
Electrochemical and Solid-State Letters, 10 �3� B60-B63 �2007�B60
Formation Mechanism of Pt Single-Crystal Nanoparticles
in Proton Exchange Membrane Fuel Cells
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In proton exchange membrane fuel cells, hydrogen permeated from the anode to the cathode was found to reduce soluble Pt
species and produce faceted and dendritic Pt nanoparticles in the cathode ionomer. Moving away from the carbon support
particles, the morphology of Pt nanoparticles changed from dendritic shapes to truncated tetrahedrons, truncated octahedrons, and
truncated square cuboids. Transmission electron microscopy results suggest that the homogeneity of the driving force �supersatu-
ration� for reduction of soluble Pt at the growing surface could dictate the transition from dendritic to faceted growth, and the
competition between surface energy and interfacial kinetics of Pt reduction could govern the shape of faceted Pt nanoparticles.
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The basic components of a proton exchange membrane �PEM�
fuel cell consist of an anode for hydrogen oxidation, a cathode for
oxygen reduction, and a proton-conducting membrane �typically
Nafion, a sulphonated polytetrafluoroethylene� to conduct protons
from the anode to the cathode. Both the anode and the cathode are
made of a porous network of Pt nanoparticle catalysts supported on
amorphous carbon and a proton-conducting ionomer, which pro-
vides active sites as well as electron and ion conduction in three
dimensions. Supported Pt electrocatalysts are typically prepared by
adsorption of colloidal Pt particles, which are produced from reac-
tions of H2PtCl6 and sodium salts, on amorphous carbon support.1

These supported Pt particles are typically quasi-spherical, on the
order of 2–3 nm and exhibit a lack of facets.2 Although Pt nanopar-
ticles are very stable in acids at low electrode potentials such as
0.05 V vs the reversible hydrogen electrode potential �RHE�, con-
siderable dissolution of Pt has been reported at high potentials �
0.90–1.1 V vs RHE�,2-9 which reduces cathode activity and fuel cell
efficiency. Recent studies2,6,10 have shown that dissolved Pt species
in the cathode can react with H2 molecules, which permeate through
the proton conducting membrane from the anode, leading to the
precipitation of Pt nanoparticles in the ion-conducting polymer. Pt
nanoparticles formed at the membrane-cathode interface exhibit pre-
dominantly faceted shapes while those noted in the ionomer phase
of the cathode are mostly dendritic.2 The sizes and shapes of Pt
nanoparticles formed in PEM fuel cells2 resemble those of Pt col-
loidal nanoparticles prepared by chemical reduction of a Pt2+ or Pt4+

salt.11-16

Despite these efforts, a detailed characterization of the various Pt
nanoparticles formed across the cathode and at the membrane-
cathode interface is still lacking. To address this gap, our work ex-
amines various Pt nanoparticles which precipitated off-carbon sup-
port in cross-sectioned cathode samples using high-resolution
transmission electron microscopy �TEM�. In particular, we were
able to identify and correlate the shape and related crystallographic
surfaces of precipitated Pt nanoparticles in PEM fuel cells to posi-
tions within the cathode and membrane-cathode interface. This work
provides a deeper understanding of the formation mechanism of Pt
nanoparticles in the PEM fuel cell cathode, which allows us to not
only predict and reduce the surface area loss of Pt and activity loss
of the cathode in PEM fuel cells, but also to provide new insights
into the processes controlling the morphologies of Pt nanoparticles.

We propose that a nonuniform supersaturation of soluble Pt spe-
cies at the growing nanoparticle’s surface leads to the formation of
dendritic Pt crystals in the cathode ionomer phase, while the degree
of nonuniformity governs the transition from dendritic to faceted
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growth of Pt nanoparticles. The competition between surface energy
and interfacial kinetics for Pt reduction on distinct crystallographic
surfaces, determines the shape of faceted Pt nanoparticles. In par-
ticular, the difference in the degree of hydrogen adsorption on Pt
nuclei distributed in the cathode, the anisotropy of hydrogen adsorp-
tion on different Pt surfaces, and the anisotropy in interfacial kinet-
ics for reduction of soluble Pt species and attachment of Pt atoms to
a growing crystal surface, leads to the development of different Pt
nanoparticles faceted shapes observed in the PEM fuel cell cathode.

