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bstract

The catalytic oxygen electroreduction properties of platinum alloyed with base metals were screened using a high throughput combinatorial
ethod. Candidate catalysts were identified by comparing the activity–stability–composition relationships between the platinum alloys and a pure

latinum standard. Among the alloys studied, PtCo, PtNi, PtZn, and PtCu displayed the highest catalytic activities towards molecular oxygen
lectroreduction, but suffered from poor chemical stability in acid electrolytes. Alloys based on PtW, PtTi, and PtSe offered modest catalytic

ctivity improvements and good chemical stabilities. In addition to the high throughput discovery, various synthesis technologies were studied to
ngineer alloy particles on the nanoscale. A good correlation in catalytic activity was found between thin film and carefully engineered powder
atalysts.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Proton exchange membrane fuel cells (PEMFCs) are a
romising candidate as an environmentally friendly power
ource for transportation applications [1–3]. The advantages
f PEMFCs over internal combustion engines (ICEs) are a
elatively high efficiency, low or zero emissions, and a high
nergy density. The high efficiency of PEMFCs arises from
he direct conversion of chemical energy to electrical energy
ithout the Carnot limitation that applies to thermal engines.
overnments and automobile companies have committed bil-

ions of dollars to push fuel cells powered vehicles (FCVs) into
ass market because of the potential energy crisis and strin-

ent government pollution regulations. However, three major
ssues currently inhibit the mass marketing of PEMFCs in trans-
ortation, namely, high component costs, a less established
efueling infrastructure, and poor durability of the system in ser-

ice. The cost and durability issues are predominately related
o the electrolyte and electrocatalysts used in PEMFCs. To
vercome the material barrier of precious metal based electro-
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atalysts, new electrocatalysts must be developed with reduced
recious metal content while maintaining high catalytic activ-
ty. Though considerable efforts have been made over past
ecades to find new catalysts, particularly Pt alloy electro-
atalysts, for molecular oxygen electroreduction [4–11], little
ttention has been paid to the systematic investigation of the
ctivity–stability–composition relationships of these alloys and
o clear candidate catalyst has been found for next generation
CVs.

Combinatorial high throughput research is becoming more
nd more popular, both academically and industrially, in phar-
aceutical, material, and chemical research. A great deal of

pplied research has been conducted worldwide involving the
apid testing of large numbers of composite materials with the
urpose of finding new beneficial materials [12–18]. On one
ide, the large number of combination does increase the chance
f finding desired materials; however, this method can waste
esources and time by creating a large amount of useless data.
o avoid wasting resources and to produce more reliable data,
s in the case of conventional single-experiment measurements,

e have developed a novel high throughput method where

he number of experiments is smaller than typical industrial
ombinatorial research, yet providing data as reliable as from
onventional single-experiment [19,20].

mailto:the@honda-ri.com
dx.doi.org/10.1016/j.jpowsour.2006.12.030


8 wer S

t
o
a
n
o
s
e
s
g
t
d
s

p
a

2

s
o
t
o
P
m
t
f
c
r
a
o
m
v

c
f
i
p
p
d
c
p
w
s
c
e
m
e
o
e
t
S
s
e
e
w

a
1
t
t
(
t
2

t
[
c
e
fi
S
w
m
fi
p
0
b
w
s
1

3

t
p
i
F
s
P
m
n
[
g
s
m
w
m
(
e
a
t
d
P
a
r
X
T
a
F

8 T. He et al. / Journal of Po

In addition to discovering new electrocatalyst materials, syn-
hesis of these materials on the nanoscale is critical to achieve
ptimized catalytic performance. Nanostructured materials have
ttracted increasing attention due to displaying unique properties
ot observed in bulk materials. Important challenges in devel-
ping nanostructured materials include the ability to control the
ize of a nanoparticle, monodispersity, microcomposition, and
ven the capability for morphology or self-assembly capability,
o called nanomaterials by design [21]. Recently, great pro-
resses have been achieved in particle nano-engineering through
he development of various synthesis technologies [20,22–27],
emonstrating remarkable parallels to catalytic activities for
upported nanoparticles.

This paper reports the results of thin film based high through-
ut combinatorial screening and nano-synthesis of Pt binary
lloys for catalytic oxygen electroreduction.

