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a b s t r a c t

The ternary Pt–Co–Cr system was investigated for suitability as a methanol electro-oxidation reaction
(MOR) catalyst by combinatorial synthesis and high-throughput screening method. A PtCoCr thin film
library was prepared by a multi-target sputtering technique while parallel characterization was per-
formed using a multichannel multielectrode analyzer. The highest MOR activity was observed in the
Pt30Co30Cr40 composition after a conditioning process. The high MOR activity of the thin film Pt30Co30Cr40

composition was verified in a powder version of the alloy. In 20 h chronoamperometry tests, the MOR
activity of the Pt30Co30Cr40 powder catalyst alloy was 10.3 A g−1

noble metal, which was 160% higher than the
4.03 A g−1

noble metal value of the PtRu/C catalyst, suggesting that PtCoCr alloys are promising candidates as
Ru-free MOR catalysts. The effect of the conditioning process was also investigated, revealing that dis-
Combinatorial synthesis

High-throughput screening
Electrocatalyst

solution and oxidation of surface Co and Cr occurs during conditioning. After conditioning, the activity
of 900 ◦C reduced Pt30Co30Cr40 catalyst dramatically increased by 26.8 times from 0.0765 to 2.13 A g−1
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. Introduction

Development of catalysts to promote the methanol electro-
xidation reaction (MOR) is the focus of much research for direct
ethanol fuel cells (DMFCs) application. Pure Pt is not suitable

s an anode catalyst in DMFCs due to rapid poisoning by inter-
ediate CO [1]. Introduction of Pt–Ru alloy catalysts significantly

mproves the CO tolerance of Pt-based catalysts [2–5]. Even higher
OR activity of PtRu catalysts was achieved by adding transition
etals [6–9] to form ternary alloys such as PtRuFe [10,11], PtRuCo

12–14], PtRuW [12,15], PtRuMo [9,16], and PtRuNi [17–19]. How-
ver, research suggests that Ru in the anode is dissolved during
MFC operation [20,21] and that the dissolved Ru is transported
cross the membrane and reduced on the cathode electrode [22,23].
his phenomenon is considered to be one of the major issues in
erformance degradation of DMFCs, so a Ru-free catalyst is desir-
ble to eliminate this degradation mechanism. Research on Ru-free
OR catalysts is not extensive but a few encouraging results have

een reported. For example, enhancement in the MOR activity by

lloying Pt with transition metals such as Co, Ni, Fe, and Cu was
eported [24]. Significantly improved MOR activity was reported in
t–Pb system [25–27], which exhibited 2–97 times higher activity
han PtRu catalyst although it has a higher onset potential [25].
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Development of new catalysts in such systems is both time-
consuming and expensive due to the vast number of possible
combinations of metals. The time and cost can be efficiently
lessened by a combinatorial synthesis and high-throughput screen-
ing approach. Hence in the Pt–Pb system such approaches are
already beginning to emerge [28,29]. The combinatorial method
was first applied to electrocatalysts by Reddington et al. [30], and
since that report various synthesis (e.g., solution dispensing [31],
physical vapor deposition [12,32], and electrodeposition [33]) and
characterization methods (e.g., optical screening [30,34], scanning
electrochemical microscopy [35], multielectrode half cell [36,37],
and multielectrode full cell [38]) have been developed [39]. Among
these various methods, in the present study, we employed physical
vapor deposition (sputtering) and a multielectrode half cell system
due to their benefit for reproducible preparation of discrete cata-
lyst compositions and quantitative, parallel, and quick analysis of
the combinatorial library, respectively. Recently, by using a thin film
combinatorial method, a promising Ru-free MOR catalyst was iden-
tified in the ternary Pt–Ni–Cr system [40]. The results obtained from
the thin film combinatorial library were verified by synthesizing a
powder version, which exhibited performance comparable with a
PtRu powder based on a catalyst mass scale (A g−1

cat.) and even better

performance on a noble metal mass basis (A g−1

noble metal) [41].
In the present study, we explored the ternary Pt–Co–Cr system

for potential MOR catalysts via synthesis and parallel characteriza-
tion of a combinatorial thin film library. This system was previously
reported as a promising oxygen electro-reduction reaction catalyst

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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42]. The same library was investigated for its MOR activity and the
est composition in the library was characterized in a powder form.
ecause a conditioning process was reported to improve the MOR
ctivity of thin film catalysts [43], powder conditioning was investi-
ated to provide better performance correlation between thin film
nd powder catalysts.

