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a b s t r a c t

Carbon-supported PtW (PtW/C) alloy nanoparticle catalysts with well-controlled particle size, disper-
sion, and composition uniformity, have been synthesized by wet chemical methods of decomposition
of carbonyl cluster complexes, hydrolysis of metal salts, and chemical reactions within a reverse
microemulsion. The synthesized PtW/C catalysts were characterized by X-ray diffraction, high-resolution
eywords:
tW
uel cell
RR
lectrocatalyst
ynthesis

transmission electron microscopy, and energy-dispersive spectroscopy. The catalytic oxygen electrore-
duction activities were measured by the hydrodynamic rotating disk electrode technique in an acidic
electrolyte. The influence of the synthesis method on PtW particle size, size distribution, composition
uniformity, and catalytic oxygen electroreduction activity, have been investigated. Among the synthesis
methods studied, PtW/C catalysts prepared by the decomposition of carbonyl cluster complexes displayed
the best platinum mass activity for oxygen reduction reaction under the current small scale production;
a 3.4-fold catalytic enhancement was achieved in comparison to a benchmark Pt/C standard.
. Introduction

The direct conversion of chemical energy to electricity via fuel
ells has attracted significant attention for many decades [1–6].
f the electrochemical reactions involved in the energy conver-

ion in low temperature fuel cells, the oxygen reduction reaction
ORR) is the rate-determining process. Even for current state-of-
he-art platinum (Pt) catalysts, the exchange current density for
he ORR is several orders of magnitude smaller than that for the
ydrogen oxidation reaction (HOR), resulting in a dramatic loss in
nergy conversion efficiency. Consequently, oxygen electroreduc-
ion technology is regarded as the key issue for developing viable
ow temperature fuel cells for stationary, portable, and transporta-
ion applications [7].

Recently, significant progress has been made in the develop-
ent of Pt and Pt alloy electrocatalysts [8–15]. By alloying Pt
ith 3d transition metals, a ten-fold catalytic activity enhancement

owards molecular oxygen electroreduction has been achieved for
t alloy model catalysts (thin films) as compared to a pure Pt thin

lm standard [8,15]. However, due to challenges in tailoring Pt alloy
articles at the nanoscale – particularly in controlling alloy parti-
le size and micro-compositional uniformity – such high catalytic
ctivities have never been demonstrated in actual fuel cells.

∗ Corresponding author. Tel.: +1 614 327 4767; fax: +1 614 340 6082.
E-mail address: the@honda-ri.com (T. He).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.11.013
© 2009 Elsevier B.V. All rights reserved.

Platinum tungsten (PtW) alloys were originally proposed as oxi-
dation electrocatalysts (anode catalysts) for polymer electrolyte
membrane fuel cells (PEMFCs) operated with methanol, ethanol,
or reformate gases [16–18]. A high throughput combinatorial study
performed recently in our laboratory demonstrated that PtW alloy
films also present superior catalytic activities towards molecular
oxygen electroreduction, with a 4-fold catalytic activity enhance-
ment over pure Pt for a PtW alloy having a Pt:W molar ratio of
1:2 [19,20]. In comparison with other Pt alloy electrocatalyst can-
didates, PtW offers several advantages: (i) the amount of Pt can be
reduced dramatically due to low Pt content (∼35 wt%) in the PtW
(1:2) alloy, whereas other PtM alloys (with a Pt:M of 3:1, where
M = Co, Ni, Ti, etc.) have Pt contents greater than 90 wt%; (ii) W has
high tolerances towards anode catalyst poisons [21], i.e., W will not
damage a fuel cell even if it diffuses to the anode due to dissolution;
and (iii) a recent study showed that W can also function as catalyst
for hydrogen peroxide decomposition, thus potentially inhibiting
membrane damage due to hydrogen peroxide formation [22].

The most common methods to synthesize PtW alloy nanoparti-
cles are impregnation and chemical co-reduction of chloroplatinic
acid and ammonium tungstate [16,17]. However, both synthesis
methods are not effective for preparing PtW alloy nanoparticles

with well-controlled particle sizes and compositions. For instance,
the impregnation method is not conducive for controlling particle
size and compositional homogeneity [16] and the chemical reduc-
tion method does not completely reduce tungsten to its metallic
state, even when utilizing very strong reducing agents [18].

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:the@honda-ri.com
dx.doi.org/10.1016/j.jpowsour.2009.11.013
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In an earlier report, we demonstrated that carbon-supported
tW alloy nanoparticles could be synthesized with carbonyl precur-
ors and the resulting catalysts exhibited superior catalytic oxygen
eduction activities [23]. In this paper, details of synthesizing
arbon-supported PtW alloy nanoparticle catalysts by various wet
hemical methods will be reported and the influence of synthesis
ethods on particle size, size distribution, nanoparticle dispersion,

omposition uniformity, and catalytic oxygen reduction activity
ill be discussed.

