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Various compositions of binary and ternary Pt-Ni-Cr alloys were investigated as catalysts for
the methanol electro-oxidation reaction (MOR). Among the binary (PtygNiz»/C and PtygCrz,/C)
and ternary Pt-Ni-Cr catalysts (Ptngi35Cl’35/C. PtzzNi39Cr39/C, Pt33Ni31CI‘35/C, and Pt33Ni35Cr31/C)
examined, the PtygNi3sCrss/C composition exhibited the highest MOR mass activity (4.42Agc: ")
in the as-prepared version, which was higher than the 3.58 Agc:~' value of the PtRu/C cata-
lyst after 60min of chronoamperometry testing. The order of mass activity for the MOR was
Ptngi;sCl‘36/C>Pt33Ni35Cl‘31/C>PtzzNi39CI‘39/C>Pt33Ni31C['36/C>PtzsCl‘72/C>Pt23Ni72/C, which was sli-
ghtly changed to Ptngi3sCl‘35/C > PtzzNi39C1’3g/C > Pt33NizgCrs; /C > Pt33Nis; CI‘36/C > Ptzgcrnlc > Ptngin/C
after a conditioning process. The effect of anodic conditioning was also studied. A combination of X-
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Electrocatalyst
Cyclic voltammetry ray diffraction, cyclic voltammetry, and chronoamperometry experiments revealed that the conditioning
Chronoamperometry process caused dissolution and an oxidation state change of metallic Ni and Cr,03 in the binary catalysts.

Combinatorial chemistry The higher MOR mass activities of the ternary catalysts compared to the binary ones is attributed to
co-alloying of Ni and Cr, leading to exposure of more Pt on the catalyst surface without reducing specific
activities of the catalysts. The results of this study also correlate well with a prior ranking of catalytic
activity of the same compositions in the form of thin film catalysts that we processed and evaluated by a

high-throughput combinatorial approach [J.S. Cooper, M.K. Jeon, P.J. McGinn, Electrochem. Commun. 10

(2008) 1545-1547].

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Methanol electro-oxidation reaction (MOR) catalysts are under
intensive study for direct methanol fuel cells (DMFCs) application.
Unlike other types of fuel cells which use hydrogen as an anode
reactant, DMFCs use methanol as the anode fuel. The use of lig-
uid fuel allows for easy fuel handling and reduced re-fueling time.
These merits make DMFCs a promising alternative for lithium-ion
batteries for portable applications [1]. Although the performance
of DMFCs has been strongly improved during the last two decades,
DMEFCs still suffer from low catalytic activity of the anode and
cathode catalysts, and methanol cross-over from the anode to the
cathode electrode.

Initially, Pt was employed as the MOR catalyst in DMFCs, but
a rapid decrease of activity was observed because of poisoning by
intermediate CO [1]. CO tolerance was significantly improved by
introducing a Pt-Ru alloy catalyst [2-5]. Pt-Ru is still widely used,
but a desire for greater MOR activity and reduced costs have led
to a continued search for alternative catalysts. Most researchers
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have focused on Pt-Ru based catalysts [6-8] including PtRuFe [9,10],
PtRuNi [11,12], PtRuCo [13-15], PtRuUW [14-17], and PtRuMo [16,18]
to achieve both improved MOR activity and reduced costs. How-
ever, recent reports on the performance degradation of DMFCs
show that dissolution of Ru occurs during long-term operation
[19,20] and that the dissolved Ru crosses through the membrane
and are reduced on the cathode electrode resulting in performance
decrease [21,22]. Thus more research on Ru-free MOR catalysts is
desirable. There are only a limited number of reports on Ru-free
MOR catalysts, with promising results being reported in Pt-Co,
Pt-Ni, Pt-Fe [23], Pt-Pb [24-26], Pt-Ni—Cr [27-29], and Pt-Co-Cr
[30] alloy systems.

Previously, we investigated ternary Pt-Ni-Cr alloys as candidate
catalysts for the MOR via a thin film combinatorial method and
followed this with an examination of powder versions of the best
catalyst compositions [27-29]. It was shown that PtygNi3gCr3g com-
position exhibits satisfactory performance for the MOR that was
comparable to that of a PtRu/C catalyst. A thin film combinatorial
method is a powerful tool to explore many compositions quickly,
but it needs to be complemented by other studies because the
synthesis and characterization methods used in the combinatorial
libraries are different from conventional techniques used for pow-
der versions of catalysts as typically employed in fuel cells [31,32].
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In our earlier Pt-Ni-Cr catalyst study [27], we used multi-
target sputtering to synthesize multi-layers of Pt, Ni, and Cr. The
multi-layers were annealed to form homogeneous alloys and then
characterized simultaneously in a multichannel multielectrode
analyzer. The follow-up powder version of the best thin film cata-
lyst composition was synthesized by a chemical reduction method
and then characterized by conventional methods such as cyclic
voltammetry (CV) and chronoamperometry (CA) experiments. In
that study only the best thin film composition was examined. Hence
it is natural to consider a range of powder compositions around the
best thin film composition to investigate if the different synthe-
sis/characterization techniques yield different optima and provide
further validation of the thin film approach. Differences between
powder and thin film performance might arise due to differing sur-
face properties such as composition or the oxidation states of Ni
and Cr.