. Experimental

.1. Thin film library synthesis and characterization

The library preparation procedure [42] has been described pre-
iously. Building a thin film combinatorial library starts by using
hotoresist to develop a pattern of titanium nitride leads and
ads on a 50 mm silicon wafer. These capture pads are hexagonal
0.026 cm2) with a nearest neighbor distance of 1.6 mm. Around
he periphery of the wafer there is a ring of electrical contact pads
hat are the connection points (through a series of pogo probes)
o the multichannel potentiostat. The network of electrical traces
onnects each hexagonal capture pad with its respective circular
ontact pad. Outside of the combinatorial pattern are 12 compo-
ition pads that are captured with a 7th mask. A fixed reference
omposition, typically Pt, is deposited at these 12 locations to per-
it easy comparison between libraries. After deposition of the

apture pads, Pt, Co, and Cr targets were sputtered through a series
f shadow masks to fabricate 63 discrete pads of different composi-
ion as well as the reference pads. A computer program sequentially
elects gun and mask combinations to deposit a series of multilayer
amples with varying compositions on the substrate. The deposited
ibrary was annealed ex situ after deposition in a 10−6 Torr vac-
um. The annealing schedule was 550 ◦C for 4 h followed by a rapid
igh temperature anneal at 900 ◦C for 5 min to achieve homoge-
eous crystalline films since the as-deposited library consists of
ultilayers of Pt, Co, and Cr.
Parallel potentiostatic analysis to measure MOR activity of the

eposited compositions was performed with a commercial mul-
ielectrode system (Scribner Associates model 900B Multichannel

icroelectrode Analyzer (MMA)) which can control 100 channels
t a time. MOR activity was measured at room temperature by
otential cycling between −0.06 and 1.34 V (vs. reference hydrogen
lectrode (RHE)) in nitrogen purged 0.5 M H2SO4 + 0.5 M methanol
lectrolyte solution. Dry nitrogen was bubbled through the elec-
rolyte until a stable open circuit potential was attained, which
sually required at least 10 min. The cell potential at all of the cata-

yst pads was then set and held at 0.04 V (vs. RHE) for an additional
0 min before testing. Testing began by acquiring cyclic voltammo-
rams at room temperature between −0.06 and +1.34 V (vs. RHE),
t a scan rate of 10 mV s−1, until a stable curve was reproducibly
easured from all of the catalyst pads. This usually required 10–20

ycles. For screening of MOR activity, the potential was again held
t 0.04 V (vs. RHE) while methanol was introduced into the elec-
rolyte to achieve an equivalent to 0.5 M solution. After allowing
he solution to homogenize and the measured currents to stabi-
ize, the potential was again swept from −0.06 to 1.34 V (vs. RHE) at
0 mV s−1 until stable curves were again measured from all of the
atalyst pads.

After the initial characterization, the library was subjected to
“conditioning” process, which consisted of potential cycling at