. Experimental

.1. Synthesis methods

Three wet chemical methods – decomposition of carbonyl clus-
er complexes (CBN), hydrolysis of Pt and W salts in aqueous
olution (HYD), and reduction of Pt and hydrolysis of W precur-
ors within nano-reactors of a reverse microemulsion (RME) –
ave been developed to synthesize carbon-supported PtW alloy
anoparticle catalysts, the details of which are given in the follow-

ng sections.

.1.1. Carbonyl method (CBN)
The synthesis of carbon-supported PtW alloy nanoparticle cata-

ysts by thermal decomposition of platinum and tungsten carbonyl
luster complexes under a controlled atmosphere was previously
eported by this group [23], and similar method was reported to
abricate other Pt binary alloys [24–27]. The basic concept is a bot-
om up approach that can be intuitively described by:

Pt3(CO)6]n + W(CO)6 → [PtxWy(CO)z] → PtxWy

Briefly, the synthesis procedure involves following steps:
I. Preparation of platinum carbonyl: Platinum carbonyl was pre-
pared by chemical reaction of chloroplatinic acid (H2PtCl6,
Aldrich) with carbon monoxide (CO) in tetrahydrofuran (THF).
Chloroplatinic acid was dissolved in THF followed by 24 h of CO
purging (50 ml min−1) under constant mechanical stirring. The

able 1
haracteristic parameters of various carbon-supported PtW alloy nanoparticle catalysts
t/C standard at 0.8 V is 934.2 mA cm−2 mg−1

Pt with a half-wave potential of 800 mV. The pa
o PtW alloy loadings.

Synthesis method Pt:W Alloying temp. (◦C) Particle size (nm

CBN

69:31 700 2.7
60:40 700 3.2
52:48 700 2.6
46:54 700 3.0
39:61 700 3.5
28:72 700 4.7

CBN 52:48

500 2.3
600 2.5
700 2.6
800 13.8

HYD

68:32 700 2.2
54:46 700 3.0
40:60 700 2.5
28:72 700 3.2

RME
(AOT) 51:49

25 3.3
700 6.8
900 8.1

RME
(Brij30)

53:47 700 3.9
38:62 700 –
32:68 700 3.9
23:76 700 –
rces 195 (2010) 2570–2578 2571

color of the Pt-THF solution slowly changed from orange to dark
green to black indicating the end of the reaction.

II. Formation of bimetallic carbonyl cluster complexes: Com-
mercially available tungsten carbonyl (W(CO)6, Aldrich) was
dissolved in THF and added to the prepared platinum carbonyl
solution. The mixture was further purged with CO for an addi-
tional 2 h under constant mechanical stirring resulting in the
formation of bimetallic carbonyl cluster complexes.

II. Dispersion on carbon-supports: An appropriate amount of car-
bon black (Ketjen Black International), dispersed in THF by
ultrasonication, was added to the Pt/W-THF solution under
constant CO purging and mechanical stirring until an uniform
solution was achieved.

V. Removal of solvent: THF was slowly evaporated by blowing a
mixture of CO and N2 under constant mechanical stirring.

V. Thermal decomposition of carbonyl cluster complexes and alloy-
ing bimetallic nanoparticles: After the solvent was evaporated,
the powder was collected and heat-treated at temperatures
ranging from 500 ◦C to 800 ◦C for 2 h under flowing mixture of
H2/N2 (1:10, v/v). Carbonyl cluster complexes were decomposed
at relatively low temperatures (<200 ◦C) and high temperatures
were needed to create truly alloyed nanoparticles.

Carbon-supported PtW alloy nanoparticles of different compo-
sitions were synthesized by manipulating the relative concentra-
tions of chloroplatinic acid and tungsten carbonyl. A representative
procedure of, for example, preparing 175 mg carbon-supported
PtW (52:48) nanoparticle catalyst with an alloy loading of 40 wt%
includes: dissolving 0.315 ml chloroplatinic acid (0.61 mM ml−1)
in 100 ml THF followed by 24 h of CO purging under constant
mechanical stirring; adding 62.4 mg W(CO)6 to the Pt-THF solution
followed with an additional 2 h CO purging; ultrasonically dispers-
ing 105 mg carbon in 20 ml THF and mixing with the Pt/W-THF

solution; evaporating the solvent by blowing a mixture of CO/N2
under constant mechanical stirring; and heat treating the powders
at 700 ◦C for 2 h under a flowing mixture of H2/N2 (1:10, v/v). The
first two rows of Table 1 show the PtW/C catalysts prepared by this
method.

synthesized by the three wet chemical approaches. The activity of the benchmark
rticle sizes are estimated from XRD broadening and the metal loadings are referred

) Loading (wt%) Relative activity (0.8 V) �E1/2 (mV)