Thus the present study examines if the best composition iden-
tified via a thin film combinatorial approach is also the best among
a range of powder compositions. Various compositions of ternary
(Ptngi36CF36, Pt22N139CF39, Pt33Ni31 Cr3g, and Pt33Ni36Cl'3] com-
positions) and binary (PtygNi7» and PtygCry;) catalysts from the
Pt-Ni-Cr systems were synthesized and characterized. In addition,
the effect of an anodic conditioning process was also investi-
gated. The conditioning process was previously introduced in thin
film library studies to improve the MOR activity [14]. The activity
improvement was subsequently also observed in powder versions
of a Pt-Ni-Cr catalyst [29] indicating that the conditioning process
is beneficial to achieve higher MOR activity.

2. Experimental methods
2.1. Catalysts synthesis

All the Pt-Ni-Cr catalysts were synthesized by a conven-
tional NaBH4 reduction method [33]. H,PtClg-6H,0, NiCl,, and
Cr(NO3)3-9H,0 were used as Pt, Ni, and Cr precursors, respec-
tively. The precursors were dissolved in a mixture of de-ionized (DI)
water and isopropyl alcohol (80:1 volume ratio). Carbon support
(Vulcan XC 72R) was added to the mixture. The mixture was soni-
cated and stirred for 30 min to achieve homogeneous mixing. 0.2 M
NaBH4 solution was added to the mixture as a reducing agent. Pre-
viously, we have shown that the amount of reducing agent, NaBHy,
affects catalytic properties of the PtNiCr catalysts [28], and the
highest MOR activity was observed when 50 times the stoichio-
metric amount of NaBH4 was applied. In this study, the amount

1: Pt2sNin
2: Pt2sCre2
3: PtosNiseCras
4: Pt22NizCra
5: PtaaNiaiCras
6: PtsNissCr

Fig. 1. Map of the synthesized catalyst compositions: PtygNiz»/C, PtgCrs2/C,
PtygNi3Cr3g/C, PtyyNisgCrsg/C, Pts3Nis;Crse/C, and Pts33NisgCrs;/C. The encircled
composition range investigated in this study was identified as the region of highest
activity in thin film screening [27]. Point ‘3’ is the composition Pt,sNizsCrsg, which
showed the highest MOR activity in the thin film library.

of 0.2 M NaBH,4 solution was fixed as 50 times the stoichiometric
amount for all samples except for the Pt/C and PtRu/C catalysts.
The mixture was further stirred for 1 h to complete the reduction
reaction. All reactions were performed at room temperature. The
final mixture was filtered and washed with DI water. The result-
ing powder was dried at 100°C in an oven overnight. Total metal
loading was adjusted to 20 wt.% of the total catalyst mass. The syn-
thesized catalysts were named according to their composition so,
for example, PtygNi3gCr3g/C represents a molar ratio of Pt:Ni:Cr
of 28:36:36. Synthesized ternary and binary catalyst compositions
are: Ptngig,Gcl'g,G/C, Pt22N139CI'39/C, Pt33Ni31 CI'36/C, Pt33 Ni36CI'31 /C,
PtygNi7; /C, and PtygCrs,/C. A composition map is shown in Fig. 1.
Pt/C and PtsgRusg/C (“PtRu/C”) catalysts were also synthesized by
the same method for comparison except that the amount of 0.2 M
NaBH4 solution differed (5 times of stoichiometric amount was
applied as it was determined to be the best ratio for PtRu/C [33]).
Previously obtained results for these compositions are used in this
study [28].

2.2. Structural and electrochemical characterization of the
catalysts

Structural characteristics of the catalysts were measured by X-
ray diffraction (XRD) over a 26 range of 20-80° in a step scan mode
(0.02° step size and 0.5 s duration time for each step).

For electrochemical analysis, working electrodes were prepared
by the thin film method [34]. The catalysts were dispersed in a mix-
ture of DI water and 5 wt.% Nafion ionomer solution. The dispersion
was sonicated to achieve homogeneous mixing and then a small
amount of the dispersion was dripped on a glassy carbon electrode
(3 mm dia., BAS Co., Ltd., MF-2012). After drying in the air, 5wt.%
Nafion ionomer solution was dripped on the catalyst layer to sta-
bilize it. Electrochemical testing was performed in a beaker-type
three electrode cell. Pt mesh and saturated calomel electrode were
employed as the counter and reference electrodes, respectively.
MOR activities were measured via chronoamperometry (CA) tests
by keeping the working electrodes at 0.6 V (vs. reversible hydrogen
electrode, RHE) for 1 h. All potentials in this paper were converted
into RHE scale.

