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a b s t r a c t

The degradation mechanisms of Pt nanoparticles supported on Carbon have been characterized dur-
ing oxygen reduction reaction (ORR) conditions using IL-TEM. A TEM grid is used as the sole working
electrode allowing a direct correlation between the electrochemical response and the TEM analysis. We
mainly observe a decrease in nanoparticle size with some particle disappearance and some particle sin-
tering after potential cycling simulating the start-up and shut-down of a fuel cell. The observation of
eywords:
xygen reduction

dentical locations transmission electron
icroscopy

latinum
orrosion

nanoparticles with reduced particle size provides evidence that dissolution phenomena are the main
cause of degradation in Pt/C electrocatalysts, under ORR conditions.

© 2011 Elsevier B.V. All rights reserved.
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uel cell

. Introduction

Proton exchange membrane fuel cells (PEMFC’s) could play a
ajor role in a future carbon-free society, with their ability to

onvert chemically stored energy into electricity. Arguably, the
ost significant obstacle preventing the widespread utilisation of

EMFC’s is their prohibitively high cost. A significant portion of
hese costs can be traced to the poor activity and low stability of the
t/C electrocatalysts at the cathode, which drives the oxygen reduc-
ion reaction (ORR) [1]. In recent years, significant improvements
ave been made to the activity of Pt by alloying it with other metals
2–5]. However, catalyst stability is also of critical importance for
EMFC applications [6–13].

This is an important issue for any new alloy catalyst. Even for
he pure Pt there is a need to elucidate the mechanism for loosing
ctivity during ORR. By understanding the fundamentals behind
atalyst instability, we should ultimately be able to develop more
ruitful strategies towards preventing Pt corrosion.

The instability of Pt is manifested as an effective loss of cata-

yst surface area. It is particularly pronounced when the cathode is
xposed to high potentials, either during shut down/start up cycles
r through inadvertent ‘cell reversal’.

∗ Corresponding author. Tel.: +45 4525 3170; fax: +45 4593 2399.
E-mail address: ibchork@fysik.dtu.dk (Ib Chorkendorff).

378-7753/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.03.064
The loss of Pt surface area has been attributed to four different
processes [7]:

(i) Ostwald ripening: the dissolution of metal ions from smaller
particles, which diffuse and re-deposit onto larger particles.

(ii) Particle coalescence: the migration of Pt nanoparticles, leading
to larger nanoparticles.

iii) Dissolution of Pt nanoparticles and reprecipitation in the
ionomer phase, forming new Pt nanoparticles which cannot
contribute to the catalytic effect.

(iv) Detachment of nanoparticles from the carbon support.

Electrocatalyst degradation can be monitored, in situ, using
electrochemical methods, albeit with little mechanistic insight.
Transmission electron microscopy (TEM) is a powerful tool for
examining the localised changes to catalyst structure during reac-
tion conditions. However, most examples in the literature have
relied on a post-mortem approach to TEM [14–17].

Recently, Mayrhofer et al. developed the identical location
TEM (IL-TEM) technique [18–20]. Using this technique, they could
observe identical locations of a sample examined before and after
TEM analysis. In particular, their studies focussed on size distri-

butions, the absolute number of nanoparticles and carbon support
corrosion. Catalyst degradation was only observed when the sam-
ple was cycled to high potentials of 1.4 V, apparently caused by
nanoparticle detachment [19,20]. On the contrary, electrocatalyst

dx.doi.org/10.1016/j.jpowsour.2011.03.064
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:ibchork@fysik.dtu.dk
dx.doi.org/10.1016/j.jpowsour.2011.03.064
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orrosion was not observed when the upper potential limit was
onfined to 1.05 V or 1.2 V.

In the current investigation, we use the IL-TEM technique to
onitor Pt/C degradation under ORR conditions. We investigate

t/C catalyst with a size of ∼2.3 ± 0.4 nm. In particular, we choose to
nvestigate smaller nanoparticles as they are inherently less stable,

eaning that their corrosion should be more easily observable than
arger nanoparticles. This smaller size is also closer to the size given
s the optimal size (∼3 nm) for a maximum ORR mass activity [1].

