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Abstract—Quaternary Pt,Ru,Fe,M,/C (M=Ni, Mo, or W) catalysts were investigated for the methanol electro-oxida-
tion reaction (MOR). Electrocatalytic activities of the quaternary catalysts for CO electro-oxidation were studied via
CO stripping experiments, and the Pt,Ru,Fe,Ni,/C and Pt,Ru,Fe,W,/C catalysts exhibited lowered on-set potential
compared to that of a commercial PtRu/C catalyst. MOR activities of the quaternary catalysts were determined by lin-
ear sweep voltammetry (LSV) experiments, and the Pt,Ru,Fe,W,/C catalyst outperformed the commercial PtRu/C cat-
alyst by 170 and 150% for the mass and specific activities, respectively. X-ray photoelectron spectroscopy (XPS) was
employed to analyze surface oxidation states of constituent atoms, and it was identified that the structure of the synthe-
sized catalysts are close to a nano-composite of Pt and constituent metal hydroxides and oxides. In addition, the XPS
results suggested that the bi-functional mechanism accounts for the improved performance of the Pt,Ru,Fe,Ni,/C and

Pt,Ru, Fe,W,/C catalysts.

Keywords: Methanol Electro-oxidation Reaction, Direct Methanol Fuel Cell, Electrocatalyst, X-ray Photoelectron Spec-
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INTRODUCTION

Development of high performing methanol electro-oxidation
reaction (MOR) electrocatalysts is desired due to their use in direct
methanol fuel cells (DMFCs). DMFC has the attractive character-
istic that it uses a liquid fuel, enabling design and fabrication of small
cells. However, the use of methanol also has some drawbacks, such
as low catalytic activity for the MOR and methanol cross-over from
the anode to the cathode, resulting in suppressed cathode perfor-
mance [1]. Pure platinum was first introduced for the MOR, but
CO poisoning caused a rapid drop of catalytic activity. The poor
CO tolerance of pure Pt catalyst was significantly improved by in-
corporating Ru, and a bi-functional mechanism was suggested to
account for the improved CO tolerance [2-5]. According to the bi-
functional mechanism, CO produced on the Pt surface reacts with
OH generated on the surface of Ru to produce CO,. The follow-
ing reactions explain the bi-functional mechanism:

Pt+CH;OH—Pt-CO+4H"+4¢"
Ru+H,0—Ru-OH+H'+e
Pt-CO+Ru-OH— Pt+Ru+CO,+H"+e"

Although the PtRu catalyst achieved significantly improved MOR
activity, research continues in the quest for catalysts with higher
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activity, lower cost, and enhanced stability. Among various efforts
to develop highly active MOR electrocatalysts, transition metal doped
PtRu catalysts such as PtRuNi [6-9], PtRuCo [10,11], PtRuMo [12],
and PtRuW [10,11,13-15] exhibited promising results [16-18]. In
addition to the bi-functional effect, electronic effect also accounts
for the improved MOR activity of the transition metal doped PtRu
catalysts [19-22]. Briefly, the electronic effect suggests that a modi-
fication of the Pt electronic structure is induced by neighboring
transition metals, resulting in weakened Pt-CO bonding. Normally,
the bi-functional mechanism can be identified through CO strip-
ping experiments, because a lowered on-set potential for the CO,4
electro-oxidation reaction is observable when the bi-functional
mechanism is operative. On the other hand, X-ray photoelectron
spectroscopy (XPS) is widely employed to verify the electronic effect,
because a change of Pt electronic state is caused by the transition
elements.