2.3. Conditioning process

Before the conditioning process, the catalysts were rapidly
annealed in a tube furnace at 900°C for 5min under H,/Ar
(5.2 mol.% H,) flow to get a higher degree of alloying, with rapid
insertion under atmosphere achieved using an external magnetic
coupling device. This condition is very close to the previously
reported annealing process employed for the Pt-Ni-Cr combinato-
rial library (900 °C for 5 min under vacuum) [27]. The conditioning
process was performed by potential cycling between —0.06 and
1.34V (vs. RHE) for 10 cycles at a scan rate of 10mVs~! and
60 °C. Cyclic voltammetry (CV) was measured by potential cycling
between 0 and 1.2V (vs. RHE) for 3 cycles before and after the
conditioning processes. The MOR activities were also measured
before and after the conditioning processes by the CA tests men-
tioned above. The 900 °Cannealed catalysts were denoted by adding
“—900” after their initial name (for example, “PtgNi3gCr3g/C-900").

3. Results and discussion
3.1. Pt-Ni and Pt-Cr binary catalysts
Fig. 2 shows the XRD results of binary PtygNi7,/C and PtgCr7,/C

catalysts before and after the 900 °C annealing process. Results for
pure Pt are also included for comparison [28]. In the PtygNi7,/C and
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Fig. 2. The XRD patterns of the PtygNiz;/C, PtygNizz/C-900, PtygCrs,/C, and
Pt5Cr72/C-900 catalysts. Prior data of Pt/C is also included [28]. PtCr peaks are
denoted by ‘+’ and Cr,03 peaks are denoted by “*’. Peak positions and intensities
of Pt (ICDD 65-2868), Ni (ICDD 45-1027), Cr,05 (ICDD 38-1479), and PtCr (ICDD
34-0707) are also shown.

Pt,gCr7,/C catalysts, only fcc Pt peaks were observed. The peak posi-
tion of the (11 1) peak moved from 39.48° in the pure Pt/C [28] to
40.40 and 39.81° for the PtygNi7, /C and Pt,gCry, /C catalysts, respec-
tively, indicating slight alloying of Ni and Cr with Pt. The (111)
peak position further shifted in the PtygNi7»/C-900 and PtgCr7,/C-
900 catalysts to 41.76 and 40.14°, respectively, which means a
higher degree of alloying was achieved via 900 °C annealing. While
we could not observe any impurity peaks in the non-annealed
PtygNi7»/C and PtygCrs,/C catalysts, new peaks appeared in the
annealed catalysts. In the PtygNiz»/C-900 catalyst, a peak corre-
sponding to metallic Ni was observed, which is denoted in Fig. 2.
Peaks corresponding to PtCr (denoted by ‘+’ in Fig. 2) and Cr,03
(denoted by “*’ in Fig. 2) were observed in the Pt,gCr;,/C-900 cat-
alyst. These results mean that the annealing condition (at 900°C
for 5min under 5.2 mol.% H,/Ar flow) was not sufficient to reduce
Cr,03 while Ni was reduced to metallic form. Crystallite sizes of
the catalysts were calculated by the Scherrer equation [35], and the
results were 1.7 and 3.7 nm for the Pt;gNi7,/C and PtygCr,/C cata-

Table 1
Summary of the XRD results of the PtNi, PtCr, and ternary Pt-Ni-Cr catalysts. Results
of pure Pt were also included [28].

Catalyst (111)peak  d/nm Lattice Crystallite
position/° parameter/nm size/nm
Pt (Ref. [28]) 39.48 0.2281  0.3951 2.6
PtgNi72/C 40.40 0.2231 0.3864 1.7
Pt2gNiz/C-900 41.76 0.2161  0.3743 8.7
PtysCrs2/C 39.81 0.2263  0.3920 3.7
Pt5Cr7,/C-900 40.14 0.2245 0.3888 8.8
PtygNizsCr3e/C (Ref. [28])  39.51 0.2279  0.3947 1.1
PtysNi3eCr3g/C-900 42.13 02143 03712 12.2
Pty Ni3eCr3g/C 39.53 0.2278  0.3946 0.8
Pt3,Ni3gCr3e/C-900 42.13 0.2143  0.3718 20.1
Pt33Nis; Crsg/C 40.60 0.2220 0.3845 0.7
Pt33Nis; Cr3g/C-900 41.58 0.2170 03759 8.5
Pt33Ni3eCrs; /C 39.56 0.2276  0.3942 1.0
Pt33Ni3sCr3; /C-900 41.85 0.2157  0.3736 19.3

lysts, respectively. The crystallite sizes increased to 8.7 and 8.8 nm
in the PtgNi7;/C-900 and PtygCr7,/C-900 catalysts, respectively. A
summary of the XRD results is listed in Table 1.

