 and 1.4 VRHE.

s (including data from several other micrographs).

Based on these results two different treatment conditions were
hosen for the IL-TEM investigations; whereby one treatment
auses no change of the catalyst, and another treatment in which a
ronounced change is expected. As demonstrated in Fig. 2, in both
xperiments the identical catalyst agglomerates could be retrieved

n the TEM grid.

The specific shape of the light grey carbon support in
icrographs A and C before treatment can be relocated after

lectrochemical treatment, as evident in micrographs B and D,

een 0.4 and 1.4 VRHE with 1 V s−1 (A), afterwards (B), and after another 3600 cycles
ort.
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espectively. The Pt particles are visible as dark grey/black dots and
osses a narrow size distribution ranging from 3 to 8 nm. They are
istributed evenly on the support, a clear indication for the quality
f the catalyst. Most importantly, in Fig. 2A and B it is evident that
he electrochemical treatment as probed by the RDE (3600 cycles
t 1.0 V s−1 in the region of 0.05 and 1.05 VRHE at room temperature)
ppears to have little impact on the catalyst sample. When investi-
ated in more detail, it becomes clear that the Pt particles stay at an
dentical location on the support. Additionally, their size does not
ary, which is also displayed in the size distribution plot (Fig. 2). The
umerical evaluation for this plot was performed on several iden-
ical, unambiguous and non-overlapping catalyst locations. In this
ontext it should be emphasized that one of the major advantages
L-TEM offers compared to conventional TEM investigations of cat-
lysts, is that both the size distributions and the absolute number
f particles before and after treatment are directly comparable to
ach other.

A quite different picture develops for an electrochemical treat-
ent in the potential range between 0.4 and 1.4 VRHE, for which

lready significant changes were observed in the CO-stripping mea-
urements. Although the carbon support retains its structure and
hape, distinct variations occur for the Pt particles from micrograph
to D in Fig. 2. The most striking visible effect is the disappear-
nce of whole particles from the support, which is also reflected
n the size distribution plots for locations C and D. The amount of
articles clearly diminishes for each particle size, however, the aver-
ge particle size estimated from a Gaussian fit remains constant at
.0 ± 0.1 nm.

m
n
p
r
w

ig. 4. IL-TEM micrographs with 100 k of a catalyst location before cycling (20 mV s−1) betw
C) and after another potential cycling treatment (20 mV s−1) in Ar-purged 0.1 mol L−1 HC
ndicated by the arrows.
r Sources 185 (2008) 734–739 737

In conclusion, the evaluation of micrograph A and B demon-
trates that the transfer back and forth from IL-TEM analysis under
acuum conditions into an electrochemical cell can be accom-
lished without disturbing the catalyst’s structure, which is a
rerequisite for any further investigation. In addition, it was shown

n micrographs C and D that IL-TEM is a powerful method for the
isual study of the influence of (electro-) chemical treatment con-
itions on processes like catalyst degradation.

.2. Particle detachment

In order to obtain accurate particle size distributions (as demon-
trated in Fig. 2) and to draw conclusions on catalyst degradation
echanisms, individual Pt particles have to be observed in magni-

ed IL-TEM micrographs. The enhancement of a particular catalyst
ocation before (A), and after a first (B) and second (C) electro-
hemical treatment (potential cycling between 0.4 and 1.4 VRHE)
s presented in Fig. 3.

The disappearance of particles of various sizes from A to B
o C can be visually observed, whereby the amount of particles
ecreases from 100% in A, to approximately 70% in B and 50% in C.

nterestingly, the remaining particles remain unaltered in position
nd size, suggesting that particle agglomeration/movement plays a

inor role under these specific treatment conditions. Furthermore,

o preferential dissolution of small particles and growth of bigger
articles appears to occur, as would be expected for an Ostwald-
ipening type degradation. It seems particles simply detach as a
hole from the support. A plausible explanation is that during

een 0.05 and 0.65 VRHE in CO-saturated 0.1 mol L−1 HClO4 for 1 h (A + B), afterwards
lO4 between 0.05 and 1.2 VRHE for 1 h (D); the particle movement/agglomeration is
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otential cycling, a partial oxide layer forms between the Pt par-
icles and the carbon support, leading to a gradual reduction in
dhesion and finally to the complete detachment of particles [19].
he neutral Pt particles consequently disperse into the electrolyte,
here they can be detected using ICP-OES. The Pt concentration in

he electrolyte after the first treatment (21 ppb) and after the sec-
nd treatment (22 ppb) is equivalent to approximately 20% particle
oss, as expected from IL-TEM. In contrast, in the case of Ostwald-
ipening Pt ions would re-deposit onto other Pt particles or the
upport below the standard reduction potential. This would lead
o an increase in particle size or formation of new particles, which
ould not be observed.