Previously, Jeon et al. [23] reported that Pt,Ru, Fe,/C catalyst (Pt
RuFe/C) significantly outperformed a binary PtRu/C catalyst. The
high activity of the PtRuFe/C catalyst was also observed in a com-
binatorial study of various compositions of this ternary system [24].
The XPS analysis results revealed that electronic structure of Pt was
significantly changed by the incorporation of Fe, meaning the elec-
tronic effect of Fe could weaken Pt-CO bonding to enhance the
MOR and CO electro-oxidation activities of the PtRuFe/C catalyst.
In the present study; a further investigation of the PtRuFe/C cata-
lyst was performed by adding secondary transition metals of Nj,
Mo, and W to produce quaternary compositions of Pt,Ru,Fe,Ni,/C
(PtRuFeNi/C), Pt,Ru,Fe,Mo,/C (PtRuFeMo/C), and Pt,Ru,Fe, W,/
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C (PtRuFeW/C). A review of Demirci [18] provided a rationale
for selecting Mo and W as additional members of the PtRuFe/C
catalyst. In the review; Demirci suggests Mo and W as promising
candidates to promote the MOR activity of the PtRu catalyst ac-
cording to surface segregation and d-band shift properties. Nickel
was chosen according to previous results which reported promis-
ing MOR activities of ternary Pt-Ru-Ni catalysts [6-9]. The quater-
nary composition electrocatalysts were analyzed using various tech-
niques including X-ray diffraction (XRD), CO stripping, linear
sweep voltammetry (LSV), and X-ray photoelectron spectroscopy
(XPS).

EXPERIMENTAL

1. Synthesis of Catalysts

The quaternary catalysts were synthesized by a chemical reduc-
tion method using NaBH, as a reducer. First, the carbon support
(Vulcan XC72R) was dispersed in an isopropyl alcohol and de-
ionized (DI) water mixture. An appropriate amount of metal pre-
cursors was dissolved to adjust the atomic ratio of Pt: Ru:Fe: M
(M=Ni, Mo, or W) to 2:1:1:1. The total amount of metals was
adjusted to achieve 60 wt% metal loading. H,PtCl,, RuCl;, (NH,),
Fe(SO,),, NiCl,-6H,0, (NH,);Mo,0,,-4H,0, and (NH,){H,W,,0,
were employed as metal precursors. The mixture solution was stirred
at 80°C for 1h, and then a 0.2 M NaBH, solution was added to
the mixture for reduction of the precursors, followed by further
stirring for 3h at 80°C to complete the reduction reaction. The
reduced catalysts were filtered and washed with hot DI water and
then dried at 120°C for 12 h.

2. Structural and Electrochemical Characterization of the Cata-
lysts

The XRD (Rigaku D/MAX-IIIC, 40kV, 45 mA) patterns of the
catalysts were measured at a scan rate of 3°/min in a £-26'scan mode.
Electrochemical analysis was performed using a three-electrode-
type beaker cell. Pt wire and Ag/AgCl electrodes (BAS Co., Ltd,
ME-2052 RE-5B) were employed as the counter and reference elec-
trodes, respectively. A glassy carbon electrode (3 mm dia., BAS Co.
Ltd., MF-2012) was employed as a working electrode by deposit-
ing a catalyst layer on the electrode by the thin-film method [25].
A catalyst ink was prepared by sonicating a mixture of catalyst,
DI-water, and 5 wt% Nafion ionomer solution to achieve homoge-
neous mixing. A quantity of the mixture was dripped onto the glassy
carbon electrode and then solvent was removed at room tempera-
ture. After the solvent was evaporated, 5wt% Nafion ionomer solu-
tion was dripped onto the catalyst layer to produce a Nafion thin-
film on the catalyst layer to provide mechanical strength to the cat-
alyst layer during electrochemical tests.