The CV results of the PtygNiz,/C and Pt;gCrs,/C catalysts are
shown in Fig. 3 with previously reported CV results of Pt/C [28] and
PtRu/C [36] catalysts. The PtRu/C catalyst exhibited poorly defined
H* desorption peaks (0-0.3 V along positive scan direction) due to
Ru alloying. But the PtygNi7,/C and PtgCr7,/C catalysts showed a
Pt-like shape in the CV tests in the H* adsorption/desorption region
(0-0.3V).This resultindicates alow degree of alloying was achieved
via the NaBH4 reduction method, which is in line with the XRD
results. Electrochemically active surface area (EAS) values were cal-
culated from the desorption area of H* by using 210 nCcm~! for
monolayer charge. It should be noted that this value is based on
polycrystalline Pt [37] and is not precise in alloy catalysts. Although
the absolute values may not be correct, the EAS values are still useful
for evaluation of relative specific activities which is an important
property of electrocatalysts. The EAS values were 7.96, 1.78, 2.51
and 2.01m? gc,, ! for the Pt/C, PtRu/C, PtygNi»/C and PtygCry;/C
catalysts, respectively, including previous results for the Pt/C and
PtRu/C catalysts [28]. In spite of low Pt content, the PtygNiz,/C
and PtygCr,/C catalysts showed larger EAS values than that of the
PtRu/C catalyst suggesting that the catalyst surface is enriched in
Ru during the NaBH,4 reduction.

Fig. 4(a) shows the CA results of the PtygNi;»/C and PtgCr7,/C
catalysts. The results of the PtRu and Pt;gNi3gCrsg catalysts which
were reported previously are also shown for comparison [28,29].

cat.
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Fig. 3. Cyclic voltammetry test results of the Pt/C, PtRu/C, PtygNi7, /C, and Pt,5Cr7,/C
catalysts. 0.5M H,SO4 solution was used as the electrolyte. The scan rate was
50 mV s~1. The scale of the results from the Pt/C catalyst was halved for convenience.
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Fig. 4. Chronoamperometry test results of the PtRu/C, PtygNiz,/C, PtysCry,/C, and
PtygNi3eCrse/C catalysts performed by keeping the working electrode at 0.6V (vs.
RHE) for 60 min 1M H,SO4+1M methanol solution was used as the electrolyte.
Both (a) g-catalyst and (b) EAS based activities are shown.

Both of the binary catalysts exhibited much lower current density
after 60 min operation (1.95 and 2.08 A g¢,¢. ~ ! for the PtygNi7,/Cand
Pt,5Cr7,/C, respectively) than the 4.42 and 3.58 Agca.~! values in
the PtygNi3gCrsg/C and PtRu/C catalysts, respectively. Specific activ-
ities derived by dividing the CA results by electrochemically active
surface area (EAS) are shown in Fig. 4(b). Like the mass activity
results, specific activity of the PtygNizgCrsg/C catalyst (1.12 Am~2
at 60 min of operation) was superior to 0.779 and 1.03Am2 in
the PtygNi7, /C and PtygCry,/C catalysts, respectively. These results
prove a synergistic effect from the co-addition of Ni and Cr into the
Pt catalyst, while Cr is more beneficial than Ni to achieve higher
MOR in Pt based binary alloys.

The effect of conditioning was investigated via CV tests
before and after the conditioning process. The CV results of
the PtygNi7,/C, PtygNiz»/C-900, and PtygNiz,/C-cond. catalysts are
shown in Fig. 5(a). The H* adsorption/desorption peaks are largely
reduced after the 900°C anneal, while they were significantly
recovered after the conditioning process because of surface Ni dis-
solution. EAS values of the PtygNi7;/C-900 and Pt,gNi7;/C-cond.
catalysts were 0.203 and 0.501 m? gca.~!, respectively, which were
only 8.1 and 20.0% of 2.51m?ger.~! in the PtygNiz/C catalyst.
The EAS value was not fully recovered after the conditioning pro-
cess due to the increase of crystallite size. The CV results of
the PtygCry;/C, PtygCry,/C-900, and PtygCry,/C-cond. catalysts are
shown in Fig. 5(b), which also exhibited suppressed H* adsorp-
tion/desorption after the 900°C anneal. But exposure of the Pt
surface was more significant than the case of the PtNi catalysts. EAS
values of the PtygCr7,/C-900 and Pt,gCr7,/C-cond. catalysts were
0.0720 and 0.962 m? gc,¢.~ !, respectively. When compared with the
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Fig. 5. Cyclic voltammetry results of the (a) PtygNi7; catalysts and (b) PtgCrz, cat-
alysts before and after 900 °C annealing and the conditioning process. 0.5 M H,S04
solution was used as the electrolyte. Scan rate was 50mVs~'.

results of the PtNi catalysts, the increase of EAS via the conditioning
process is much larger in the Pt,gCr;,/C-cond. catalyst (1240%) than
that in the PtygNi7,/C-cond. catalyst (147%), which means signifi-
cant dissolution of Cr, O3 occurs. In addition, it should be noted that
the EAS value of the PtygCr7,/C-900 (0.0720 m2 gcar.~1) was much
smaller than the 0.203 m? gc5¢.~! value in the PtygNiz»/C-900 cat-
alyst, while that of PtygCr7,/C-cond. is 92% higher than that of the
Pt,gNi7; /C-cond. catalyst. This result shows more significant sur-
face segregation and dissolution of Cr,03 during the annealing and
conditioning process, respectively.