39.8 2.2 24.8
33.8 2.2 9.8
41.5 2.5 14.6
41.0 2.3 19.8
42.8 3.4 19.7
31.0 2.6 −20.7

39.9 1.3 −14.1
40.5 1.5 −6.0
41.5 2.5 14.6
42.0 1.4 −12.0

31.2 2.4 16.7
38.0 2.5 14.5
41.8 2.7 11.2
42.6 3.0 2.2

– – –
– – –

41.4 1.0 −17.1

38.2 1.7 −0.2
36.2 2.3 −6.5
43.9 2.9 2.4
44.6 2.6 −18.6
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.1.2. Hydrolysis method (HYD)
Carbon-supported PtW alloy nanoparticle catalysts were also

ynthesized by hydrolysis of chloroplatinic acid (H2PtCl6, Aldrich)
nd sodium tungstate (Na2WO4, Aldrich) in de-ionized water. The
ey steps are to control pH, temperature, and hydrolysis time [28].
he synthesis procedure involves the following three steps:

I. Hydrolysis of chloroplatinic acid in a base medium: Appropriate
amounts of chloroplatinic acid, sodium tungstate, and carbon
black were dissolved/dispersed in de-ionized water under con-
stant mechanical stirring. The pH of the solution was adjusted
to 10 by drop-wise adding ammonium hydroxide. The mixture
was then ultrasonically blended for 15 min prior to hydrolysis at
70 ◦C for 20 h. A colloidal platinum stabilized by hydroxyl ions
was obtained.

II. Hydrolysis of sodium tungstate in an acid solvent: After hydrol-
ysis of chloroplatinic acid in the base environment, the Pt/W
solution was cooled to room temperature. The pH of the solu-
tion was then adjusted to 3 by the drop-wise addition of
concentrated nitric acid. The solution was kept under con-
stant mechanical stirring for hydrolysis for an additional 2 h
resulting in co-precipitated platinum and tungsten on the
carbon-supports. The precipitated product was further filtered,
washed with de-ionized water, and dried in a furnace.

II. Formation of PtW alloys: The synthesized platinum and tung-
sten containing powder was heat-treated at 700 ◦C for 2 h under
a flowing mixture of H2/N2 (1:10, v/v). During the heat treat-
ment, platinum and tungsten were reduced to metallic states
and PtW alloys were formed.

The third row of Table 1 displays the PtW/C catalysts synthesized
y the hydrolysis method. In a typical procedure for the synthesis of
00 mg of carbon-supported 40 wt% PtW (28:72) nanoparticle cata-

yst, for instance, 0.6 ml chloroplatinic acid (0.61 mM ml−1), 280 mg
odium tungstate, and 50 ml de-ionized water were added to a
50 ml flask under constant mechanical stirring. The pH of the solu-
ion was raised to 10 by drop-wise adding ammonium hydroxide
fter which 300 mg carbon black was added to the solution followed
y 15 min of ultrasonication. The mixture was then heated in an oil
ath to and kept at 70 ◦C for 20 h under constant mechanical stirring
or platinum hydrolysis. The tungsten hydrolysis was performed by
ooling the mixture to room temperature, adjusting the pH of the
olution to 3 through drop-wise adding concentrated nitric acid
hile keeping the mixture under constant mechanical stirring for
h. Finally, the product was filtered, rinsed with de-ionized water,
nd dried in a furnace. The Pt/W powder was heat-treated at a tem-
erature of 700 ◦C for 2 h under a flowing mixture of H2/N2 (1:10,
/v).

.1.3. Reverse microemulsion method (RME)
The use of reverse microemulsion to prepare metallic and oxide

ungsten as well as Pt alloys has been previously reported by this
nd other groups [29–33]. The synthesis of carbon-supported PtW
lloy nanoparticle catalysts includes:

I. Preparation of a chloroplatinic acid microemulsion: A reverse
microemulsion containing chloroplatinic acid was prepared by
adding surfactant to a mixture of aqueous chloroplatinic acid
and oil, ultrasonically blending for 15 min, and stirring at room
temperature until a clear, stable reverse microemulsion was
obtained. Both ionic surfactant (AOT) and non-ionic surfactant

(Brij-30) were used in the synthesis.

II. Reduction of chloroplatinic acid within the reverse microemul-
sion: After forming the reverse microemulsion with chloropla-
tinic acid as the aqueous phase, hydrazine was drop-wise added
to the microemulsion. The solution changed from yellow to black
urces 195 (2010) 2570–2578

within a few minutes indicating the reduction of ionic Pt4+. The
solution was kept under constant mechanical stirring for an
additional 15 min to ensure the complete reduction of Pt4+ to
Pt0.