Experimental

An ink made of 46 wt % Pt/Vulcan supported catalyst powder
and Nafion ionomer solution was prepared, deposited to form the
electrode layers and subsequently hot-pressed onto a 50 �m thick
Nafion membrane. Both electrode layers had Pt loadings of
0.4 mgPt/cm2 and they were assembled into 50 cm2 cells, which
were fed with fully humidified H2 �counter electrode or anode� and
N2 �working electrode or cathode� at 80°C at ambient pressure.
Although electrochemical reactions occurring in the working elec-
trode were oxidative, the electrode was being used to model behav-
ior in the cathode of working fuel cells. The cathode was cycled
between 0.6 and 1.0 V �referenced to the anode, i.e., the RHE po-
tential scale� at a sweep rate of 20 mV/s. Electrochemically active
specific area �in m2/gPt� of platinum in the cathode monitored by in
situ cyclic voltammetry17 was found to decrease sharply upon cy-
cling and 63% of the initial electrochemical surface area of Pt was
lost after 10000 cycles.2

Cross-sectional TEM samples were prepared from the cathode
cycled after 10000 cycles. A small strip was cut and mounted in
epoxy, which was then cured at �60°C for 12 h. Slices of the epoxy
sample mount �100 nm thick� were produced by microtoming with a
diamond knife such that a width-wise cross-sectional area was trans-
parent to the electron beam. The cross-sectional thin slices were
deposited subsequently on a carbon/copper grid for TEM observa-
tion in a JEOL 2010 FX operated at 200 kV.

Results and Discussion

TEM imaging of the cycled cathode cross sections revealed two
distinct Pt nanoparticle types located off-carbon support in the
ionomer—faceted type located adjacent to the membrane-cathode
interface �Fig. 1� or in the cathode ionomer far from carbon-
supported Pt particles �Fig. 2� and dendritic type �Fig. 3� located in
the cathode ionomer adjacent to carbon-supported Pt particles.

Among the faceted type Pt nanoparticles, three distinct shapes
were found—truncated octahedron �nanoparticle A in Fig. 1a�, trun-
cated square cuboid �nanoparticle B in Fig. 1a�, and truncated tetra-
hedron �Fig. 2� shapes. To better illustrate the morphologies of these
faceted Pt nanoparticles and the relations to the TEM images ob-
tained, 3-D models and 2-D projections of these Pt nanoparticles are
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shown in Fig. 4. The TEM image of the Pt nanoparticle labeled A in
Fig. 1a reveals the 2-D projection of a truncated octahedron parallel
to an orientation close to the �011�Pt direction �Fig. 4a�, which is
further supported by the fast Fourier transform pattern of particle A
in Fig. 1b. On the other hand, a careful analysis of the mass-contrast
distribution around the edge of nanoparticle B in Fig. 1a and of the
electron diffraction pattern taken from this nanoparticle �Fig. 1c�
suggests a truncated square cuboid-type shape, where �100�Pt planes
are predominantly exposed �Fig. 4b�. Finally, high-resolution TEM
images and electron diffraction data in Fig. 2 show that the Pt nano-
particle consists of large �111�Pt surfaces and narrow �100�Pt sur-

Figure 1. �a� Bright-field TEM image showing faceted Pt nanoparticles

found at the cathode/membrane interface. �b� The �011̄�Pt fast Fourier trans-

form pattern of nanoparticle A. �c� The �001̄�Pt electron diffraction pattern of
nanoparticle B.

Figure 2. �a and b� High-resolution TEM images showing the interplanar
spacing of �111�Pt planes on two crystallographic faces. �c� Fast Fourier
transform pattern from the Pt particle shown in �d� taken with the beam

parallel to the �011̄�Pt direction. �d� Pt nanoparticle with a truncated tetrahe-
dron shape showing the various crystallographic faces.
faces �Fig. 2a-d�, from which a 3D model of a truncated tetrahedron
can be constructed �Fig. 4c�. The TEM image shown in Fig. 2d
corresponds to a projection �Fig. 4c� taken with the beam direction
parallel to the �110�Pt type direction.

For the dendritic Pt nanocrystalline particles, found adjacent to
carbon-supported Pt nanoparticles in the cathode ionomer �Fig. 3�,
high-resolution TEM images and electron diffraction analyses
clearly show that these particles are single-crystals. A careful obser-
vation of Fig. 3 reveals that the dendritic arms grow along the

Figure 3. �a� High-resolution TEM image taken from the square region in
�b� showing the interplanar spacing of �111�Pt planes. �b� Starlike shape Pt
nanoparticle showing the growth of three arms along the �111�Pt type direc-
tions. �c� Fast Fourier transform pattern taken from �b� showing the single-
crystal nature of these star-like shape particles.