We have modified Mayrhofer et al.’s original experiments
18–20], by using only a single working electrode, in the form of
he TEM grid. In their experiments, the TEM grid was connected
n parallel to another working electrode. Although Mayrhofer
t al.’s configuration resulted in a more quantitative electrochemi-
al response; our configuration allows a more direct comparison to
e made between the electrochemical measurements and the TEM
nalysis.

Our experiments aim to simulate the effect of fuel cell load
ycling (start up and shut down). This was achieved by cycling the
EM grid in O2 saturated 0.1 M HClO4, between 0.6 and 1.1 or 1.2 V
t different scan rates.

. Materials and methods

The Pt/C electrocatalyst was prepared using the inverse micelle
ethod, with the aim of obtaining a narrow nanoparticle size dis-

ribution [21,22].
The H2PtCl6 precursor (0.005 M Pt concentration) was intro-

uced into a solution containing a micro-heterogeneous environ-
ent of droplet-like inverse micelles formed by the surfactant

idodecyldimethyl ammonium bromide (DDAB) (5 wt% DDAB con-
ent) in toluene. Then, an excess of LiBH4 in tetrahydrofuran
olution (final concentration of 0.08 M) is added to the micelle solu-
ion, whilst stirring, to achieve complete reduction of the metal
articles.

Following this, a carbon black (Vulcan XC72R, CABOT)-DDAB-
oluene suspension was prepared, with the appropriate weight
f C to obtain a final metal content of 10 wt%. The mixture was
onicated for 30 min, resulting in a homogenous suspension. Then
he nanoparticle solution was slowly added to the carbon black
uspension. After 4 h of stirring, a destabilizing agent (ethanol
9.9%) was added dropwise to break the droplet-like inverse
icelle equilibrium and precipitate the metal nanoparticles. This

olution was continuously stirred to avoid particle agglomera-
ion. The mixture was allowed to settle and decant overnight.
he solid sample was recovered, further separated and washed
ith ethanol by centrifugation several times and dried at 60 ◦C

vernight.
The electrochemical experiments were performed with Bio-

ogic Instruments’ VMP2 potentiostat, controlled by a computer.
he rotating disc electrode (RDE) assemblies were provided by
ine Instruments Corporation. All glassware was cleaned in a 3:1
ixture of concentrated H2SO4:concentrated H2O2. This was sub-

equently sonicated and rinsed several times in Millipore water
>18.2 M� cm−1, TOC < 5 ppb). A standard three-compartment
lass cell was used for all electrocatalysis experiments. The elec-
rolyte, 0.1 M HClO4 (Aldrich, TraceSELECT® Ultra) was prepared
sing Millipore water (>18.2 M� cm−1, TOC < 5 ppb). The counter
lectrode was a carbon cloth and the reference was Hg/Hg2SO4
lectrode. However, all potentials were calibrated with respect
o a reversible hydrogen electrode (RHE); the reference electrode

as separated from the working electrode compartment using a

eramic frit. A TEM grid containing the Pt/C sample in contact with a
lassy carbon electrode was used as the working electrode. All mea-
urements were conducted at room temperature. Fig. 1 shows the
Fig. 1. Teflon holder adapted for the rotating disk electrode measurements using
the Au TEM grid as working electrode.

configuration we have used whereby the TEM grid is placed inside
a holder adapted for the rotating disk electrode measurements.

For the corrosion tests, the working electrode was cycled
between 0.6 and 1.1 V and between 0.6 and 1.2 V, without rotation,
in O2-saturated electrolyte. Two different scan rates were used, 50
and 200 mV s−1. The effect of the total number of cycles was also
studied by scanning the electrode between 0.6 and 1.1 V for 3000
or 30,000 cycles.

The ORR activity was carried out before and after the corrosion
measurement, between 0 V and 1 V, at 20 mV s−1, at 1600 RPM.