II. Hydrolysis of the tungsten precursor within the reverse
micelles: Following the reduction of Pt4+, tungsten isopropoxide
(50 mg ml−1 in isopropanol, Chemat Technology) was drop-
wise added to the solution under constant mechanical stirring.
The resulting solution was stirred for an additional 3 h to fully
hydrolyze the tungsten isopropoxide.

V. Dispersion on carbon-supports: An appropriate amount of car-
bon black was added to the solution and the mixture was stirred
for 12 h to ensure a homogeneous dispersion of nanoparticles.
Carbon-supported nanoparticles were precipitated by adding
acetone, washed repeatedly with acetone and ethanol to remove
the surfactants, and dried under blowing N2 gas.

V. Heat treatment to complete surfactant removal and to alloy the
nanoparticles: Heat treatments were conducted at elevated tem-
peratures under a flowing mixture of H2/N2 gases (1:10, v/v).
During the heat treatment process, remaining surfactants were
removed from the nanoparticle surfaces, hydrous tungsten was
reduced to metallic state, and alloyed PtW nanoparticle catalysts
were formed.

The last two rows of Table 1 show the PtW/C catalysts pre-
pared by the reverse microemulsion method. For example, a typical
procedure for synthesizing 190 mg of carbon-supported 40 wt%
PtW (51:49) nanoparticle catalysts by the reverse microemulsion
method includes: ultrasonically mixing 5 g AOT, 1 ml de-ionized
water, 0.2 mM chloroplatinic acid, and 50 ml cyclohexane or hep-
tane for 15 min followed by constant mechanical stirring for an
additional 2 h until a clear microemulsion solution was obtained;
drop-wise adding 2.0 mM hydrazine hydrate to the above solu-
tion while keeping the solution under constant mechanical stirring
for 15 min to ensure complete reduction of chloroplatinic acid;
drop-wise adding 0.2 mM tungsten isopropoxide to the solution
under constant stirring for 3 h to hydrolyze the tungsten isopropox-
ide; adding 114 mg carbon black to the solution under constant
mechanical stirring for an additional 12 h; and finally, precipitat-
ing the reaction product by adding acetone followed by washing
(acetone, ethanol, and water) repeatedly, filtration, drying, and heat
treatment at a temperature of 700 ◦C for 2 h under a flowing mixture
of H2/N2 (1:10, v/v).

2.2. Characterization

2.2.1. Transmission electron microscopy (TEM) and
energy-dispersive spectroscopy (EDS)

The morphology and size of the carbon-supported PtW alloy
nanoparticle catalysts were characterized by high-resolution TEM
using a Hitachi HF-2000 field emission gun (FEG) TEM equipped
with a Thermo Scientific ultra-thin window Si(Li) EDS. The aver-
age composition of the PtW alloy nanoparticles, as well as the
compositions of individual nanoparticles, were determined by EDS.
The nanoparticle samples for TEM-EDS analysis were prepared by
dispersing the PtW/C powders in methanol and “looping” onto a
lacey-carbon-coated copper grid followed by drying in air at room
temperature.

2.2.2. X-ray diffraction (XRD)

The prepared carbon-supported PtW alloy nanoparticle cat-

alysts were characterized by XRD using a Bruker powder
diffractometer (a combination of model D8 Discover and D8
Advance) equipped with a scintillation detector using Cu K� radi-
ation. The diffraction patterns were recorded from 2� = 25–90◦ at a
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the (1 1 1), (2 0 0), (2 2 0), (3 1 1), and (2 2 2) reflections. No phase
segregation (pure Pt or pure W) was observed within the detection
limitation of the XRD system. Average particle sizes for each cat-
alyst were calculated from the peak broadening using Eq. (1) and
are listed in Table 1.
L. Xiong et al. / Journal of Pow

can rate of 0.02◦ per step and 5 seconds per point. The average par-
icle sizes were estimated from diffraction peak broadening using
he Debye–Scherrer formula:

= 0.9�

� cos(�)
(1)

here � is wavelength of the X-ray radiation, � is full width at
alf maximum of the diffraction peak, and � is one half the angle
orresponding to the peak position 2�. It needs to be noted that
RD peak broadening delivers only the crystallite size, not particle
ize; but for spherical particles it gives a quick and close to real
stimation.

.2.3. Thermogravimetric analysis and differential scanning
alorimetry (TGA-DSC)

Thermal analyses were performed by using a TA Instrument
odel SDT 2960 Simultaneous TGA–DSC. The samples were heated

n air at a rate of 20 ◦C min−1 and alloy loading was calculated by
he weight change after combustion of the carbon-support. The
tW alloy loadings on carbon-support were targeted to be close
o a benchmark commercial Pt/C catalyst (∼36.4 wt% Pt) for direct
omparison with a baseline catalyst system.