Figure 4. �a� Truncated octahedron shape of Pt nanoparticles using the Wulff
construction. A 2-D projection parallel to the �110�Pt direction is shown in
the upper right. On the lower right, the mass-contrast exhibited by the nano-
particle is correlated with the variation in thickness. �b� Truncated cube-type
shape of Pt nanoparticle. A 2-D projection parallel to the �001�Pt direction is
shown on the right. �c� Truncated tetrahedron shape of Pt nanoparticles. A
2-D projection parallel to the �110� direction is shown on the right.
Pt
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�111�Pt directions, which is in good agreement with the lattice
fringes shown in Fig. 3a and the Fourier transform pattern indexed
along the �011�Pt zone axis in Fig. 3c. Similar morphologies �tetra-
pods� have been reported for CdSe nanoparticles.18

To understand the formation of these aforementioned distinct
shapes, we first analyzed the concentration and distribution of H2
molecules and soluble Pt species in the cathode, which will provide
insights into the mechanisms of dendritic versus faceted Pt nanopar-
ticles growth. In general, the availability of H2 can play an impor-
tant role in the surface energy of faceted Pt nanoparticles while the
concentration and distribution of soluble Pt species in the cathode
reflect the magnitude and homogeneity of the driving force for
chemical reduction of the Pt species, which in turn will strongly
affect whether the Pt nanoparticles will be of dendritic or faceted
shape.

To evaluate the availability of H2 molecules and soluble Pt spe-
cies within the cathode, we start by estimating the flux of soluble Pt
species generated during voltage sweep from 0.6 to 1.0 V vs RHE,
according to the following expression

NPt =
�cPt

Vhigh − cPt
Vlow	 · L · �

Vhigh − Vlow
�1�

where NPt is the averaged flux of soluble platinum species generated
during voltage sweep, L is the electrode thickness �L = 10 �m	, v is
the sweep rate �v = 20 mV/s	, and cPt

Vhigh and cPt
Vlow are the concen-

trations of soluble Pt species at the high �Vhigh = 1.0 V	 and low
voltage �Vlow = 0.6 V	 limits, respectively. It is assumed that cPt

Vhigh

approaches the equilibrium concentration at 1.0 V ��10−6 mol/L
according to Ferreira et al.2�, and cPt

Vlow is equal to zero at 0.6 V.
Based on Eq. 1, the estimated flux of soluble Pt species generated
during voltage cycling of 5 � 10−14 mol/s· cm2 is much lower than
that of permeated hydrogen, which typically has values19 on the
order of �8 � 10−9 mol/s· cm2 ��1.5 mA/cm2	 for 50 �m Nafion
membranes. As a result, the dissoluble Pt ionic species are nearly
totally reduced at the membrane-cathode interface, where the per-
meated H2 molecules enter the cathode. Moving away from the
membrane-cathode interface, the concentration of soluble Pt ionic
species in the ionomer should be higher, and become increasingly
nonuniform, particularly close to the carbon-supported Pt nanopar-
ticles. In addition, permeated H2 molecules that are not consumed in
the chemical reduction of soluble Pt species are likely to be electro-
oxidized �H2 → 2H+ + 2e	 quickly on the carbon-supported Pt
nanoparticles in the cathode at voltages in the range of 0.6 and 1.0 V
vs RHE. As a consequence, the concentration of permeated H2 mol-
ecules decreases from the membrane-cathode interface towards the
cathode-diffusion media interface.

With the aforementioned considerations in mind, let us first con-
sider the case of faceted Pt nanoparticles. It should be mentioned
that these particles remain near the hydrogen potential even in the
cathode because they are not in electrical contact with the cathode
potential. In this case, the shape is controlled by minimization of
surface energy and interfacial kinetics of Pt reduction and subse-
quent Pt atomic incorporation onto different Pt surfaces. From a
thermodynamic point of view, the equilibrium shape of faceted Pt
nanocrystalline particles will be determined by 
Ai�i = minimum,
where �i is the surface energy per unit area Ai of exposed Pt sur-
faces, if edge and curvature effects are negligible. For ideal face-
centered-cubic �fcc� metals such as Pt, the surface energy of atomic
planes with high symmetry should follow the order ��111�Pt
� ��100�Pt � ��110�Pt due to surface atomic density, which has
been validated by recent theoretical studies of Skriver et al.20 and
Foiles et al.21 It has been reported21 that the surface energy of
�100�Pt faces is 1.65 J/m2 �153 kJ/mol per surface Pt atom�, and it is
0.21 J/m2 �37 kJ/mol	 higher than that of the �111�Pt faces. On the
basis of calculated surface energies, the equilibrium crystal shape
can be created by the familiar Wulff geometrical construction.22

