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Abstract: The development of stable catalyst systems for application at the cathode side of polymer electrolyte
fuel cells (PEFCs) requires the substitution of the state-of-the-art carbon supports with materials showing
high corrosion resistance in a strongly oxidizing environment. Metal oxides in their highest oxidation state can
represent viable support materials for the next generation PEFC cathodes. In the present work a multilevel
approach has been adopted to investigate the kinetics and the activity of Pt nanoparticles supported on SnO2-
based metal oxides. Particularly, model electrodes made of SnO2 thin films supporting Pt nanoparticles, and
porous catalyst systemsmade of Pt nanoparticles supported on Sb-doped SnO2 high surface area powders have
been investigated. The present results indicate that SnO2-based supports do not modify the oxygen reduction
reaction mechanism on the Pt nanoparticle surface, but rather lead to catalysts with enhanced specific activity
compared to Pt/carbon systems. Different reasons for the enhancement in the specific activity are considered
and discussed.
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Introduction

Polymer electrolyte fuel cells (PEFCs)
play a critical role towards the develop-
ment of a sustainable hydrogen-based-
economy.[1] Particularly for automotive
applications, one of themain issues hinder-
ing PEFC widespread market penetration
is related to the fast corrosion occurring at
the cathode side during operation condi-
tions. State-of-the-art PEFC cathodes are
based on Pt nanoparticles supported on
high surface area carbons. Under real op-
eration conditions, the cathode of a PEFC
can experience potentials as high as 1.5
V (RHE), which cause severe oxidation
of the carbon support.[2] Carbon oxida-
tion leads to severe corrosion of the car-
bon supporting structure with consequent
detachment of Pt catalyst nanoparticles,
and thus strong degradation of PEFC per-
formance.[3] Therefore, alternative support
materials are needed to meet the durability
requirements for practical applications.[1]
A promising approach is to replace carbon
with conductive, high surface area metal

oxides in their highest oxidation state.
Indeed, besides being resistant to corro-
sion at high potentials, support materials
for PEFCs must be also good electronic
conductors, and low cost and high surface
area materials. In the search for alternative
Pt supports, several metal oxides have been
investigated so far, such as SnO

2
, TiO

2
,

WO
3
etc.[4] In the present work we selected

SnO
2
-based supports because the Pourbaix

diagram[5] and previous experimental stud-
ies[6] have shown that SnO

2
in its highest

oxidation state is redox inactive in the po-
tential range of interest and pH = 1. To de-
velop a fundamental understanding of the
Pt/SnO

2
system a multi-level approach has

been adopted (Fig. 1). Model electrodes
made of Pt nanoparticles deposited on

SnO
2
smooth, thin films have been firstly

investigated. SnO
2
films were produced by

DC magnetron sputtering, controlling im-
portant physicochemical properties such
as composition, microstructure and surface
termination.[6] Subsequently, porous cata-
lyst layers have been developed by depos-
iting Pt nanoparticles via a polyol synthe-
sis method on porous Sb-doped SnO

2
sup-

ports. In fact SnO
2
, while being a perfect

candidate material for model electrodes,
exhibits poor electronic conductivity since
it is a wide-band gap semiconductor with
a band gap of ~3.6 eV.[4a] Therefore, 5 at%
Sb-doped SnO

2
(SbSnO

2
) supports have

been synthesized by a modified sol–gel
method to fulfil high surface area, high
electrical conductivity, and corrosion sta-

Fig. 1. Schematic representation of the main concept of the present work: A multi-level approach
is adopted. Starting from the investigation of model electrodes based on SnO2 thin films support-
ing Pt nanoparticles towards the development of catalyst layers based on porous metal oxides
supporting Pt nanoparticles.
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0.1 M HClO
4
by cathodically scanning the

disk electrode at different rotation speeds
and scan rate of 5 mV s–1. The resulting
disk polarization curves were corrected by
the Ohmic drop in the electrolyte measured
by electrochemical impedance spectros-
copy.

Results and Discussion

Model Electrodes
Model electrodeswere first investigated

by developing SnO
2
smooth thin films by

DC magnetron sputtering;[6] subsequently
deposition of Pt nanoparticles of 2–3 nm in
size[6,12] was also carried out by magnetron
sputtering leading to an overall Pt loading
of 2 µg cm–2. The electrochemical response
of the model Pt/SnO

2
electrode towards

the oxygen reduction reaction (ORR) was
evaluated using the thin-film rotating disc
electrode (RDE) technique. Fig. 2a shows
a set of polarization curves in O

2
-saturated

0.1 M HClO
4
at various rotation speeds

(400–2500 rpm) and at a scan rate of 5 mV
s–1. The ORR of Pt on the SnO

2
supports

is under mixed kinetic-diffusion control in
the potential range between 0.9 and 0.7 V
(RHE), followed by a region where diffu-
sion limiting currents (plateau between 0.6
and 0.2 V RHE) can be observed, compa-
rable to those obtained for conventional Pt/
carbon catalysts.[12,13]

Further insight into ORR kinetics can
be obtained by evaluating the ORR polar-
ization curves according to the Koutecky-
Levich analysis. The total measured cur-
rent density (i) is given by the combination
of the diffusion limited current density (i

D
)

and the kinetic current density (i
K
), accord-

ing to Eqn. (1):
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where ω is the rotation rate, F is the

bility requirements.[7] Fig. 1 summarizes
the multi-level approach of the present
work toward the development of durable
catalysts.