The TEM experiments were performed, using a TECNAI T20 elec-
tron microscope with a primary electron energy of 200 keV. For
the TEM and electrochemical experiments, the Pt carbon supported
catalyst was dispersed ultrasonically in isopropyl alcohol (Aldrich,
99.8%) to a concentration of 1.5 mgcatalyst mL−1 for 30 min. A vol-
ume of 5 �L of the suspension was pippetted onto a gold-coated
TEM grid with Lacey Carbon (300 mesh; Agar Scientific). We note
that the catalyst loading on the grid was high in comparison to a
conventional TEM experiment; this was in order to obtain a suf-
ficiently high electrochemical response from the Pt/C on the TEM
grid, when it was used as a working electrode. Despite the high cat-
alyst loading, locations without overlapping catalyst particles were
found on all the samples tested.

Prior to the ORR measurement, TEM was performed on several
areas of the grid. The grid was then placed in the rotating disk
set-up, the ORR was performed and the sample was then taken
out again in order to repeat the TEM measurement. By using the
appropriate coordinates, the same area on the TEM can be located.

3. Results and discussion

3.1. Validation of the concept

As a prerequisite, the Pt/C electrocatalyst on the TEM grid should
not be affected by the transfer procedure from the microscope into
the electrochemical cell and vice versa. The influence of the elec-
trolyte was tested by submerging the TEM grid in 0.1 M HCLO4
overnight. From the IL images, no changes in the state of the elec-
trocatalyst were observed, proving the reliability of the method.

The intense radiation of the electron beam can also bring about
unpredictable changes to the structure of the catalyst [23]. Such
artefacts from the measurement are highly undesirable. In order

to account for these changes, following the electrochemical mea-
surements, TEM analysis was also performed at locations which
had not previously been exposed to the electron beam, henceforth
denoted as ‘different locations’ (DL). These results will be discussed
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n detail in Sections 3.2 and 3.3. In brief, only slight differences
ere observed between locations which had not previously been

xposed to the electron beam and the ‘identical locations’ (IL).

.2. Accelerated corrosion tests between 0.6 and 1.2 V

Fig. 2 shows the TEM images, taken before and after the ORR
easurement, taken in identical locations. The sample was sub-

ected to 3000 cycles between 0.6 and 1.2 V at 200 mV s−1 in 0.1 M
ClO4. From Fig. 2, it was found that (i) the total number of par-

icles have decreased, following the corrosion experiment, some
xamples of particle disappearance are marked with red circles in
he images. This was also determined after a particle count for each
EM image. (ii) The particles have decreased in size, examples are
arked with green circles in the images. These phenomena are

lso confirmed more quantitatively by the size distribution graphs
n Fig. 3a. The reduction in size and disappearance of the nanopar-
icles (see Fig. 2) strongly suggest that Pt has dissolved under these
onditions. Moreover, there may have been some reprecipitation
nd sintering according to the size distribution graphs in Fig. 3a.

It should be noted that there are slight differences between the
anoparticle size distributions obtained from the identical and the
ifferent locations. In principle, the trend observed in both cases

s similar. However, in the images taken from different locations,
here is a marginally higher frequency of larger nanoparticles, fol-
owing the corrosion experiment. Since an appreciable number of
articles had disappeared altogether, the number of nanoparticles

ounted from IL images to obtain the nanoparticle size distribu-
ion was much less than for DL images. Thus, considering that both
istributions show the same trend, the small differences observed
ould in principle be due to statistical artefacts, rather than a real
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Fig. 2. IL-TEM images taken before and after accelerated corrosion test (sample was
subjected to 3000 cycles between 0.6 and 1.2 V at 200 mV s−1 in 0.1 M HClO4).

electron beam effect. A recent in situ TEM study by Simonsen et al.

attempted to account for the possibility of electron beam induced
degradation on supported Pt nanoparticles [23]. They only observed
an increase in shrinkage of Pt nanoparticles when the electron beam
was combined with an oxidising gas environment in the in situ TEM.
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ince our TEM images were acquired in high vacuum, the elec-
ron beam effect is unlikely. Consequently, the slight differences
bserved between DL and IL distributions are ascribed to statistical
rtefacts.