Frenken et al.23 have reported that the equilibrium shape of a Pt
crystal at zero temperature should be a truncated octahedron consist-
ing predominantly of �111�Pt and �100�Pt facets, as shown in Fig. 4a.
Chemical absorption of H2 molecules should decrease the surface
energy of Pt surfaces but the enthalpy and kinetics of H2 adsorption
depends on the crystallographic orientation. The enthalpy of H2 ad-
sorption on the �100�Pt surfaces is 40–50 kJ/mol higher than the
�111�Pt surfaces24 and thus H2 adsorption lowers the surface energy
of �100�Pt surfaces in comparison to �111�Pt surfaces. In addition,
open �100�Pt surfaces chemisorb H2 gases more readily than the
�111�Pt surfaces.25 Therefore, the equilibrium shape of a faceted Pt
nanocrystalline particle in the presence of H2 will likely transform
from a truncated octahedron shape �Fig. 4a� to a truncated square
cuboid shape �Fig. 4b� as the fraction of the �111�Pt surfaces de-
creases to minimize the surface energy of Pt nanoparticles. This
rationale is supported by many experimental observations reported
previously. Wang et al.26 have reported that heat-treating Pt nano-
particles in H2 resulted in cubic Pt nanocrystals supported on SiO2
and Al2O3 having predominantly �100�Pt surfaces, while heat-
treating these cubic crystals in gases other than H2 caused a trans-
formation to spherical shapes. In addition, TEM measurements per-
formed by Petroski et al.11 have shown that a reduction of K2PtCl4
using H2, with or without low concentrations of capping polymer,
lead to the formation of Pt cubic nanocrystalline particles. Increas-
ing the amount of capping polymer on Pt nanocrystalline
particles,12,13 which presumably prevents H2 adsorption on Pt sur-
faces, appears to stabilize the �111�Pt surfaces relative to the �100�Pt
surfaces, leading to the formation of Pt truncated octahedrons.

The three distinct shapes �truncated octahedron, truncated square
cuboid, and truncated tetrahedron� found in this study differ in the
fraction of �100�Pt surfaces relative to �111�Pt surfaces �Fig. 1, 2,
and 4�. It is believed that the formation of different faceted shapes
resulted from the difference in the partial pressure of H2 adjacent to
Pt nuclei, in the membrane or in the ionomer phase of the cathode.
The higher the partial pressure of H2, the greater fraction of �100�Pt
surfaces relative to �111�Pt surfaces should be expected, for faceted
Pt nanoparticles. This is consistent with the observation that trun-
cated square cuboids were found close to the membrane-cathode
interface. Moreover, as the structure of Nafion membrane and iono-
mer varies on the order of 10–20 nm,27 the concentration of perme-
ated H2 might not be uniform in the ion-conducting polymer, which
can lead to different levels of hydrogen adsorption on the �111�Pt
and �100�Pt surfaces. Therefore, it is not surprising to observe both
truncated octahedrons and truncated square cuboids near the mem-
brane cathode interface �Fig. 1�. On the other hand, as H2 molecules
can be electro-oxidized quickly on carbon-supported Pt nanopar-
ticles in the cathode, the concentration of H2 molecules in the cath-
ode decreases considerably and the effect of hydrogen adsorption on
the surface energy of Pt nanoparticles is reduced. Therefore, shapes
other than truncated octahedrons and truncated square cuboids may
form in the ionomer phase where the concentration of H2 molecules
is low �away from the membrane-cathode interface� and hydrogen
adsorption on the Pt surfaces is not significant to produce �100�Pt
faces with surface energy lower than that of the �111�Pt surfaces.