.2.4. Catalytic oxygen electroreduction activity
The catalytic oxygen electroreduction properties of the syn-

hesized carbon-supported PtW alloy nanoparticle catalysts were
easured in a 0.5 M H2SO4 electrolyte solution in a conventional

hree-compartment, three-electrode hydrodynamic system using
Pt mesh counter electrode, a saturated calomel reference elec-

rode (SCE: 0.241 V versus reversible hydrogen electrode (RHE)),
nd a rotating disk working electrode. The working electrode (geo-
etric surface area: 0.196 cm2) was prepared by pipetting and

niformly distributing 15 �l of catalyst ink over the glassy car-
on rotating disk electrode (RDE) tip surface. The catalyst ink was
repared by mixing 20 mg of carbon-supported PtW alloy cata-

yst, 20 ml of Milli-Q ultrapure water, and 1 ml of diluted Nafion
olution (5 wt%, Aldrich) with a pulse ultrasonic probe. The elec-
rolyte solution was de-aerated with high purity argon prior to
lectrochemical cleaning. Saturation with high purity oxygen was
erformed prior to the electrocatalytic activity screening. The
otentials were controlled with respect to a SCE reference elec-
rode by a Solartron potentiostat. All hydrodynamic polarization

easurements were performed under a rotation speed of 2000 rpm
ith a scan rate of 5 mV s−1 in the anodic direction. Platinum mass

ctivity was used for calculating relative activity as compared to a
enchmark commercial Pt/C catalyst using the following relation
34–36]:

iK
mPt

= iD − i

iDimPt
(2)

here iK, iD and i are the kinetic, diffusion limited, and total cur-
ents, respectively; and mPt is the mass of platinum used for the
atalytic oxygen reduction reaction.

It should be noted that the catalytic activity of our bench-
ark Pt/C catalyst in 0.5 M H2SO4 (934.2 mA cm−2 mg−1 at 800 mV
Pt
ith a half-wave potential of 800 mV) is about 2 times lower than

iterature data [35]. However, giving the elevated measuring tem-
erature of 60 ◦C in Ref. [35], a factor of 2 is very reasonable. By
omparing RDE measurements in different electrolytes or different
oncentrations of the same electrolyte, one can realize that elec-
rolyte plays a critical role in catalytic oxygen electroreduction and
t is important to compare the catalytic performance using the same
lectrolyte and the same concentration.
rces 195 (2010) 2570–2578 2573

3. Results and discussion

Table 1 lists the characteristic parameters – synthesis method,
atomic composition (Pt:W ratio), alloying temperature, average
particle size (determined from XRD broadening), alloy loading
(weight percent: wt%), mass activity (0.8 V) and half-wave potential
relative to a benchmark Pt/C standard – of the PtW alloy nanopar-
ticle catalysts fabricated for this study. Details pertaining to phase,
morphology, particle size distribution, composition uniformity, and
catalytic oxygen reduction activity for each of the wet chemical
fabrication methods are given in the following sections.

3.1. PtW/C catalysts synthesized by the CBN method

Fig. 1(a) shows the XRD data of carbon-supported PtW alloy
nanoparticle catalysts of different compositions synthesized by the
CBN method and heat-treated at 700 ◦C in comparison with the XRD
data of a benchmark Pt/C standard. All PtW/C catalysts exhibited a
Pt face-centered cubic (fcc) structure (PDF card #04-0802) with a
slight shift of the (1 1 1) reflection peaks to higher angle indicating
a lattice contraction caused by the formation of the PtW alloys, i.e.,
incorporation of W into the Pt lattice. The peaks are assigned to
Fig. 1. XRD data for carbon-supported PtW alloy nanoparticles prepared by the CBN
method in comparison with a benchmark Pt/C catalyst: (a) PtW alloyed at 700 ◦C
with various Pt:W ratios; (b) PtW (52:48) alloyed at various temperatures.
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Fig. 1(b) shows the XRD patterns of a carbon-supported PtW
52:48) alloy nanoparticle catalyst heat-treated at 500 ◦C, 600 ◦C,
00 ◦C, and 800 ◦C. The heat treatment temperature had a drastic

nfluence on particle size and catalytic performance, as shown in
able 1. Heat treatments at 500 ◦C and 600 ◦C resulted in relatively
oor catalytic performance, although the particle sizes remained
mall. Heat treatments at higher temperatures (above 800 ◦C) led
o a significant increase in PtW particle size and crystallinity, as
ndicated by the sharp XRD reflection peaks, which also resulted
n a reduction in catalytic performance. The optimum heat treat-

ent temperature was found to be 700 ◦C, where small particle
izes were maintained and a peak in catalytic oxygen reduction
ctivity was observed.