Experimental

Model Electrodes Preparation
Tin oxide films were prepared by DC

magnetron sputtering according to the
procedure described in detail in ref. [6]. Pt
with a loading of 2 µg cm–2 was deposited
by DC magnetron sputtering on SnO

2
sup-

ports from a metallic Pt target (99.99% pu-
rity) using a discharge power of 50W, 1 sec
deposition time, and 10 sccmAr flow.[6,8]

Porous Oxide Support Synthesis
Sn

0.95
Sb

0.05
O

2
(SbSnO

2
) powder has

been synthesized by a modified sol–gel
method. SnCl

2
(Aldrich, 99.99%) and

Sb
2
O

3
(Aldrich, 99.99%) have been used

as starting materials. Both SnCl
2
and Sb

2
O

3
were first dissolved in a 0.1MHNO

3
aque-

ous solution. After the two solutions were
mixed, NH

4
OH solution (Aldrich) was

used as a pH regulator (pH ~5). Chelation
of the metal cations was then achieved by
adding citric acid to the aqueous solution
in a 2:1 ratio with respect to the total metal
cations. Ethylene glycol was added in the
last step to polymerize the organic pre-
cursor. Once the gel was obtained, it was
washed and then dried at 150 °C overnight.
The calcination process was carried out in
O

2
at 550 °C for 2 h with a heating/cooling

rate of 5 °C min–1.

Synthesis of Pt Nanoparticles
Supported on SbSnO2

Pt nanoparticles supported on SbSnO
2

with 10wt% calculatedmetal loading were
prepared by a polyol method.[9] 0.047 g of
H

2
PtCl

6
.6H

2
O (Alfa Aesar) was dissolved

in 50 mL ethylene glycol in a three-necked
flask. The pH of the solution was adjust-
ed to 12 by the addition of NaOH under
continuous vigorous stirring at room tem-
perature. The reaction temperature was
increased to 160 °C and refluxed for 2 h.
After cooling at room temperature, the pH
was adjusted to 4 by H

2
SO

4
(aq solution).

Then, the calculated amount of oxide was
added to this solution and maintained un-
der stirring at room temperature for 4 h.
The final product was separated by filtra-
tion and washed several times with a mix-
ture of water/ethanol 50/50% vol. and then
dried in vacuum for 12 h. For comparison,
Pt nanoparticles were also deposited on
commercial carbon Vulcan XC72 (BASF,
specific surface area 250 m2 g-1) by the
same polyol method. The carbon was used
without any further treatment and the Pt
content, measured by thermogravimetric
analysis (TGA), was 18 wt%.

Physicochemical Characterization
SnSbO

2
, Pt/SbSnO

2,
and Pt/Vulcan

were characterized by X-ray diffraction
(XRD, Bruker D8 system), Brunauer-
Emmett-Teller (BET) analysis, and trans-
mission electron microscopy (TEM, FEI
Morgagni 268, 120 kV, bright field acqui-
sition).

Electrode Preparation
For the electrochemical characteriza-

tion, Pt/SnSbO
2
and Pt/Vulcan thin porous

layers were prepared by drop-coating an
electrode ink on glassy carbon disks us-
ing a modified thin-film RDE method.[10]
The inks were prepared from a suspension
made of 15 mg of the catalytic powder, 20
µl of Nafion® solution (5 %wt in a water-
aliphatic alcohol mixture, Sigma Aldrich),
4 ml of isopropanol, and 1 ml of water.
The final loading was ~28 µg

Pt
cm–2 both

for Pt/SbSnO
2
and Pt/Vulcan catalysts.

Preliminary tests have shown that a load-
ing of ~28 µg

Pt
cm–2 allows full Pt utiliza-

tion both for Pt/SbSnO
2
and Pt/Vulcan.