The effect of the conditioning on the MOR activity was mea-
sured by employing CA tests, and the results are shown in Fig. 6(a).
At 60 min operation, the MOR activities of the PtygNi;/C-900 and
Pty5Cry,/C-900 catalysts were 0.214 and 0.134Agca !, respec-
tively, which increased dramatically to 0.733 and 2.12 A gcae. ~ ! inthe
PtgNi7, /C-cond. and Pt,gCr; /C-cond. catalysts, respectively. Spe-
cific MOR activities were also compared in Fig. 6(b) based on the EAS
values. The specific activities increased from 0.779 and 1.03 Am—2
in the PtygNiy»/C and Pt,gCry, /C, respectively, to 1.05 and 1.86 Am—2
in the PtygNi7;/C-900 and PtygCr7,/C-900, respectively, indicating
that a higher degree of alloying is beneficial for the MOR (especially
in the Pt-Cr case). After the conditioning tests, the specific activi-
ties further increased to 1.46 and 2.20 Am~2 in the Pt,gNi7, /C-cond.
and Pt,gCr7,/C-cond. catalysts, respectively. Although a significant
increase of specific activity (39%) was observed in the Pt;gNi7,/C-
cond. catalyst, only an 18% increase in specific activity was shown
in the Pt,gCry,/C-cond. catalyst. This improvement in the MOR
might have been achieved by an oxidation state change of Ni and
Cr (Cr,03). And the more significant change in the Pt,gNi7,/C-cond.
catalyst suggests the oxidation state change was more significant in
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Fig. 6. Chronoamperometry results of the Pt;sNi;; and PtygCry, catalysts based
on (a) catalyst mass (Age. ') and (b) specific activities (Am~2). The data were
obtained by keeping the working electrodes at 0.6 V (vs. RHE) for 60 min in the 1M
methanol +1 M H,SO4 electrolyte.

metallic Ni than in Cr,03. In the above, it is seen that the EAS values
increased by 147 and 1240% in the PtygNi7, /C-cond. and Pt;gCr7,/C-
cond. catalysts, respectively. Therefore, it can be concluded that
the increase in the MOR mass activity of both the Pt;gNi;,/C-cond.

Table 2
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Fig. 7. The XRD patterns of ternary PtNiCr catalysts including 900°C annealed cata-
lysts. Reference peaks for pure Pt (ICDD 65-2868) and Cr,03 (ICDD 38-1479) phases
are also shown.

and PtygCrs,/C-cond. catalysts came from dissolution and oxida-
tion state change of metallic Ni and Cr,03, but the contribution of
dissolution and oxidation state change on each catalyst is different.
In addition, it should be noted that, in spite of significant dissolu-
tion of Cr,03 in the PtgCr;,/C-cond. catalyst, the specific activity
of the Pt;gCrs,/C-cond. catalyst is still 51% higher than that of the
Pt,gNi7, /C-cond. catalyst, which means Cr is a better choice than Ni
for high MOR in a Pt-based binary system. A summary of the EAS
values and the MOR activities is listed in Table 2.

3.2. Pt-Ni-Cr ternary catalysts

The XRD results of the ternary Pt-Ni-Cr catalysts are shown
in Fig. 7 before and after 900°C annealing. Before the anneal-

Summary of the electrochemical testing results obtained by cyclic voltammetry and chronoamperometry (at 0.6V and 60 min operation) experiments.

Catalyst EAS/m? ger. ! Mass activity/A gear, ! Specific activity/A m—2 Mass activity on g-noble metal
scale/A Znoble metal =L

PtRu/C (Ref. [28]) 1.78 3.58 2.01 17.9
PtRu/C-900 1.60 3.56 2.23 17.8
PtRu/C-cond. 1.40 5.07 3.62 254
PtygNiz; /C 2.51 1.95 0.779 17.3
PtygNiz, /C-900 0.203 0.214 1.05 1.90
PtygNi7, /C-cond. 0.501 0.733 1.46 6.50
PtyCr72/C 2.01 2.08 1.03 17.5
PtgCr72/C-900 0.0720 0.134 1.86 1.13
Pty3Cr72/C-cond. 0.962 2.12 2.20 179
PtosNisgCrss/C (Ref. [28]) 3.96 442 1.12 38.2
Pt Ni36Cr36/C-900 0.591 1.09 1.84 9.43
PtygNi3eCrse/C-cond. 2.1 4.03 191 349
Pt Ni3gCrsg 2.81 3.66 1.30 36.7
Pt;2Ni39Cr3g-900 0.209 0.162 0.775 1.63
PtzzNiggCl’39—C0nd. 1.66 3.24 1.95 32.5
Pt33Nis3; Crsg 2.88 3.30 1.15 25.9
Pt33Ni3; Cr36-900 0.529 0.938 1.77 7.37
Pt33Ni3; Cr3g-cond. 1.49 2.57 1.72 20.2
Pt33NizgCrs; 3.70 3.70 1.00 29.2
Pt33Ni3Cr3;-900 0.308 0.564 1.83 4.45
Pt33Ni3sCr3;-cond. 1.32 2.88 2.18 22.7
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Fig. 8. Cyclic voltammetry results of the PtysNi3gCrss/C, PtNiseCrsg/C,
Pt33Ni3; Cr3g/C, and Pt33NisgCr3; /C catalysts based on (a) catalyst mass (Agca. ')
and (b) normalized intensity. That of the Pt/C catalyst was also included with a
halved intensity for comparison [28].