0 ◦C between −0.06 and 1.34 V (vs. RHE) for 10 cycles at a scan rate
f 10 mV s−1. After the conditioning, MOR activity was measured
gain at room temperature under the same conditions described

bove. The current density values from the thin film libraries are
ased on the geometric area of the sample pad (0.026 cm2) and
ot the active area. The active area of platinum surfaces is usu-
lly determined by examining a monolayer adsorption during a
otential sweep [44–46]. Assuming that a monolayer of protons is
ources 192 (2009) 391–395

adsorbed onto active Pt sites, the area under the curve for this region
is directly proportional to the active area. The present combinato-
rial approach necessitates reporting currents from widely varying
compositions, including some with no platinum at all. Unfortu-
nately, for catalysts with little to no Pt there is an overpotential for
the adsorption of hydrogen so this method is inaccurate at deter-
mining their active area. Other methods to determine roughness,
such as DEMS [47] or STM [48] are not compatible with the present
combinatorial testing approach. Instead, compositions were ranked
based on their onset potentials and peak methanol oxidation cur-
rent densities for a few reasons. The onset potential was examined
because it is not influenced by any change in the surface roughness.
Previous testing on thin film libraries showed there was a strong
correlation between the peak current density and the current den-
sity observed after a 5 min chronoamperometric experiment at
0.74 V [11]. Finally, it is important note that the thin film libraries
are used for the purpose of screening compositions, i.e., to distin-
guish the most active compositions. That is why it is advisable to
follow thin film studies with an investigation of the most promis-
ing compositions in powder form in order to validate the thin film
results and perform more extensive electrochemical characteriza-
tion.

2.2. Powder synthesis and characterization

After being identified in the thin film combinatorial library as
the most active catalyst composition for the MOR, Pt30Co30Cr40
powder was synthesized by a conventional NaBH4 reduction
method (“PtCoCr–NaBH4”) [49]. H2PtCl6·6H2O, Co(NO3)2·6H2O,
and Cr(NO3)3·9H2O were used as precursors of Pt, Co, and Cr,
respectively. The precursors were dissolved in a mixture of de-
ionized (DI) water and methanol (80:1, v/v), and then carbon
support (Vulcan XC-72R) was added to the solution. The precur-
sor concentration was 0.573, 0.573, and 0.763 mmol L−1 for the Pt,
Co, and Cr precursors, respectively. The mixture was sonicated and
stirred for 30 min to achieve homogeneous mixing. 0.2 M NaBH4
solution was added to the mixture as a reducing agent. The mix-
ture was further stirred for 1 h to complete the reaction. All of the
reactions were performed at room temperature. The final mixture
was filtered and washed by DI water, and then dried at 100 ◦C in an
oven overnight. Loading of total metals was adjusted as 20 wt.% of
the total catalyst mass.

Electrochemical tests were performed in a beaker-type three
electrode cell. A glassy carbon electrode (3 mm diameter, BAS Co.,
Ltd., MF-2012) was used as the working electrode. Catalyst layers
were formed by a thin-film method [50]. The catalysts were dis-
persed in a mixture of DI water and Nafion ionomer solution. The
dispersion mass ratio was 1 (Nafion):11.4 (catalyst):1140 (water).
The dispersion was sonicated for homogeneous mixing and then
a small amount of the dispersion was dripped on the working
electrode. After air drying, a 5 wt.% Nafion ionomer solution was
dripped on the catalyst layer to stabilize it. The glassy carbon
working electrode catalyst loading was 1.39 mgcat. cm−2 electrode.
Platinum mesh and saturated calomel electrodes were used as the
counter and reference electrodes, respectively.

The PtCoCr–NaBH4 catalyst powder was subject to a condition-
ing process. First, the PtCoCr–NaBH4 was annealed at 900 ◦C for
5 min under H2/Ar (5.2 mol% H2) flow to achieve a high degree of
alloying. Prior to annealing at 900 ◦C, the furnace was purged with
the H2/Ar gas for 1 h. To minimize the catalyst time at 900 ◦C, quick
insertion into and removal from the furnace hot zone was achieved

via an external magnetic pushing device. The resulting annealed
catalyst is named as “PtCoCr-900”. The PtCoCr-900 catalyst was con-
ditioned by potential cycling between −0.06 and 1.34 V (vs. RHE)
for 10 cycles at a scan rate of 10 mV s−1 in 60 ◦C 0.5 M H2SO4. The
conditioned PtCoCr-900 catalyst is termed “PtCoCr-cond.”
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Cyclic voltammetry (CV) and MOR activity were measured
efore and after the conditioning process. For the CV, potential was
ycled at 50 mV s−1 between 0 and 0.8 V (vs. RHE) for 50 cycles at
oom temperature in 0.5 M H2SO4 electrolyte. Chronoamperome-
ry tests were performed by keeping the potential of the working
lectrode at 0.6 V (vs. RHE) for 600 s in 1 M H2SO4 + 1 M methanol
olution. All potentials in this paper were converted to RHE
cale.