The CO stripping experiments were performed using 1 M HCIO,
solution as an electrolyte in a three-electrode-type beaker cell. Car-
bon monoxide was bubbled through the cell for 1 h while keeping
the working electrode at 0.1V (vs. reversible hydrogen electrode
(RHE)) to saturate the catalyst surface with CO. Residual CO in
the electrolyte solution was removed by purging nitrogen gas through
the cell for 50 minutes. Carbon monoxide electro-oxidation was
performed by increasing the potential of the working electrode
from 0.1 to 1.2V (vs. RHE) at a rate of 15 mV/s. When the poten-

tial reached 1.2V (vs. RHE), the potential was cycled between 0.1
and 1.2V at a scan rate of 15mV/s to confirm complete removal
of CO. MOR activities of the catalysts were measured by increas-
ing the potential of the working electrode from 0.0 to 0.5V at a
ramping rate of 1 mV/s, which is so-called the LSV technique. All
potentials in this paper were converted to the RHE scale.

The XPS experiments were performed using a surface analysis
system (LHS-10, SPECS GmbH) equipped with a multiplate chan-
nel detector using Mg K radiation (8.4 kV and 14 mA). To mea-
sure the XPS spectra, the catalyst samples were pressed at 1,000 psi
to fabricate a pellet. The pelletized samples were loaded into the
preparation chamber and then transferred into the main chamber
where the pressure was maintained at 1x10~° Torr by using a turbo
molecular pump.

RESULTS AND DISCUSSION

1. XRD Analysis Results

The XRD measurement results of the catalysts are shown in Fig, 1,
with the peak positions of Pt for comparison purpose. Based on
the (220) peak positions, signs of alloying were observed in the com-
mercial PtRu/C (E-tek, 60 wt%, Pt: Ru=1:1 atomic ratio) and the
quaternary catalysts. Lattice parameters of the samples could be
calculated using an equation of

a(220)=A/2 4, /sin@ )

where A, represents wavelength of X-ray (0.15406 nm), and & is
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Fig. 1. The XRD patterns of the quaternary PtRuFeNi/C, PtRu
FeMo/C, and PtRuFeW/C catalysts along with that of a com-
mercial PtRu/C catalyst. Peak positions of pure platinum
are denoted with solid vertical lines.

Table 1. Summary of the XRD measurement results
(220) Peak

Lattice

. Degree Crystallite
position  parameter ofalloying size (nm)
©) (nm)

PtRu/C 68.36 0.38904 0.202 2.7
PtRuFeNi/C 68.58 0.38845 0.237 3.0
PtRuFeMo/C 67.72 0.39080 0.084 3.0
PtRuFeW/C 68.10 0.38974 0.229 2.8
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the angle at the peak maximum. The calculated lattice parameters
are listed in Table 1. Degree of alloying values can be calculated by
employing Vegard's law:

aalloy:aPt_ k X (5)

where a,,, is the lattice constant of alloy catalysts, a,=0.39155 nm
(the lattice parameter of pure carbon supported Pt), and k is a con-
stant that represents the lattice parameter difference between Pt
and Pt-M phases. In the present study; x,, is composed of three cata-
lysts with identical atomic fraction; thus, the k values were calculated
from average values of three metals for each catalyst. In other words,
the following values were applied for the calculation of k values of
the quaternary catalysts: 0.0124 nm for Ru [26], 0.01355 nm for Fe
from Pty;Fe,s phase [27], 0.01345 nm for Ni from PtysNi; phase
[28], 0.0008 nm for Mo from PtygMo,, phase [29], and —0.00225
nm for W from Ptys W5 phase [30]. Thus, k values of the quater-
nary catalysts are 0.0131 nm for the PtRuFeNi/C catalyst, 0.0089 nm
for the PtRuFeMo/C catalyst, and 0.0079 nm for PtRuFeMo/C cat-
alyst, and calculated x,, values are listed in Table 1. Here, note that
the degree of alloying values increased in the Ni and W incorpo-
rated catalysts, while it was significantly reduced in the PtRuFeMo/
C catalyst. It is also interesting that the highest value of degree of
alloying was only 0.237, suggesting that the catalysts might be com-
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Fig. 2. (a) The CO stripping results of the PtRu/C, PtRuFeNi/C,
PtRuFeMo/C, PtRuFeW/C, and PtRuFe/C [23] catalysts. An
enlarged image of (a) is shown in (b) for comparison pur-
poses.
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posed of crystalline Pt-alloy nanoclusters with neighboring amor-
phous nano-particles of other constituent metals because only Pt
peaks were identified in Fig. 1. Incomplete alloying of the catalysts
reduced via chemical reagents (NaBH, in this study) or reduced at
a low temperature was discussed in previous reports [31-33], and
it was suggested that avoiding alloy formation is preferred for high
MOR activity. Platinum crystallite sizes of the catalysts were deter-
mined by employing the Scherrer equation [34] on the width of
(111) peak, giving results of 2.7, 3.0, 3.0, and 2.8 nm for the PtRu/
C, PtRuFeNi/C, PtRuFeMo/C, and PtRuFeW/C catalysts, respec-
tively.
2. Electrochemical Testing Results