ing, only fcc Pt peaks were observed without a significant shift of
the (11 1) peak, indicating formation of a poorly alloyed Pt-Ni-Cr
catalyst. After annealing at 900°C, large shift of the (111) peak
was observed in all samples. In addition, peaks of Cr,03 also
appeared in all catalysts although the amount of Cr was nearly
half of the PtygCrs,/C catalyst. Crystallite sizes were calculated
from the (11 1) peaks and the results are listed in Table 1. Before
annealing, very small crystallite sizes between 0.1 and 1.1 nm were
observed, which means formation of an amorphous phase of poorly
alloyed Pt-Ni-Cr is likely. The crystallite size increased after 900 °C
annealing to 12.2, 20.1, 8.5, and 19.3 nm for the Pt;gNi3gCr3g/C-900,
Pty;Ni3gCr3g/C-900, Pt33Ni3;Cr3g/C-900, and Pt33NizgCrs;/C-900
catalysts, respectively. When compared with the 8.7 and 8.8 nm
respective sizes of the Pt;gNi7; /C-900 and Pt;gCr7,/C-900 catalysts,
the ternary catalysts exhibited more coarsening than the binary
catalysts. A summary of the XRD results is listed in Table 1.

The CV results of the ternary catalysts are shown in Fig. 8(a).
A normalized current density scale (based on peak current density
during H* desorption) is shown in Fig. 8(b) for convenient compari-
son. The Pt-Ni-Cr catalysts show a larger capacitive current density
(0.3-0.7V) than that of the Pt/C catalyst, which might be caused
by the Ni and Cr,03 phases. EAS values of the catalysts were 3.96,
2.81,2.88,and 3.70 m? gcatf] for the PtygNis3gCrsg/C, Ptyo NisgCrsg/C,
Pt33Ni3q Cr3g/C, and Pt33NisgCrsp /C catalysts, respectively.

Fig. 9(a) shows the CA results of ternary catalysts on an A/g-
catalyst basis (A gcat.~1). The PtygNizgCrsg/C (4.42 Agear. 1) catalyst
showed the highest performance among the ternary catalysts,
which was better than the PtRu/C catalyst (3.58 Agca.~!) at 60 min
of operation. Other ternary catalysts also exhibited competitive
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Fig. 9. Chronoamperometry test results of PtygNisgCrss/C, PtyNiseCrsg/C,
Pt33Ni3; Crs3g/C, and Pt33NiseCrs; /C catalysts based on (a) catalyst mass (Agca. ')
and (b) specific activity. The tests were performed in 1M methanol+1M H,S04
solution by keeping the working electrode at 0.6V (vs. RHE) for 60 min.

performances, indicating the ternary Pt-Ni-Cr system is a promis-
ing candidate for high MOR. On a specific activity scale (Am~2)
(shown in Fig. 9(b)), the ternary Pt-Ni-Cr catalysts showed lower
activities than that of the PtRu/C catalyst. Interestingly, all of
the Pt-Ni-Cr catalysts exhibited similar specific activity in a
range of 1.00-1.30Am~2, indicating that the high activity of the
Pt,gNi3gCrsg/C catalyst came from the large EAS. These results sug-
gest that the PtygNi3gCr3g/C composition is an optimum ratio in
terms of exposing Pt on the catalyst surface without losing spe-
cific activity, resulting in the highest MOR activity. However, as was
mentioned above, the non-annealed catalysts are potentially quite
different from our previously reported [27] thin film combinatorial
library especially with respect to the degree of alloying and surface
oxidation states. Therefore, further experiments were performed as
discussed below.

The effect of conditioning was investigated by CV testing,
with the results shown in Fig. 10. In all catalysts, H* adsorp-
tion/desorption peaks increased significantly, indicating exposure
of Pt on catalyst surfaces via dissolution of surface Ni and Cry03.
In addition, capacitive currents of the catalysts increased after the
conditioning, which might have come from the oxidation state
change in the Ni, Cr,03, and carbon support. EAS values were
also calculated before and after the conditioning tests as shown in
Table 2. The EAS values increased by 182-694% after the condition-
ing tests, which means extensive dissolution of Ni and Cr, O3 species
occurred. These increases are within the range of changes observed
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Fig. 10. The effect of conditioning examined by measuring cyclic voltammetry of the (a) PtygNi3sCrsg/C, (b) Pty2Ni3gCrsg/C, (¢) Pt33Nis; Cr3g/C, (d) Pt33NisgCrsy /C, and (e) PtRu/C
catalysts before and after the conditioning test. The experiments were performed by potential cycling between 0 and 1.2V (vs. RHE) for 50 cycles at a scan rate of 50mVs-1.