Fig. 2(a) displays a representative TEM micrograph of a carbon-
upported PtW alloy nanoparticle catalyst prepared by the carbonyl
ethod and heat-treated at 700 ◦C for 2 h. In the TEM image,

he PtW nanoparticles appear as darkly imaging particles on the
arbon-supports. All PtW alloy nanoparticles are predominantly
pherical and uniformly dispersed on the carbon-supports. The
anoparticle sizes ranged from 1 nm to 3 nm with a very narrow
ize distribution, as determined from the TEM image (Fig. 2(b)).
n average particle size of 1.6 nm was calculated, which is slightly
maller than the one determined from XRD peak broadening. At
high magnification, lattice fringes were observed for individual
tW nanoparticles, indicating that the alloy was well crystallized
see image inset of Fig. 2(a)). The XRD and TEM results clearly
emonstrate that the CBN synthesis method is extremely effective
or synthesizing small, uniformly dispersed, and well crystallized
tW alloy nanoparticles.

ig. 2. (a) TEM image of a representative PtW alloy nanoparticle catalyst prepared
y the CBN approach; high-resolution TEM image displays lattice fringes for indi-
idual nanoparticles consistent with Pt (inset); (b) the corresponding particle size
istribution shows an average particle size of 1.6 nm.
Fig. 3. (a) High spatial resolution TEM-EDS analysis of the compositions of individual
PtW nanoparticles prepared by the CBN method; (b) the Pt atomic concentration of
individual PtW nanoparticles as a function of particle size.

As demonstrated in our previous reports [20,37,38], micro-
compositional uniformity is a critical issue in fabricating highly
active Pt alloy electrocatalysts. The compositions of individual
PtW nanoparticles were determined by high spatial resolution EDS
performed using a field emission gun (FEG) TEM having a probe
diameter of ∼1.5 nm (Fig. 3(a)). The results of EDS analyses showed
differences in the Pt:W ratio as a function of alloy particle size
as shown in Fig. 3(b). The micro-compositions of individual PtW
nanoparticles were relatively uniform with the Pt content vary-
ing between 50 at.% and 70 at.%. The macroscopic Pt:W ratio for
this sample was 46:54, indicating that the tungsten was not com-
pletely alloyed (although excess/non-alloyed W was not observed
via XRD or TEM). The composition difference due to unalloyed W
may explain the relatively lower performance of the PtW nanopar-
ticle catalyst as compared to thin film alloys [19], indicating a need
for even better micro-compositional uniformity. Overall, the micro-
compositional uniformity for the PtW alloy nanoparticles synthe-
sized by the CBN method was fairly good in comparison to other
binary alloy nanoparticles synthesized by conventional methods.

3.2. PtW/C catalysts synthesized by the HYD method
Fig. 4 displays the XRD data for carbon-supported PtW alloy
nanoparticle catalysts of various Pt:W ratios synthesized by the
hydrolysis method and heat-treated at 700 ◦C for 2 h. Broad diffrac-
tion peaks were observed that corresponded to fcc platinum. The
average particle sizes for each PtW/C catalyst were estimated from
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ig. 4. XRD data for heat-treated carbon-supported PtW alloy nanoparticles of vari-
us Pt:W ratios prepared by the HYD method in comparison with a benchmark Pt/C
atalyst.
eak broadening using Scherrer’s equation and are listed in Table 1.
rom the XRD data shown in Fig. 4 and the corresponding aver-
ge particle sizes, there was no distinctive difference between the
ydrolysis and carbonyl synthesis methods.

ig. 5. (a) TEM image of a representative PtW alloy nanoparticle catalyst prepared
y the HYD approach; high-resolution TEM image displays lattice fringes for indi-
idual nanoparticles consistent with Pt (inset); (b) the corresponding particle size
istribution with an average particle size of 2.1 nm.
rces 195 (2010) 2570–2578 2575

The TEM image of a representative PtW alloy nanoparticle cata-
lyst prepared by the hydrolysis method and heat-treated at 700 ◦C
for 2 h is shown in Fig. 5(a). PtW nanoparticles were well dispersed
on the carbon-supports and no significant particle agglomeration
was observed. The particle size distribution was slightly broader
than that measured for the CBN-prepared PtW alloy nanoparticles,
as shown in Fig. 5(b), resulting in a larger average particle size
than the one synthesized by the carbonyl method, 2.1 nm versus
1.6 nm. At a higher magnification, lattice fringes were observed for
individual PtW nanoparticles indicating that the alloy nanoparti-
cles were well crystallized after heat treatment (see image inset of
Fig. 5(a)).

Fig. 6(a) and (b) shows the EDS micro-compositional analyses of
individual PtW nanoparticles fabricated by the hydrolysis method.
The compositions of individual PtW nanoparticles were relatively
uniform, however, the average composition of the nanoparticles,
50:50, is far from the nominal powder composition (28:72). One
explanation for the discrepancy is that significant tungsten was
not alloyed and remained amorphous. More experiments including
inductively coupled plasma-optical emission spectroscopy (ICP-
OES) are planned to clarify this issue.