It is important to note that the catalyst coverage on the TEM
rid was below �g cm−2 in order to be capable to unambigu-
usly investigate individual particles. In actual applications with
igher loadings it could be the case that detached particles do not
issolve into the electrolyte, but are instead physically trapped
ithin the carbon support and can then re-deposit. An indica-

ion for this effect is given in Fig. 3B, in which four particles are
learly detached from the catalyst support, but have re-deposited
n the carbon film of the TEM grid. Three of these Pt parti-
les retain their position over the next electrochemical treatment
nd are also visible in image C. The exact extent of this effect
s unclear, however, since no other cases of particle detachment
nd re-deposition other than in these particular micrographs were
bserved.

.3. Particle movement and agglomeration

The detachment of whole particles was by far the govern-
ng process detected under harsh potential cycling conditions
0.05–1.4 VRHE). Under different treatment conditions, other effects
an also be observed with IL-TEM. One specific case of particle
ovement and agglomeration is depicted in the micrographs in

ig. 4.
In this case, the catalyst on the TEM finder grid was sub-

ected to a potential cycling treatment with 20 mV s−1 in between
.05 and 0.65 VRHE in CO-saturated 0.1 mol L−1 HClO4 solution
or 1 h, a procedure that was applied in previous investigations
18]. After recording the intermediate TEM micrographs (image C),
nother treatment with 20 mV s−1 in between 0.05 and 1.2 VRHE
n Ar-purged electrolyte followed. A region of untreated catalyst
ncircled in image A is magnified in image B; image C and D rep-
esent the identical, magnified region after each electrochemical
reatment, respectively. Again, no modification of the carbon sup-
ort is observed. The Pt loading in this location is higher than in
ther locations, as can be anticipated from image A. Thus, plenty
f particles are overlapping and an unambiguous analysis of the
ocation for statistical purposes is not possible. In general, it seems
hat all particles remain unaltered throughout the treatments. An
nteresting phenomenon, however, can be seen upon close inspec-
ion of the three Pt particles on the edge of the support, indicated
y the arrows in B, C and D. In image B and C all three are suf-
ciently separated to identify them as individual particles. Two
re located above a small indent in the carbon support whilst the
ther is just below, with a gap of approximately 3 nm in between.
n image D only one of the former particles is visible, indicating that
ither they have agglomerated, or the smaller particle has detached
rom the carbon support. It is clear, however, that the top particle

oves away from its adjacent particles towards the bottom par-

icle across the gap, to a point where they both overlap. At the
ame time, the remaining particles retain their position relative
o each other, which is quite different to the displacement of the
arbon support described in the upcoming section. Note that this
ffect only served to demonstrate the capabilities of IL-TEM, and

e
t
i
i
F

ig. 5. IL-TEM image of a certain location on the catalyst before the electrochemical
reatment described in Fig. 4(A) and afterwards (B). The coloured edges and arrows
hould aid to visualize the changes.

ight not be representative for the applied chemical treatment
onditions.

.4. Displacement of the carbon support

The importance of a low loading for unambiguous, non-
verlapping catalyst regions has already been mentioned in the
ontext of the statistical analysis of particle features in Section 3.1.
he reason why this is crucial for the proper interpretation of the
L-TEM micrographs is presented in Fig. 5.

Upon the electrochemical treatment described previously, the
arbon catalyst support rearranged locally on the carbon film of the
nder grid. This is indicated by the coloured edges in the images
efore (A) and afterwards (B). For clarity, the arrows indicate the
irection of the displacement of the support. As a result, the yellow,
ed and green boundaries are more overlapping in image B, whereas
he blue border becomes more separated. It appears that the cata-
yst is not sufficiently attached to the carbon film in order to stay

xactly in place during the transfer from the TEM vacuum chamber
o the acid solution and back. This becomes reasonable when we
magine the three-dimensional catalyst agglomerate structure that
s depicted by the two-dimensional projection in the micrograph.
lakes of the catalyst support that are not in direct contact with
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he carbon film could disengage while in solution; and dock back
n again in a different configuration when gently dried afterwards.
n this case, an unambiguous analysis of the overlapping regions
ould only be possible using 3D TEM [20,21]. Notice, however, that

he displacement of the carbon support is an exceptional effect, like
he particle movement/agglomeration in Section 3.3. In the major-
ty of the micrographs the support is unmodified after the transfer,

hich enables the direct observation of corrosion processes of the
anoparticles on the support.

. Summary and conclusion

We have demonstrated that IL-TEM is a powerful method
nabling a direct, visual observation of the influence of elec-
rochemical treatments on carbon supported high surface area
atalyst. By utilizing a TEM gold finder grid as a support for a
tandard Pt fuel cell catalyst, identical locations of the catalyst
re repeatedly retrieved, before and after different electrochemical
reatments. Thus it was proved that the transfer itself from vacuum
n the TEM to an electrolyte and back has no impact on the indi-
idual Pt particles. Only when the catalyst is subject to corrosive
reatment, various changes such as particle detachment and par-
icle movement/agglomeration can be observed. Special attention

ust be paid to the statistical analysis of the micrographs, since
isplacement of the carbon support in the course of the treatment
an lead to overlapping catalyst regions that are not interpretable.
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