0.5M H,S04 solution was used as the electrolyte.

in the PtygNi7,/C-cond. (147%) and PtygCr;,/C-cond. (1240%) cat-
alysts, which shows that the extent of dissolution was regulated
by co-alloying of Ni and Cr. In contrast, in the PtRu/C catalyst the
EAS slightly decreased after the conditioning test, which means
agglomeration of nano-particles and surface segregation of Ru
(hydrous) oxides occurred. The dissolution observed during condi-
tioning suggests that further investigation of the long-term stability
of the PtNiCr catalysts is needed to determine their suitability for
extended use in fuel cells.

The MOR activity measurement results before and after the con-
ditioning tests are shown in Fig. 11. Before the conditioning process,
the order of MOR activity at 60 min operation time was: PtRu/C-
900 (3‘56Agcat.71 ) > Ptngi36Cr36/C—900 (109 Agcat.71 ) > Pt33Ni31
Cr3g/C-900 (0.938 Agcar.~1)> Pt33Ni3gCr31/C-900 (0.564Agcar. ')
> PtyyNizgCrag/C-900 (0.162Agcar.~!). After the conditioning,

the order of the MOR activity was changed to: PtRu/C-cond.
(5.07A gcatf] )>PtygNi3gCrsg/C-cond. (4.03A gcatf] )> Pty NiggCr
39/C-cond. (3.24 Agcat.71 )>Pt33Ni3gCrs;/C-cond. (2.88A gcat‘71 )>
Pt33Ni3; Cr3g/C-cond. (2.57 Agcar.~!). Although the MOR activity
of the PtygNisgCr3g/C catalyst significantly improved after the
conditioning process, the activity was still lower than that of
the PtRu/C catalyst. But it is clearly seen that the Pty,gNi3gCr3g/C
catalyst exhibited the highest MOR activity among the ternary
Pt-Ni-Cr catalysts, which is in good agreement with our previous
thin film combinatorial library study [27]. It should be noted that
the ternary catalysts showed higher MOR mass activity after the
conditioning test than the 0.733 and 2.12Agc:. ! values of the
PtgNi7; /C-cond. and PtygCr7,/C-cond. catalysts, respectively. This
demonstrates the synergistic effect of co-alloying of Ni and Cr
into Pt. In addition, these results highlight a principal benefit of a
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Fig. 11. Chronoamperometry test results of the ternary catalysts before and after
the conditioning tests based on (a) catalyst mass activity (A gc. ') and (b) specific
activity (Am~2). 1 M methanol + 1 M H,SO4 solution was used as the electrolyte. The
tests were performed by keeping the working electrodes at 0.6 V (vs. RHE) for 60 min.

combinatorial synthesis and high-throughput screening method:
fast identification of promising compositions.

Specific activities are shown in Fig. 11(b). A dramatic increase
of the MOR specific activity was observed in the PtRu/C-cond.
(62%) and Pty,Ni3gCr3g/C-cond. (150%) catalysts, while only a slight
increase was observed in the other catalysts. In the case of the
PtRu/C catalyst, this increase in the specific MOR activity comes
from a change of the Ru oxidation state [38-40]. The especially
large increase of the specific activity in the Pt;;Ni3gCr3g/C-cond.
catalyst can be rationalized by the significantly low specific activ-
ity of the Pt;;NizgCr3g9/C-900 catalyst, although the reason for the
poor performance in this catalyst is not clear. It should be noted
that all of the conditioned Pt-Ni-Cr catalysts show close specific
activities (1.72-2.18 Am~2) and the increase of the specific activ-
ities after the conditioning process was not significant. Recalling
that the specific activities of Pt,gNi7, /C-cond. and Pt,gCr7,/C-cond.
were 1.46 and 2.20 Am~2, respectively, we can conclude that the
co-alloying did not cause a synergistic effect in specific activity. But
it is interesting to compare the EAS values of the conditioned cata-
lysts: it was 0.501 and 0.962 m?2 gc,¢. ~! in the PtygNis,/C-cond. and
Pt,3Cr7, /C-cond., respectively, which increased to 2.11, 1.66, 1.49,
and 1.32m? gcat,*1 in the PtygNi3gCrsg/C-cond., PtyyNizgCrsg/C-
cond., Pt33Ni3;Cr3g/C-cond., and Pt33NizgCr3;/C-cond. catalysts,
respectively. These results show that after conditioning, the ternary
catalysts have larger EAS values than the binary catalysts although
the ternary ones have lower Cr content than the Pt,gCr7,/C-cond.
catalyst. These results suggest that the high MOR activity in the
ternary catalysts came from the co-alloying of Ni and Cr which pro-
duced more exposure of Pt on the catalyst surface without losing
specific activities during the conditioning process. The improved
activity of the binary and ternary catalysts studied in this paper
could result from both the well-known bi-functional mechanism
[41] and an electronic (ligand) effect [42]. Deeper analysis of the
reaction mechanism is needed to clarify contribution of each mech-
anism as the two mechanisms are hard to distinguish [43].