Assuming a spherical shape for the nanoparticles, the area and
he total volume of Pt present have been calculated from the IL
mages, before and after the ORR experiment, shown in Fig. 3b. A
ecrease of 60% in the volume and surface area of Pt was observed,
s a result of the ORR corrosion experiment. Since a significant
ecrease in the Pt nanoparticle size was also observed, this loss
f surface area is mainly attributed to the dissolution of Pt. This
esults correlates qualitatively with the electrochemical measure-
ents of ORR activity, before and after the accelerated corrosion

est, shown in Fig. 3c where a pronounced deactivation of 69 mV
s observed in the half wave potential, �E1/2, after the accelerated
orrosion test.

.3. Accelerated corrosion tests between 0.6 and 1.1 V

Fig. 4 shows a different set of TEM images, where the cata-
yst has been cycled to the same conditions as in Fig. 2, albeit
p to a maximum voltage of 1.1 V instead of 1.2 V, at 200 mV s−1.
n the basis of these images, there is some particle loss, move-
ent and mild sintering, examples are noted with blue circles,

ut otherwise the particles have retained their shape during
heir exposure to ORR conditions. These observations are quan-
ified in the size distribution graphs in Fig. 5a. The increased

revalence of larger particles, following the ORR, suggests that
ome sintering has occurred, most likely (albeit not definitively)
hrough particle coalescence. The total volume of Pt calculated
rom identical locations remains unchanged while the Pt surface
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Fig. 4. IL-TEM images taken before and after accelerated corrosion test (sample was
subjected to 3000 cycles between 0.6 and 1.1 V at 200 mV s−1 in 0.1 M HClO4).

area decreases slightly (8%), again suggesting particle coalescence

(see Fig. 5b). These results are consistent with the ORR activity
measurements, where no deactivation was observed, as shown in
Fig. 5c.
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It is also worth noting that the particle distributions measured
n the identical locations are roughly the same as those measured
n different locations. This confirms that exposure to the electron
eam does not have a significant effect on the experiments.

Since the effects on Pt degradation were not very significant
fter 3000 cycles of potential cycling between 0.6 and 1.1 V, the
t/C catalyst was subjected to 30,000 cycles instead.

Fig. 6 displays the set of TEM images, before and after the
ccelerated corrosion test under these conditions. According to
he images, there is some reduction in particle size (green cir-
les), nanoparticle disappearance (red circles) and mild sintering
blue circles). In general, these effects are similar to those observed
hen the sample was cycled only 3000 times between 0.6 and

.2 V. The size distribution graph, shown in Fig. 7a, confirms this
rend: there are a higher number of large particles and there
s an appreciable increase in the number of small nanoparti-
les, albeit to a lesser extent than the sample exposed to 3000
ycles up to 1.2 V. Notably, the catalyst exposed to 30,000 cycles
oes not seem to have sintered much more than the catalyst
xposed to 3000 cycles. In summary, these results suggest that
t dissolution is the main degradation mechanism under these
onditions.

The total volume and the area of Pt present in the IL images have
een calculated before and after the ORR experiment, as shown in
ig. 7b. In this case, a decrease of around 30% in Pt volume was
bserved after the ORR corrosion experiment. These results cor-
espond qualitatively with the deactivation of 35 mV �E1/2 in ORR
ctivity measured before and after aging, as shown in Fig. 7c. In this

ase, the loss in Pt surface area, at 22%, is less pronounced than the
oss in its volume. This is in contrast to the experiment where the
lectrode was cycled for 3,000 cycles to 1.2 V (see Fig. 3b), where
he proportion of surface area lost was equal to the proportion of
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Fig. 6. IL-TEM images taken before and after accelerated corrosion test (sample was
subjected to 30,000 cycles between 0.6 and 1.1 V at 200 mV s−1 in 0.1 M HClO4).

volume lost. All of these results confirm that electrochemical dis-

solution of Pt is the major factor limiting this catalyst’s durability
with potential cycling for extended time periods.