. Results and discussion

The MOR activity test results of the combinatorial library
re shown in Fig. 1. Before the conditioning process (Fig. 1(a)),
t20Co60Cr20 composition showed the highest MOR activity. But
his composition showed poor performance after the conditioning
rocess (Fig. 1(b)) due to corrosion. The corrosion performance of
his library was shown in an earlier report (Fig. 6b of Ref. 42), and the
oor corrosion score of the Pt20Co60Cr20 composition suggests that
ignificant dissolution of Co and Cr during the conditioning pro-
ess caused the loss of MOR activity. The highest MOR activity after
onditioning was observed for the Pt30Co30Cr40 composition, which
lso exhibited an excellent corrosion score [42]. This composition
xhibited a significant increase of current density from 3.8 × 10−4

o 2.9 × 10−3 A cm−2 after the conditioning process. Further inves-
igation on the performance of the Pt30Co30Cr40 composition was
erformed on the alloy in powder form.
X-ray diffraction results of the PtCoCr–NaBH4, and PtCoCr-900
owder catalysts are shown in Fig. 2. The (1 1 1) peak was observed
t 39.85◦ in the PtCoCr–NaBH4 catalyst, which is a slightly higher
� value than 39.48◦ in the Pt/C catalyst [41]. This slight shift indi-

ig. 1. The MOR activity measurement results of the Pt–Co–Cr thin film combinato-
ial library (a) before and (b) after the conditioning process.
Fig. 2. The XRD results of the PtCoCr–NaBH4 and PtCoCr-900 catalysts. The tetrag-
onal PtCo peaks are denoted by asterisks and the superlattice of the PtCo phase by
a plus sign. Vertical line shows peak position of pure Pt.

cates only slight alloying of Co and Cr with Pt was achieved [41]. The
(1 1 1) peak shifted to 41.41◦ in the PtCoCr-900 catalyst due to exten-
sive alloying from the 900 ◦C anneal. In the PtCoCr-900 catalyst, new
peaks were observed corresponding to formation of ordered cubic
Pt3M (M is Co and/or Cr) and/or tetragonal PtM phases. The peaks
of the Pt3M and PtM phases (denoted by ‘*’ in Fig. 2) were not dis-
tinguishable due to very close peak positions and low intensities.
Some other peaks that do not match to the intermetallic phases
(Pt3M and PtM) could be assigned as Cr2O3 peaks (JCPDS-ICDD
#01-073-6214, denoted by ‘+’ in Fig. 2). The formation of Cr2O3
means that the annealing conditions were not sufficient to reduce
the Cr2O3 into metallic Cr. The source of oxygen might be the precur-
sor, which means Cr was not fully reduced by the NaBH4 reduction
process, and/or from trace oxygen remaining inside the furnace.
The above results show that the structure of the PtCoCr-900 cata-
lyst mainly consists of the disordered PtCoCr solid solution along
with a minor fraction of the ordered Pt3M and PtM alloy phases and
Cr2O3. Crystallite sizes of the catalysts were calculated from (1 1 1)
peaks near 40◦ by using the Scherrer equation [51], yielding 2.6
[41], 2.2, and 7.3 nm for the Pt/C, PtCoCr–NaBH4, and PtCoCr-900
catalysts, respectively.