Though it was reported that Pt nanoparticles could be fabricated
from hydrolyzing Pt4+ in alkaline solutions in the presence of cap-
ping polymers [39], well-controlled Pt or PtW nanoparticles could
also be synthesized by a similar hydrolysis approach without cap-

ping polymer or agency, as demonstrated here. Control synthesis
without capping polymer/agency has the advantage of avoiding a
subsequent capping polymer/agency cleanup procedure.

Fig. 6. (a) High spatial resolution TEM-EDS analysis of the compositions of individual
PtW nanoparticles prepared by the HYD method; (b) the Pt atomic concentration of
individual PtW nanoparticles as a function of particle size.
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Fig. 8. (a) TEM image of a PtW alloy nanoparticle catalyst prepared by the
ig. 7. XRD data for carbon-supported PtW alloy nanoparticles prepared by the
ME method alloyed at different temperatures in comparison with a benchmark
t/C catalyst. �-W peaks are marked by asterisks (*).

.3. PtW/C catalysts synthesized by the RME method

Fig. 7 shows XRD data for carbon-supported PtW alloy
anoparticle catalysts synthesized by the RME method with AOT
urfactants. The as-prepared PtW nanoparticle catalysts exhibited
road diffraction peaks similar to that of Pt/C standard. At 700 ◦C,
dditional diffraction peaks were observed corresponding to an
-W secondary phase, resulting from the reduction and crystal-

ization of tungsten (hydrous) oxides, as reported previously [29].
fter heat treatment at 900 ◦C, the �-W secondary phase vanished.

n addition, the size of PtW nanoparticles increased significantly
ith temperature as evidenced by the increased sharpness of the
RD diffraction peaks in Fig. 7.

Fig. 8(a) displays a representative TEM micrograph of a carbon-
upported PtW alloy nanoparticle catalyst prepared by the reverse
icroemulsion method and heat-treated at 700 ◦C for 2 h. The dis-

ersion of PtW alloy nanoparticles on the carbon-supports was
ot as good as those obtained by the CBN or HYD methods. The
verage nanoparticle size (2.2 nm) and size distribution, however,
ere similar to the catalysts synthesized by the hydrolysis method

Fig. 8(b)). At a higher magnification, lattice fringes were also
bserved indicating that the alloy nanoparticles were well crys-
allized after heat treatment (see image inset of Fig. 8(a)).

Fig. 9(a) shows a TEM image of another PtW/C catalyst synthe-
ized by the reverse microemulsion method. Similar to Fig. 8(a), the
ispersion of the PtW nanoparticles on the carbon-support was not
niform. The compositions of ten nanoparticles ranging in size from
nm to 4 nm were analyzed, and are shown in Fig. 9(b). An excel-

ent micro-compositional uniformity was achieved. However, the
verage individual nanoparticle composition (42:58) is slightly off
he nominal powder composition (32:68), but in good agreement
ith the existence of �-W secondary phase determined by XRD.

.4. Catalytic oxygen reduction activities of the carbon-supported
tW alloy nanoparticle catalysts in an acidic electrolyte

The catalytic activities towards molecular oxygen electroreduc-
ion of carbon-supported PtW alloy nanoparticle catalysts were

easured by the hydrodynamic rotating disk electrode (RDE) tech-
ique in 0.5 M H2SO4. For quantitative comparisons, Tafel plots

ere created using the Levich–Koutecky relationship for Pt/C and

tW/C catalysts, the results of which are shown in Fig. 10(a).
he mass activity is defined as the kinetic current normalized
y the mass of platinum. All PtW/C catalysts showed enhanced
ass ORR activities as compared to a benchmark Pt/C standard
RME approach; high-resolution TEM image displays lattice fringes for individual
nanoparticles consistent with Pt (inset); (b) the corresponding particle size distri-
bution with an average particle size of 2.2 nm.

(36.4 wt% loading). Fig. 10(b) compares relative mass activities of
the carbon-supported PtW alloy nanoparticle catalysts synthesized
by the three different approaches, CBN, HYD, and RME. The PtW/C
catalysts prepared by the carbonyl method displayed the high-
est catalytic activity towards molecular oxygen electroreduction.
A 3.4-fold enhancement in catalytic activity was achieved for this
particular catalyst. PtW/C catalysts prepared by the hydrolysis and
reverse microemulsion methods had very similar, but lower cat-
alytic performance.