However it is worthy to note that although our configuration
allows a more direct comparison between the electrochemical
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easurements and the TEM analysis, the ORR curves obtained can
e only interpreted qualitatively.

.4. Effect of scan rate

In order to probe the effect of the scan rate on the phenom-
na observed, the experiments where the electrode was cycled
000 times between 0.6 and 1.2 V and between 0.6 and 1.1 V were
epeated a slower scan rate of 50 mV s−1, instead of 200 mV s−1.
or both potential windows, the phenomena observed seemed to
e independent of the scan rate (for brevity, these images have not
een shown). This suggests that the Pt degradation is more depen-
ent on the number of oxidation–reduction cycles, rather than the

ength of each cycle. Our observations are in agreement with the
rends reported elsewhere in the literature [6].

.5. Comparison to corrosion tests using ‘thin film’ rotating disk’
lectrode method

Although the use of a single working electrode in the form of a
EM grid allows a more direct comparison to be made between
he electrochemical response and the TEM analysis, the elec-
rochemical measurement is more qualitative than quantitative.
onsequently, in the supplementary materials section, we present
he results of equivalent measurements taken using the more con-
entional ‘thin film’ method [1,24]. Using the thin film method, a
t/C ink is deposited onto the polished glassy carbon tip of a RDE
see the supplementary material). The loss of surface area was mea-
ured electrochemically by integrating the charge to adsorb H down
o 0.05 V.

In brief, the thin film measurements showed that (a) the sample
ycled up to 1.2 V for 3000 cycles showed a pronounced loss in sur-
ace area of ∼50%, and a decrease in half wave potential of 25 mV (b)
he sample cycled to 1.1 V for 3000 cycles showed a smaller loss in
urface area and half wave potential, ∼10% and ∼8 mV, respectively,
nd (c) the sample cycled to 1.2 V for 30,000 cycles exhibited a
ore pronounced loss in the surface area and half wave potential, of

5% and of 35 mV, respectively. In (a) and (b) the electrochemically
etermined loss of surface area is comparable to that determined
x situ using the IL-TEM technique, whereas in (c) it seems to be
ore pronounced when the thin film method was used. The loss in

alf wave potentials is not exactly equivalent in the two methods.
his is only to be expected, given the inherently more qualitative
ature of the electrochemical measurement using the TEM grid as
he sole working electrode.

Nonetheless, the generally good agreement between the two
ethods validates our approach for elucidating the mechanism of

t/C degradation.

. Discussion

According to the IL-TEM results, the degradation of our Pt/C
lectrocatalyst is primarily due to Pt dissolution, with some sin-
ering, albeit to a lesser extent. To the best of our knowledge, the
irect observation of Pt dissolution by the presence of particles with
ecreased size has not been reported previously.

The upper voltage limit value plays an important role dur-
ng the accelerated corrosion test. Higher potentials (1.2 V versus
.1 V) accelerate the dissolution of Pt. However, similar effects
ere observed when the sample was subjected to potential cycling

etween 0.6 and 1.1 V for longer time periods.

Our observations are also in good agreement with the main

odels described in the literature. Darling and Meyers [25,26]
stablished a dissolution model for Pt particles, based on three dif-
erent processes: electrochemical dissolution of the bare Pt surface,
r Sources 196 (2011) 6085–6091

the oxidation of the Pt surface and the subsequent chemical disso-
lution of the oxidised Pt surface. They assumed that the chemical
dissolution of oxidised Pt should be slow, and the electrochemical
dissolution of Pt metal should predominate. Consequently, when
the Pt surface is sufficiently oxidised, the underlying metal should
be passivated against electrochemical dissolution. However, there
has been some degree of debate as to whether Pt degradation in
fuel cells occurs via the electrochemical dissolution of bare Pt or
the chemical dissolution of oxidised Pt [7,25–29]. Kawahara et al.
also suggest that the electrochemical reduction of PtO2 could also
play a role [30].