Fig. 3(a) shows the MOR activity test results measured by keep-
ing the potential of the working electrodes at 0.6 V for 600 s. The
data for Pt/C and PtRu/C catalysts reported in an earlier study [41]
are also included for comparison. In contrast to the current densities
of PtRu/C and Pt/C which decrease continuously, the PtCoCr–NaBH4
catalyst shows almost a flat response over the 600 s period, sug-
gesting low susceptibility to poisoning by intermediate CO. The
activity of the PtCoCr–NaBH4 at 600 s was 3.14 A g−1

cat., which is
84% of the 3.75 A g−1

cat. value for the PtRu/C catalyst. On a g-noble
metal scale, the PtCoCr–NaBH4 catalyst exhibited 38% higher activ-
ity (26.0 A g−1

noble metal) than the PtRu/C catalyst (18.8 A g−1
noble metal).

In the PtCoCr-900 catalyst, the MOR activity was very low due to a
decrease of surface area resulting from the particle size increase and
formation of a Co and Cr oxides surface (see discussion of Fig. 4). But
the low MOR activity of the PtCoCr-900 catalyst, 0.0765 A g−1

cat., dra-
matically increased to 2.13 A g−1

cat. (27.8 times) after the conditioning
process. Further discussion on the effect of conditioning is included
below. Prolonged chronoamperometry testing was performed to
elucidate the apparent decay-free performance of the PtCoCr cata-
lysts. Fig. 3(b) shows 20 h chronoamperometry results at 0.6 V for
the PtRu/C and PtCoCr–NaBH4 catalysts, which are shown on a g-

noble metal scale (A g−1

noble metal). The PtCoCr–NaBH4 catalyst began
to decay after 30 min operation, and the rate of performance decay
was similar to that of the PtRu/C catalyst. The current density of the
PtCoCr–NaBH4 catalyst after 20 h was 10.3 A g−1

noble metal, which was
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Fig. 3. (a) The chronoamperometry results of the PtCoCr–NaBH4, PtCoCr-900, PtCoCr-cond., Pt/C, and PtRu/C catalysts measured for 600 s. The results of the PtRu/C and Pt/C
catalysts are from Ref. [26]. (b) The 20 h chronoamperometry results of the PtRu/C and PtCoCr–NaBH catalysts. Both tests were performed by keeping the working electrode
a /C, Pt
a te. Th
s
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a
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t 0.6 V in the 1 M H2SO4 + 1 M methanol electrolyte. (c) CV results of the Pt/C, PtRu
nd 0.8 V (vs. RHE) at a scan rate of 50 mV s−1 in 1 M H2SO4 + 1 M methanol electroly
pecific activity.

60% higher than the 4.03 A g−1
noble metal value of the PtRu/C catalyst.

hese results show that the PtCoCr catalyst exhibits low CO poison-
ng and is a promising Ru-free MOR catalyst. The MOR performance
as also compared in terms of specific activity by dividing the mass

ctivities by electrochemically active surface area (EAS). Calcula-

ion of EAS values was based on the CV results which are shown
n Fig. 4, yielding values of 7.96, 1.78, 1.69, and 1.09 m2 g−1

cat. for
he Pt/C, PtRu/C, PtNiCr–NaBH4, and PtNiCr-cond. catalysts, respec-
ively. For the values of Pt/C and PtRu/C, we referred to our previous

ig. 4. The CV results of the Pt/C, PtCoCr–NaBH4, PtCoCr-900, and PtCoCr-cond. cat-
lysts. The tests were performed by potential cycling between 0 and 0.8 V (vs. RHE)
t a scan rate of 50 mV s−1. 0.5 M H2SO4 solution was used as the electrolyte.
4