It has been shown that the transition from faceted to dendritic
growth of Pt nanocrystals can be dictated by anisotropy28 in the
interfacial kinetics for reduction of soluble Pt species and subse-
quent incorporation of Pt atoms to a growing crystal surface, and by
the magnitude28 and/or uniformity29 of the driving force �supersatu-
ration� for hydrogen reduction of soluble Pt species at a growing
surface, which largely depends on the concentrations of soluble Pt
species and permeated H2 to the growing crystal surface. Benjacob
et al.28 and Chernov29 have discussed that faceted crystal growth
develops at low driving forces �supersaturation� for a given value of
anisotropy. Far from the carbon-supported Pt particles, the concen-
trations of hydrogen and soluble Pt species are uniform, and the
driving force �supersaturation� of soluble Pt species is very small.
Thus, faceted growth is expected and supported by our findings �Fig.
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1 and 2�. In this case, the formation of ridges is inhibited and the Pt
nanoparticles will grow into a shape that is controlled by surface
energy minimization and interfacial kinetics. As the surface energy
of �100�Pt surfaces is lower than �111�Pt surfaces at high concentra-
tions of H2, and interfacial kinetics of Pt attachment is more readily
on �100�Pt surfaces than �111�Pt surfaces, square cuboid-like Pt
nanoparticles with predominantly �100� surfaces are expected,
which is consistent with our findings �Fig. 1b�. On the other hand, at
low concentrations of H2 or in absence of H2, truncated octahedron
Pt nanoparticles �Fig. 1 and 4a� are expected from surface energy
considerations. However, as �111�Pt surfaces are the least catalyti-
cally active for hydrogen reduction of soluble Pt species,30 faster
reduction and rapid attachment of Pt atoms on �100� surfaces, rather
than �111�Pt surfaces, lead to the formation of Pt nuclei having large
�111�Pt surfaces, which could explain the formation of truncated
tetrahedra far from supported Pt particles �Fig. 2�. This hypothesis is
consistent with the findings of Petroski et al.,11 which show that Pt
nanoparticles produced from hydrogen reduction of K2PtCl4, upon
initial growth or at high concentrations of capping polymer, were
predominantly tetrahedron-like having �111�Pt surfaces.

Chernov29 has shown that skeleton �extended at edges and cor-
ners� or dendritic growth can arise from an inhomogeneity in the
driving force �supersaturation� on the growing surface. Near the
carbon-supported Pt nanoparticles, the concentration of Pt species is
relatively high and nonuniform along the growing surface, which is
in good agreement with our finding that Pt nanoparticles adjacent to
supported Pt particles are mostly dendritic. In addition, as the H2
concentration in this region is low, it is believed that Pt nuclei ex-
hibit primarily �111�Pt surfaces. Thus, any ridges formed on growing
�111� surfaces, which result in higher supersaturations, will tend to
grow into dendritic arms. The outcome of this process is the forma-
tion of dendritic arms along the �111�Pt directions, as shown in Fig.
3. Similar Pt dendritic crystals with �111�Pt arms have been found
by Xia et al.,14 after polyol synthesis of Pt nanoparticles, using
H2PtCl6 ethylene glycol and NaNO3 at a relatively high supersatu-
ration of H2PtCl6.

Note that the experiments described above were carried out with
nitrogen on the cathode �the working electrode� and hydrogen in the
anode. As hydrogen was abundantly available in the cathode, Pt
crystals produced from the chemical reduction of soluble Pt species
were found near the cathode-membrane interface and in the cathode.
However, in a working fuel cell, as the cathode environment is oxi-
dizing due to the presence of oxygen, soluble Pt species can diffuse
from the cathode into the membrane, become reduced by permeated
H2 molecules, and precipitate as Pt nanoparticles inside the
membrane,2 where the hydrogen concentration gradually increases
from the membrane-cathode to the anode-membrane interface. Nev-
ertheless, the formation mechanism of Pt nanoparticles in the iono-
mer and membrane proposed in this work should remain applicable.

Conclusion

In the cathode, dendritic Pt nanocrystals are predominant due to
the fact that interfacial kinetics for reduction of soluble Pt species
and incorporation of Pt atoms onto an atomically rough and growing
surface is fast, relative to the diffusion of soluble Pt species to the
surface of these dendritic Pt nanoparticles. On the other hand, near
the cathode-membrane interface, faceted type Pt shapes are domi-
nant because diffusion of Pt ions in the ionomer to the faceted Pt
nanoparticles is fast, relative to interfacial kinetics of Pt addition on
the growing faceted surfaces. Among the faceted type Pt shapes,
three distinct morphologies formed in the ion-conducting polymer of
PEM fuel cells, namely truncated square cuboid, truncated octahe-
dron, and truncated tetrahedron with increasing �111�Pt to �100�Pt
surface ratios, which could result from the difference in the local
partial pressure of H2 adjacent to Pt nuclei. We propose that hydro-
gen adsorption lowers the surface energy of �100�Pt relative to the
�111�Pt surfaces, which can be used to tailor and control the mor-
phology of faceted Pt nanoparticles produced by hydrogen reduction
of a Pt salt at low supersaturation.
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