Regardless of the exact mechanism by which Pt dissolves, exper-
imental evidence suggests that Pt dissolution should be enhanced
considerably when the electrode is cycled to 1.2 V, instead of 1.1 V,
in agreement with our own observations [25]. It is also known that
Pt corrosion is enhanced when the voltage is cycled rather than
under potentiostatic conditions [31].

It is worth perusing the differences between our own results and
those of Mayrhofer et al., who using a similar IL-TEM methodology
[20]. They observed very little, if any, degradation of their Pt/C cat-
alyst when they cycled the electrode to 1.05 V or 1.2 V. However,
we note that they used a different Pt/C catalyst, with a loading of
∼50 wt% Pt, and particle diameter of 5 nm; in comparison, our cat-
alyst had a loading of 10 wt% Pt and a smaller particle diameter of
2.5 nm.

There is a considerable body of theoretical and experimental
evidence which would suggest that the stability of Pt nanoparticles
is determined by their size [7,28,29,32,33]. Shao-Horn et al. made a
thermodynamic estimation of particle size induced stability, using
a thermodynamic analysis, based on the Gibbs Thomson equation
and an extension of the Darling model [7]. They predicted an expo-
nential increase in dissolution rate, as the particle size is decreased
below 5 nm. Thus, the model established a critical change in life-
times of nanoparticle to dissolve completely on the scale of many
thousands of hours for 5 nm nanoparticles to the scale of ten to
hundreds of hours for 2 nm ones.

Shao-Horn’s analysis is also supported by the recent inves-
tigations of Tang et al. [28,29]. They directly measured the
dissolution potential of individual Au supported Pt nanoparticles,
using electrochemical scanning tunnelling microscopy (EC-STM).
They supported their data with a series of density functional the-
ory (DFT) calculations. Their theoretical model extended the simple
Gibbs Thomson analysis, accounting for the role of surface passi-
vation and site specific dissolution as a function of particle size.
Both experiment and theory showed that the dissolution poten-
tial had an almost linear increase with particle size. For particles
below 4 nm in diameter, the electrochemical dissolution of metallic
Pt should be thermodynamically favoured. However, for nanopar-
ticles above 4 nm in diameter, hydroxyl adsorption should occur at
lower potentials than electrochemical Pt metal dissolution; in this
case if dissolution occurs, it would be via the chemical dissolution
of oxidised Pt.

On the basis of the aforementioned studies, it is perhaps
unsurprising that our Pt nanoparticles, at 2.3 nm, should be more
susceptible to dissolution than those of Mayrhofer et al., with a
diameter of 5 nm.

In summary, in this work we report a reduction in nanoparticle
size, for carbon supported Pt catalysts. The experimental conditions
were chosen to simulate the start up and shut down cycles of a
fuel cell. Our observations provide direct, microscopic evidence that
dissolution phenomena are the main cause of degradation in Pt/C
electrocatalysts, under ORR conditions.
The kinetics of Pt dissolution is dependent upon nanoparticle
size, shape and their interaction with the support. An optimisa-
tion of these parameters would greatly reduce Pt surface area
loss during voltage cycling. The extent of Pt dissolution seems to
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uent dissolution. Further investigations are needed to develop a
eeper understanding of Pt dissolution. With greater mechanistic

nsight, new strategies could be developed to avoid or restrict Pt
orrosion during fuel cell operation.

. Conclusions

This study has demonstrated the use of the IL-TEM method
ith the TEM grid as the sole working electrode. This configuration

llowed a qualitative, albeit direct correlation to be made between
he electrochemical response and the TEM analysis.

The Pt/C electrocatalyst was subjected to potential cycling, sim-
lating the start-up and shut-down of a fuel cell. A reduction in
article size, with some particle disappearance, proved that Pt dis-
olution is the dominant mechanism of degradation. Some sintering
ccurred in all of experiments developed, most likely (albeit not
efinitively) through particle coalescence.

Increasing the upper voltage limit value (1.2 V) accelerated the
orrosion of Pt. However, the same effects were also observed when
he sample was subjected to potential cycling until 1.1 V for longer
ime periods.
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