Electrochemical Measurements
The electrochemical measurements

were performed in 0.1 M HClO
4
using a

saturated Hg /Hg
2
SO

4
reference electrode

(ALS Co. Ltd, 0.719 ± 1 V vs. RHE) and
a gold counter electrode, in a three elec-
trode configuration. For the evaluation of
the electrochemical active surface area
(ECSA) of Pt nanoparticles, cyclic voltam-
metry (CV) measurements at 50 mV s–1

in N
2
-saturated 0.1 M HClO

4
were per-

formed.As described in ref. [11], for metal
oxide supports CV measurements in CO
saturated electrolyte at 50 mV s–1 with the
electrode rotating at 1600 rpm were also
recorded for the correct evaluation of the
ECSA. For sake of comparison, the same
potential cycling in CO-saturated elec-
trolyte was also performed for Pt/Vulcan
catalysts. The oxygen reduction reaction
(ORR) activity of the Pt/SnO

2
model elec-

trodes and Pt/SnSbO
2
or Pt/Vulcan cata-

lysts was measured by the rotating disk
electrode (RDE) technique in O

2
-saturated

Fig. 2. a) ORR curves for 2 μg cm–2 Pt/SnO2 model electrode in O2-saturated 0.1 M HClO4 at dif-
ferent rotation speeds (cathodic direction of potential scan, 5 mV s–1, RT); b) Koutecky-Levich plot
relative to the ORR curves of Pt/SnO2model electrode.
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associated to the H
upd
, the Pt roughness

factor was calculated assuming a hydrogen
monolayer charge of 210 µC cm–2. For the
Pt/SbSnO

2
catalysts the roughness factor

was determined to be 9.1 ± 0.9 cm
Pt
2/cm2,

while for the Pt/Vulcan a value of 20.6 ±
0.5 cm

Pt
2/cm2was found.

As for the model electrodes, the ORR
polarization curves of Pt/SbSnO

2
cata-

lysts were recorded in O
2
-saturated 0.1 M

HClO
4
at 5 mV s–1 and at different rota-

tion speeds (Fig. 5a). Also in case of 3D
electrodes, the ORR curves resembled the
typical mixed kinetic-diffusion control
region followed by a plateau where dif-
fusion limiting currents can be observed.
The Koutecky-Levich analysis confirmed
for the Pt/SbSnO

2
catalysts a first order

reaction and a 4-electron process. The
ORR curve at 1600 rpm was correct by
the mass transport limited current density
(i

D
) according to Eqn (1), and the obtained

kinetic current density normalized by the
Pt roughness factor (i

K,spec
) is shown in

Fig. 5b. The specific activity, taken as the
value of i

K,spec
at 0.9 V (RHE) is 0.123 ±

0.015 mA cm
Pt
–2 for Pt/SbSnO

2.
The same

kinetic current evaluation was also made
for the Pt/Vulcan catalysts (Fig. 5b) and
a specific activity value of 0.068 ± 0.006
mA cm

Pt
–2 was obtained in good agreement

with literature data.[15] The present results
indicate that higher ORR specific activity
(about a factor of 2) for Pt supported on
SbSnO

2
could be achieved compared to Pt

supported on Vulcan.
Different reasons can account for the

increased ORR specific activity of the Pt/
SbSnO

2
catalysts compared to that of Pt/

Vulcan. It has been recently demonstrated
that the Pt specific activity decreases mov-
ing from extended Pt surfaces/particle
agglomerates to isolated nanoparticles,
following an experimental master curve
of specific activity vs. Pt electrochemical
active surface area.[12]Unfortunately it was
not possible by TEM analysis to clearly
identify the Pt nanoparticles supported on
SbSnO

2
, making the direct comparison

of the Pt nanoparticle distribution on the

Pt nanoparticles were synthesized by
means of a polyol method, and then sup-
ported on the SbSnO

2
powder. The XRD

pattern of Pt nanoparticles supported on
SbSnO

2
is also shown in Fig. 3; the SbSnO

2
and Pt phases can be clearly identified.
For comparison Pt nanoparticles were also
synthesized by the same polyol method on
commercial Vulcan XC72. The average
Pt crystallite size, evaluated by applying
the Scherrer equation, was 3.3 nm for Pt/
SbSnO

2
and 3.8 nm for Pt/Vulcan.

TEM analysis was also performed for
the Pt/SbSnO

2
catalysts, but as shown in

Fig. 4b it is very difficult to distinguish the
Pt and the SbSnO

2
particles due to small

size difference and low TEM contrast.
Differently, TEM images of the Pt/Vulcan
catalyst allow a clear identification of the
synthesized Pt nanoparticles (Fig. 4c). For
the latter samples, the average Pt particle
size as revealed by TEM images is ~3 nm.