. Experimental

A high throughput combinatorial method was developed to
ystematically study the electrocatalytic reduction of molecular
xygen of thin alloy films [19,20]. Thin alloy films of 100 nm in
hickness with defined compositions were fabricated in the form
f solid solution by a multi-source physical vapor deposition (M-
VD) system. The resulting thin film samples were analyzed for
orphology by scanning electron microscopy (SEM), composi-

ion by energy dispersive X-ray spectroscopy (EDXS), and phase
ormation by X-ray diffraction (XRD) prior to electrochemi-
al stability testing and activity screening on a multi-channel
otating disk electrode (M-RDE) system. A final compositional
nalysis was performed to determine if any composition changes
ccurred during electrochemical analysis. All data and infor-
ation were entered into a database for further analysis and

isualization.
The M-PVD system is equipped with 12 plasma guns in 3

lusters. Up to four elements can be deposited simultaneously
orming solid solutions. The atomic composition of each metal
n the alloy (solid solution) was controlled by varying plasma
owers and the film thickness was controlled by the plasma
ower, deposition time, and gas pressure. The physical vapor
eposition is an atomistic deposition process, it is a simple and
onvenient way to make solid solution films comprised of multi-
le elements. The oxygen reduction properties of thin alloy films
ere electrochemically screened by the hydrodynamic M-RDE

ystem. The system consists of 16 stations each containing a
onventional rotator (working electrode), a glass cell, a counter
lectrode, and a reference electrode in a typical three compart-
ent cell configuration. Individual glass cells were utilized for

ach working electrode to protect against cross contamination
f base metals that may be leached out from the alloys in acidic
lectrolytes. By using a multi-channel potentiostat, the reac-
ions on all working electrodes were measured simultaneously.
pecially made glassy carbon working electrodes were used as

ubstrates for the thin films. The geometric surface areas of all
lectrodes were identical, 0.196 cm2. The electrolyte used in all
xperiments was optima grade sulfuric acid diluted with 18 M�

ater to 0.5 M. The electrolyte was deaerated with high purity
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rgon prior to stability testing (intensive cycling between 0 and
V). Saturation with high purity oxygen was performed prior

o the electrocatalytic activity screening. The potential was con-
rolled with respect to a saturated calomel reference electrode
SCE) by a Solartron potentiostat. All hydrodynamic polariza-
ion measurements were performed under a rotation speed of
000 rpm and a scan rate of 5 mV s−1.

Carbon supported PtW and PtTi nanoparticles were syn-
hesized through organometallic routines reported elsewhere
28,29]. The powders were characterized by XRD, inductively
oupled plasma analysis (ICP), high-resolution transmission
lectron microscopy (HRTEM), and high angle annular dark
eld-scanning transmission electron microscopy (HAADF-
TEM). A single channel RDE system from Pine Instruments
as used for powder catalytic activity screening. All experi-
ental configuration and approaches were identical to the thin
lm screening previously mentioned. Samples were prepared by
ipetting and uniformly distributing 15 �l of catalyst ink onto
.196 cm2 glassy carbon electrodes. Catalyst inks were prepared
y mixing 20 mg of supported catalysts with 20 ml of 18 M�

ater and 1 ml of diluted Nafion solution (5 wt.%, Aldrich). The
olution was ultrasonicated using a pulse ultrasonic probe for
0 min or until a dark, uniform ink was achieved.

. Results and discussion

Catalysts for fuel cells must be active and stable under the
hermodynamic forces (temperature, gas atmosphere, pressure,
H, and electrochemical potential) of fuel cell operation. To
dentify candidate Pt alloys, the following criteria were used.
irst, Pt mass specific activities were calculated and compared
ince the reduction of Pt and other precious metals used in the
EMFC cathode is one of the top priorities. To calculate the Pt
ass specific activity, Tafel plots were created from hydrody-

amic polarization curves using the Levich–Koutecky equation
30,31] and the kinetic current densities (IK cm−2, electrode
eometric area) were obtained from these plots. The Pt mass
pecific activity is defined as the kinetic current density nor-
alized by Pt mass. For thin film alloys, the Pt mass-fraction
as used instead of Pt mass; therefore, alloy comparisons were
ade using Pt mass-fraction specific activity. By using the mass

mass-fraction) specific activity, comparison of the catalytic
nhancement due to alloying with base metals for a normalized
mount of Pt could be made. Fig. 1(a) is a bubble plot displaying
he Pt mass-fraction specific activities towards oxygen electrore-
uction at 0.8 V for 18 Pt binary alloy systems relative to a pure
t standard. The pure Pt standard was calculated by averaging
ctivities of pure Pt films from all tested libraries. Each bubble
epresents one alloy from the corresponding alloy system on the
-axis with a Pt atomic concentration indicated on the Y-axis.
he size of the bubble is proportional to the relative mass specific
ctivity with larger bubbles indicating higher catalytic activity.
or alloys with activities less than that of pure Pt, the bubble

ize was minimized and held constant to aid comparisons.