Fig. 11 displays the effect of alloy composition on the cat-
alytic activity for PtW/C catalysts prepared by the wet chemical
approaches and are compared with PtW thin film alloys (black dot-
ted line) reported previously [19,20]. PtW catalysts prepared by the
carbonyl method showed the best mass activity at∼40 at.% Pt, while
those prepared by the hydrolysis method and reverse microemul-
sion method showed the best performance for alloy nanoparticles
containing ∼30 at.% Pt. However, all the PtW/C catalysts displayed a
similar volcano plot behavior compared to the PtW thin film alloys,
where the peak activity was observed for a Pt:W atomic ratio of
1:2. The data here clearly indicates that alloy composition plays
an important role in catalytic oxygen electroreduction and that by
carefully engineering alloy particles at the nanoscale, good agree-

ment between thin film screening and nano-powder testing can be
achieved. However, the activity differences could reflect that more
efforts are needed to achieve even better micro-compositional uni-
formity in alloy nanoparticle catalysts.
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Fig. 10. (a) Tafel plots and I–V polarization curves (inset) of PtW alloy nanoparti-
cle catalysts prepared by different wet chemical approaches; (b) the corresponding

produced by the synthesis method. A combination of small particle
size and uniform particle composition is the key to fabricate highly
active electrocatalysts.
ig. 9. (a) High spatial resolution TEM-EDS analysis for compositions of individual
tW nanoparticles prepared by the RME method; (b) the Pt atomic concentration of
ndividual PtW nanoparticles as a function of particle size.

In addition to alloy composition, catalyst particle size also plays
crucial role in catalytic electroreduction of molecular oxygen.

s has been demonstrated, the particle size, size distribution,
article dispersion (on carbon-supports), particle structure, and
article composition, are largely controlled by the synthetic fabri-
ation method used and the alloying temperature Among the three
ynthetic methods described in this study, the carbonyl method
enerated the smallest nanoparticle sizes and the most uniform dis-
ersion on the carbon-supports while the reverse microemulsion
ethod produced the worst nanoparticle dispersion. The influ-

nce of heat treatment temperature on catalytic activity displayed
typical volcano relationship (see Table 1) resulting from the

nterplay of nanoparticle size and alloying effects. High anneal-
ng temperatures were necessary to promote the formation of PtW
lloys leading to increased catalytic activity, however, rapid particle
rowth resulting from too high temperatures lead to a significant
oss of electrochemically active surface area and hence a decrease
n catalytic activity.

The last, yet most challenge, issue in control synthesis of alloy
lectrocatalysts is the micro-compositional uniformity of alloy
anoparticles. Among the three synthesis approaches developed
ere, the carbonyl approach displayed best micro-compositional
niformity with the average particle composition much closer to

he nominal powder composition than those produced by hydrol-
sis and reverse microemulsion approaches. Generally speaking,
igher alloying temperature is required if the micro-compositional
niformity cannot be achieved during a synthesis. For instance, the
tW nanoparticles produced by the reverse microemulsion method
mass activities in comparison with a benchmark Pt/C standard. The nominal alloy
compositions (Pt:W) are 39:61, 28:72, and 32:68 for PtW-CBN, PtW-HYD, and PtW-
RME, respectively.

needed 900 ◦C to be alloyed while a relatively lower temperature
(700 ◦C) was required to alloy PtW nanoparticles fabricated by the
carbonyl method. Generally speaking, high alloying temperatures
are due to the difficulty associated with the reduction of tungsten
oxides and the long-range diffusion of Pt and W, while low alloying
temperatures are a result of uniform micro-composition of alloy
Fig. 11. The relative mass activities of PtW alloy nanoparticle catalysts prepared
by different wet chemical methods as a function of Pt content as compared to the
activities of PtW thin films (black dashed line).
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The mechanisms for catalytic enhancement of platinum alloys
ave been studied extensively and various possible reasons have
een proposed [40–45] including the role of alloy d-band centers,
odification of platinum d-band vacancies, Pt–Pt interatomic dis-

ances, the effect of alloy facets, surface roughening due to leaching
ut of non-precious elements, and improved wettability. The vol-
ano type plot of activity versus composition shown in Fig. 11
ndicates there could be an optimal d-band vacancy in Pt lead-
ng to a maximum in activity [40]. The W atoms may function as
dsorption sites for chemisorbed OHad

− and O2 in the dissociative
dsorption of O2 as observed in other transition metals [46]. This
ould influence the coverage of OH− or O2 on the surface of catalysts
nd hence the catalytic activity.

. Conclusion

High-surface-area carbon-supported PtW alloy nanoparticle
atalysts prepared by three different wet chemical approaches
ere investigated for catalytic oxygen reduction reaction in an

cidic electrolyte. The synthesis method strongly influences par-
icle sizes, size distributions, and micro-compositions of PtW alloy
anoparticles, resulting in differences in catalytic electroreduc-
ion of molecular oxygen. The carbon-supported PtW (39:61) alloy
anoparticle catalyst prepared by the carbonyl approach displayed
he best catalytic activity under current scale of production with a
.4-fold enhancement in mass activity as compared to a benchmark
t/C catalyst.
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