For the evaluation of the Pt active sur-
face area normalized by the electrode geo-
metric area (also known as roughness fac-
tor) the most used evaluation method con-
sists of recording cyclic voltammograms in
de-aerated electrolyte and then correcting
the currents in the hydrogen underpotential
deposition (H

upd
) region by the capacitive

currents from the double layer. However,
this evaluation method cannot be applied
to metal oxide supports as shown in ref.
[11]. When metal oxide supports are used,
recording a CV in CO-saturated electrolyte
is required since it represents the correct
baseline for subtracting capacitive contri-
butions from the H

upd
signals. Therefore,

for Pt/SbSnO
2
catalysts the Pt roughness

factor has been calculated by subtracting
the CV recorded in CO-saturated electro-
lyte to the CV in N

2
-saturated electrolyte

and then proceeding with the capacitive
current correction.[11] In contrast, for Pt/
Vulcan catalysts the conventional double
layer current subtraction to the H

upd
signal

has been used, even though potential cy-
cling in CO-saturated electrolyte has also
been performed for the sake of compari-
son. After having determined the charge

Faradaic constant, n the number of overall
transferred electrons, c

o
theoxygen solubil-

ity, D
o
the oxygen diffusion coefficient, and

ν the kinematic viscosity of the electrolyte.
The Koutecky-Levich plot depicted in Fig.
2b for various potentials was derived from
the RDE polarization curves in Fig. 2a. The
linearity of the plots implies a first order
dependence of ORR kinetics on Pt/SnO

2
.

The y-intercepts of Koutecky-Levich plots
confirm the presence of kinetic limitations
only above 0.6V (RHE). From the slope of
the dashed lines a B-factor of about 3.0 ×
10–2 mA rpm–1 can be obtained (D

O
= 1.93

× 10–5 cm s–1, c
0
= 1.26 × 10–3 mol l–1, v =

1.009 × 10–2 cm s–1)[14] indicating an almost
4-electron transfer process for the ORR.

Porous Thin Film Electrodes
After having established that Pt

nanoparticles supported on SnO
2
metal

oxide thin film display a first order reac-
tion and a 4-electron process for the ORR,
porous catalyst layers were then devel-
oped using porous 5 at% Sb-doped SnO

2
(SbSnO

2
) powders produced by a modified

sol–gel method. X-ray diffraction (XRD)
analysis of as calcined SbSnO

2
powder

showed a single rutile phase (Fig. 3). The
BET surface area of SbSnO

2
support was

53 ± 8 m2 g–1 and transmission electron
microscopy (TEM) investigations revealed
particle size in the range of 10 to 20 nm
(Fig. 4a).

Fig. 3. XRD patterns of a) SbSnO2 powder after
calcination and b) of synthesized Pt nanopar-
ticles on SbSnO2.

Fig. 4. TEM images of a) SbSnO2 powder; b) Pt/SbSnO2 catalyst; c) Pt/Vulcan catalyst.
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SbSnO
2
and on the Vulcan support diffi-

cult. However, if a larger particle agglom-
eration takes place for the Pt/SbSnO

2
cata-

lysts with respect to Pt/Vulcan ones, the
decrease in specific activity could be par-
tially explained by a change in morphol-
ogy. Besides the change in the Pt nanopar-
ticle morphology, it cannot be excluded at
present that for the Pt/SbSnO

2
catalysts a

strong-metal-support-interaction (SMSI)
takes place, modifying the Pt electronic
structure and thus, in turn, its specific ac-
tivity. The occurrence of a SMSI between
Pt and Sb-doped SnO

2
[16] or between Pt and

TiO
2
andWO

3
[17] has been recently report-

ed. The observed superior specific activity
of Pt/metal oxide catalysts compared to Pt/
carbon was correlated to a change in the Pt
electronic structure, and particularly to a
shift in the Pt4f peak in the XPS spectra.[16]
Further investigations are currently in
progress in order to understand if a SMSI
occurs also for the catalysts investigated
in the present work and they will be pub-
lished elsewhere.

Conclusion

A multi-level approach has been pre-
sented here with the aim of developing du-
rable catalysts for application at the cath-
ode side of PEFCs. Model electrodes made
of SnO

2
smooth thin films supporting Pt

nanoparticles have been used to investigate
theORRmechanismandkinetics onPt sup-
ported on SnO

2
metal oxide. Subsequently,

3D catalysts were developed supporting
Pt nanoparticles, synthesized by a modi-
fied polyol method, on a porous 5at% Sb-
doped SnO

2
structure (SbSnO

2
). The Pt/

SbSnO
2
catalysts showed higher specific

activity than Pt/Vulcan catalysts prepared
using the same polyol method. Different
reasons can account for the higher specific
activity of Pt nanoparticles supported on
SbSnO

2
instead on high surface area car-

bon: i) different Pt nanoparticles morphol-
ogy/distribution or ii) modification of the
Pt electronic structure by the occurrence of
a beneficial SMSI. Further investigations
will elucidate which mechanism accounts
for the enhanced Pt/SbSnO

2
activity.
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