Secondly, to avoid being misled by using Pt mass specific
ctivity for ultra low Pt concentration alloys, half-wave poten-
ials (HWP) were used as an additional indicator of activity. The
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Fig. 1. (a) Relative Pt mass-fraction specific activities at 0.8 V for Pt binary
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lloys; (b) HWP shifts of these alloys, in comparison with a pure Pt standard; (c)
elative changes of Pt atomic concentration of these alloys after electrochemical
orrosion testing.

WP is the potential at half current maximum in the hydro-
ynamic polarization curve. A positive HWP shift for an alloy
atalyst relative to the pure Pt standard indicates the activity
f that alloy is better than pure platinum. The activity of alloy
atalysts increases with increasing HWP shift. In this way, it is
ble to avoid sacrificing the fuel cell performance by reducing
he platinum mass. Fig. 1(b) shows the HWP shifts of the Pt
inary alloy systems. Similar to Fig. 1(a), the size of the bubble
s proportional to the magnitude of the positive HWP shift with
egative HWP shifts represented by minimized bubbles.

Thirdly, due to the severe operating environment of PEM-
Cs being characterized by a very acidic electrolyte, a relatively
igh operating temperature, and an oxidizing atmosphere at
he cathode, the chemical and thermal stabilities of electrocata-
ysts are very important to minimize performance degradation.

herefore, the composition change of the alloys was investi-
ated using EDXS analysis before and after corrosion testing
nd was included as a comparison criterion. Fig. 1(c) displays
he relative changes of platinum atomic concentration of the

o
l
o
t

ources 165 (2007) 87–91 89

lloys as a function of final composition for these alloy systems.
he bubble size is inversely proportional to stability, i.e. smaller
ubbles indicate less base metal corrosion or a small change in
omposition after testing. Note that EDXS was used in film com-
ositional analyses and that the error bar of EDXS is typically
ery high, up to 10–20% for low concentration elements. The
tability results are only intended to be used as a qualitative indi-
ation of alloy stability. In addition to the composition changes
hown in Fig. 1(c), the lack of low Pt atomic concentration alloys
n, for instance, PtCo, PtCu, PtFe, PtMn, PtMo, PtNi, PtV, and
tZn alloy systems is another indication of chemical corrosion.
he base metals in these highly corrosive alloys were leached
way, resulting in compositions with high Pt atomic concentra-
ion. Finally, when available, thermodynamic information such
s immunity, nobility, and phase formation were also taken into
ccount [32,33].

Candidate alloy catalysts were determined by maximizing Pt
ass-fraction specific activity and HWP shift while minimizing

lloy corrosivity (composition change). For stable alloy systems,
lloys with the highest mass-fraction specific activities and the
ighest positive HWP shifts are easily identifiable. However, for
ess stable alloy systems, a compromise in activity was made in
rder to identify more stable alloys. Using PtCo as an example,
n alloy with 78 at.% Pt and 22 at.% Co displayed the largest
ass-fraction specific activity and positive HWP shift, and a rel-

tively small composition change after stability testing. Based
n the criteria described above, this alloy was identified as the
est for the PtCo system. A similar strategy was used to identify
he best compositions for other alloy systems. These promising
xygen electroreduction catalyst alloys are framed in Fig. 1. For
he sake of quantitative comparison, the relative mass specific
ctivities, HWP shifts, and relative composition changes of these
andidate alloys are labeled near the bubbles. Most of the candi-
ate alloy compositions display ratios of Pt to base metal of either
:1 (PtCo, PtFe, PtMn, PtTi, PtV, and PtZn) or 1:1 (PtCu, PtMo,
tNi, and PtRe), corresponding to the two ordered structures of
CC alloys. The only exceptions are PtSe and PtW, where the
atalyst candidates have much lower Pt atomic concentrations.
mong the binary alloys, PtCo displayed the highest activity

owards molecular oxygen electroreduction followed by PtNi,
tZn, and PtCu. Although the activities for PtW, PtTi and PtSe
re not the best of alloys investigated, these alloys do exhibit
xcellent chemical stability under our testing conditions and are
herefore identified as promising alloy catalysts too.