It should be mentioned that the highest MOR mass activ-
ity among the conditioned binary and ternary Pt-Ni-Cr
catalysts was observed in the PtygNizgCr3g/C-cond. cata-
lyst in spite of similar specific activities for all the samples.
The order of mass activity of the as-prepared catalysts were
PtygNi3gCr3s/C > Pt33NizeCr3r /C> PtypNizgCrsg/C > Pt33Niz  Cr3q/C>
Pt,3Crs, /C>PtygNiz, /C. After the conditioning, the order changed
to: PtygNizgCrsg/C-cond. > Pty;NizgCr3g/C-cond. > Pt33NizgCrs; [C-
cond. > Pt33Niz; Cr3g/C-cond. > PtogCrs, /C-cond. > PtygNiz, /C-cond.,
with only the Pty;NizgCr3g and Pt33NiszgCrsz; compositions chang-
ing their positions. These results mean that (1) non-annealed
catalysts and conditioned catalysts have similar ordering of MOR
mass activity and (2) the Pt;gNi3gCr3g composition is an optimum
composition in both the non-annealed and conditioned forms,
although reaction mechanism in each form might be different. In
addition, these results suggest that anodic conditioning of a thin
film combinatorial library can help to improve the performance
correlation between thin films and as-prepared powder catalysts,
and that use of a conditioning process should always be considered
in evaluating sputter deposited combinatorial libraries.

As noted above, the PtNiCr powder catalyst activity rankings
correlate well with thin film activity screening results. The supe-
rior performance of the Pt—-Ru catalyst powders also mirrors the
performance seen in thin film screening across many systems. The
compositions that have shown the strongest peak current densities
along with low MOR onset potentials have all been in Ru-containing
ternary systems [44]. This is further evidence of the unique role of
Ru in enhancing MOR performance in alloy systems.

Finally, from a practical viewpoint, it is also useful to compare
the MOR activities on a g-noble metal scale (A gnopimetal ') as the
noble metal cost plays a major part in price determination. The
MOR activity of the Pt,gNi3gCr36/C catalyst was 38.2 A gnoble metal '
while that of the PtRu/C catalyst was only half of this value
(17.9 A €noble metal~ 1)- All the other ternary catalysts considered here
also performed significantly better than the PtRu/C catalyst in
this regard (see Table 2). The PtygNi72/C (17.3 A gnoble metal+) and
Pty5Cr72/C (17.5 A gpoblemetal | ) Catalysts did not show improved
MOR activity in this respect. These results suggest that the ternary
Pt-Ni-Cr catalysts are promising candidates for the MOR in DMFCs,
especially where catalyst cost is a major issue.

4. Conclusion

Various compositions of ternary Pt-Ni-Cr and binary PtNi
and PtCr catalysts were investigated to verify the composition
dependence for the MOR suggested by earlier thin film studies.
The PtygNi3gCr3g composition showed the highest MOR mass
activity (4.42Agcc. ') among the binary and ternary compo-
sitions in their as-prepared form during chronoamperometry
testing (0.6V and 60min), which was even better than the
PtRu/C catalyst (3.58 Agcat.~!). The PtygNizgCrsg composition
showed its highest MOR activity among the alloys both before
and after the conditioning process. The order of mass activity before
(PtagNi3eCr3g/C> Pt33NizgCrag /C> Pty NizgCr3g/C > Pt33Nisg Cr3g/C>
Pt,gCrs,/C>PtygNiz»/C) and after (PtygNizgCrg/C-cond. > Pty; Nisg
Cr3g/C-cond. > Pt33Ni3gCr31 /C-cond. > Pt33Ni3q Cr3g/C-cond. > Ptyg
Cr7,/C-cond. > PtygNi7; [C-cond.) the conditioning process was very
similar. The increase in both the EAS values and specific activities
of the binary PtygNi7;/C-cond. and PtgCrs;/C-cond. catalysts
revealed that both Ni (metallic Ni) and Cr (Cr,03) experienced
dissolution and oxidation state change during the conditioning
process, with the dissolution being more significant in Cr,0s3,
while the increase of specific activity was higher in metallic Ni. The
close specific activity results of all the ternary catalysts showed
that their improved mass activity came from the increase in the
EAS and that co-alloying of Ni and Cr could provide a synergistic
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effect by exposing more Pt on the catalyst surface than in the
binary catalysts without losing their intrinsic activity during the
conditioning process.
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