CoCr–NaBH4, and PtCoCr-cond. catalysts measured by potential cycling between 0
e results are shown on specific activity scale. (d) Data from (a) replotted in terms of

study [41]. It should be noted that the calculation of the EAS val-
ues was based on 210 �C charge for desorption of monolayer H+

on polycrystalline Pt although this value is not precise in alloy
catalysts. The EAS value of the PtCoCr-900 catalyst was not cal-
culated due to an indistinguishable H+ desorption area. Fig. 3(c)
shows the CV results performed in 1 M H2SO4 + 1 M methanol
solution on a specific activity scale. For the PtRu/C catalyst, we
referred our previous report [52]. At 0.6 V, the order of specific
activities was PtRu/C (3.57) > PtCoCr-cond. (2.91) > PtCoCr–NaBH4
(1.17) > Pt/C (0.520). The chronoamperometry results of Fig. 3(a) are
replotted in Fig. 3(d) as a function of their specific activity. The order
of activity was not changed. At 600 s operation, the specific activ-
ities were 0.0685, 2.11, 1.86, and 1.95 A m−2 for the Pt/C, PtRu/C,
PtCoCr–NaBH4, and PtCoCr-cond. catalysts, respectively. Although
the PtCoCr-cond. catalyst exhibited much higher specific activity
than the PtCoCr–NaBH4 catalyst in the cyclic test, their performance
did not show much difference in the chronoamperometric tests.
This result shows that the presumably higher degree of alloying is
not beneficial for improving CO tolerance.

The effect of conditioning was investigated by CV testing, with
the results for Pt/C, PtCoCr–NaBH4, PtCoCr-900 and PtCoCr-cond.
catalysts being shown in Fig. 4. The PtCoCr-900 catalyst exhibited
no specific peaks in the H+ desorption range (0–0.3 V), which means
a Co and Cr oxides rich surface was formed during the annealing

process. But after conditioning, H+ desorption peaks are clearly
shown indicating that surface Co and Cr were dissolved during
the conditioning process. In addition, in the PtCoCr-cond. catalyst,
oxidation/reduction peaks were observed near 0.55 V, which is dif-
ferent from the pure Pt/C catalyst. Duong et al. [53] showed that Co
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xides are dissolved during potential cycling between 0 and 1.4 V
or 40 cycles. In their Pt3Co catalyst [53], a small oxidation peak is
bserved near 0.55 V which disappears with increasing number of
otential cycles between 0 and 1.4 V to form a Pt skin surface. There-
ore, it can be recognized that the oxidation/reduction peaks of the
tCoCr-cond. catalyst came from the oxides of Co and Cr. In addi-
ion, it can be concluded that the performance improvement via
he conditioning process was induced by dissolution and oxidation
f Co and Cr.

In earlier studies it was shown that the performance of Pt–M
nd Pt–M1–M2 alloys synthesized by the borohydride reduction
echnique depends on the amount of excess NaBH4 used during
he reduction process [41,49]. This aspect of the process was not
ptimized for PtCoCr in the present study.

The performance improvement resulting from the anodic con-
itioning treatment is similar to what was recently reported for
tNiCr alloys [43]. In that study it was found that it is possible to
ptimize the voltage used in the anodic “conditioning” treatment
o maximize the current density. The anodic conditioning process
ppears to lead to the formation of reversible (hydrous) oxides.
n that study it was shown that the performance of Pt–Ru alloys
lso benefits from such a treatment. The optimum voltage likely
epends on the alloy composition. Both the NaBH4 reduction and
onditioning processes can be optimized to further enhance the
erformance of the Pt30Co30Cr40 alloy.

. Conclusions

The PtCoCr system was investigated to identify possible Ru-free
OR catalysts by a thin film combinatorial synthesis and high-

hroughput screening method. The Pt30Co30Cr40 composition was
dentified as having the highest MOR activity among 63 different
ompositions in the combinatorial library. A powder version of
t30Co30Cr40 showed 160% higher activity (10.3 A g−1

noble metal) than
comparably synthesized PtRu/C catalyst (4.03 A g−1

noble metal) after
0 h of chronoamperometry tests. The positive effect of anodic con-
itioning observed in thin films was also verified in the powder
ersion, resulting in a dramatic increase of the MOR mass activity
27.8 times). The improvement resulted from the dissolution and
xidation of surface Co and Cr oxides. These results show that the
t–Co–Cr system is a promising candidate as a Ru-free MOR cat-
lyst, and a suitable anodic conditioning process can improve the
OR activity of the Pt–Co–Cr catalysts.
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