By comparing alloy activity and stability in Fig. 1, the base
etals may be described and categorized by the following two

ategories: (1) corrosive and active base metals including Co,
u, Fe, Mn, Mo, Ni, V, and Zn; (2) stable and less active base
etals such as Cr, Nb, Pd, Re, Se, Sn, Ta, Ti, W and Zr. A

ommon feature for category 1 base metals is that only high Pt
oncentration compositions remain after stability testing indi-
ating significant base metal corrosion, see Fig. 1. To further
xplore synergistic effects, stable metals were added to stabilize

r passivate the active and corrosive binary alloys and, simi-
arly, active metals were added to enhance the catalytic activities
f stable and less active binary alloys. The results from these
ernary alloy studies will be reported in the near future.
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Fig. 3. Quantitative comparison of Pt mass-fraction/mass specific activities at
0.8 V between PtW thin film alloys and carefully engineered nanoparticles: (a)
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ig. 2. (a) STEM image of carbon supported PtW nanoparticles synthesized by
arbonyl complexes with microcomposition analysis; (b) lattice fringes; (c) fast
ourier transform analysis.

The relevance of using thin film screening of electrocatalysts
s opposed to nano-powder screening is an issue under debate.
ach methodology has merits and disadvantages. Thin films with
esired compositions can be easily produced in the form of solid
olutions; however, since films are not nanoscale, the nano-effect
n catalysis cannot be observed. Alloy nanoparticles, on the other
and, are extremely difficult to synthesize with uniform micro-
ompositions, e.g. see [20–22]; therefore, most powder based
creenings do not refer to the compositions claimed. Since PtW
nd PtTi films showed reasonable activities with relatively good
hemical stabilities, carbon supported PtW and PtTi nanoparti-
les were synthesized using organometallic routines [28,29] to
rovide a fair comparison between thin film and powder results.
ig. 2(a) shows a typical STEM image of carbon supported PtW
lloy nanoparticles synthesized by carbonyl complexes along
ith the microcomposition analysis performed using STEM-
DXS. The microcompositions among various nanoparticles
re fairly uniform. The PtW nanoparticles have a predominantly
pherical shape and are uniformly dispersed on the carbon sup-
ort. Lattice fringes observed at higher magnification, Fig. 2(b),
ndicate that the alloy nanoparticles are well-crystallized. Fast
ourier Transform (FFT) analysis of the nanoparticles, Fig. 2(c),
ndicates that these nanoparticles have a FCC structure which
grees well with XRD results [28].

Fig. 3 displays the comparisons of relative mass specific
ctivities between thin film and nanoparticle catalysts for PtW

fi
r
b
s

tW; (b) PtTi.

nd PtTi. Similar to most activity–concentration plots, vol-
ano shapes were observed for both thin films and carefully
ngineered nanoparticles. Very good correlations were found
etween the thin films and the carefully engineered powders
xcept that the activities are slightly lower for the powder sam-
les and the activity peak positions of the nanoparticle catalysts
re shifted a little bit. The difference in behavior between the
hin films and nanoparticles may indicate a need for even better

icrocomposition uniformity.
The catalytic activity of an alloy can be described by:

J

A g−1 = IK

A cm−2

S

cm2 g−1 (1)

here IK is the intrinsic current density and S is the active sur-
ace sites. The good correlations found between thin films and
ano-powders indicate that it is appropriate to measure purely
he intrinsic properties in electrocatalyst discovery. Considering
he challenges of engineering nanoparticles with controllable
ize, monodispersity, and microcomposition uniformity, the thin
lm based high throughput screening developed here does offer
emarkable advantages. The results of ternary alloys discovered

y this combinatorial high throughput method will be reported
oon.
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. Conclusion

By using the thin film based high throughput combinato-
ial tools, a systematic study of the electrocatalytic activity for
xygen reduction of various base metals alloyed with Pt was
erformed. Suitable alloy compositions were identified for each
lloy system by considering the activity–stability–composition
elationships in comparison with a pure platinum standard.
dditionally, good activity correlations have been found
etween thin films and carefully engineered powders for PtW
nd PtTi alloys, indicating that the thin film based high through-
ut methodology is suitable for catalyst combinatorial screening.
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