The CO stripping results are shown in Fig. 2 along with the data
of the PtRuFe/C catalyst [23]. In the previous study of the PtRuFe/
C catalyst [23], a significantly lowered on-set potential for the CO
stripping experiment was observed with respect to a PtRu/C cata-
lyst. In the figure, it is clear that the PtRuFeNi/C and PtRuFeW/C
catalysts exhibit enhanced (lowered) on-set potentials for the CO
stripping experiment relative to the PtRu/C and PtRuFe/C catalysts.
A closer look is shown in Fig. 2(b), and an improvement of CO,
electro-oxidation reaction activity is verified for the PtRuFeNi/C
and PtRuFeW/C catalysts. This result suggests that the addition of
Ni or W to the Pt-Ru-Fe system can promote the CO,; electro-
oxidation reaction, leading to a lowered on-set potential. Unlike
the Ni and W cases, noticeably suppressed performance, even worse
than the binary PtRu/C catalyst, was identified in the PtRuFeMo/C
catalyst. Considering that the on-set potential of a pure Pt/C catalyst
is around 0.7V [35], the on-set potential of the PtRuFeMo/C catalyst
(around 0.5'V) is still superior to that of the pure platinum catalyst.
In other words, the CO stripping performance of the PtRuFeMo/
C catalyst is in the middle of the Pt/C and PtRu/C catalysts, mean-
ing that Ru is not working as it does in the binary PtRu/C catalyst.
As discussed in the XRD measurement section, the PtRuFeMo/C
catalyst exhibited significantly low degree of alloying and it pre-
sumably contributed to the poor CO,, electro-oxidation activity,
but it needs further research to darify the behavior of the PtRuFeMo/
C catalyst. The electrochemical surface area (ECSA) was determined
using the CO stripping area, assuming that a monolayer charge of
CO,; is 0420 mC/cm’, and the calculation results are listed in Table
2. As shown in the table, the quaternary catalysts significantly dif-
fer in the ECSA values varying from 174 to 35.9 m’/g,,.. Note that
all the catalysts exhibited similar Pt crystallite sizes of ca. 3.0 nmy;
the ECSA values suggest that a Pt-rich surface was formed in the
PtRuFeNi/C and PtRuFeW/C catalysts, while a Pt-poor surface
was produced in the PtRuFeMo/C catalyst. The formation of a Pt-

Table 2. The electrochemical characterization results of the com-
mercial PtRu/C and quaternary catalysts

ECSA Current density M.as.s Spe.ci.ﬁc
(m/g.) at 0.5 V2 activity actlwt);
(mA/cm®) (Alg,) (mA/m)
PtRu/C (E-tek)  23.7 1.16 836 353
PtRuFeNi/C 359 2.36 1700 474
PtRuFeMo/C 17.4 0.545 393 22.6
PtRuFeW/C 253 3.11 2240 88.5
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Fig. 3. The (a) LSV testing results of the PtRu/C, PtRuFeNi/C, Pt
RuFeMo/C, and PtRuFeW/C catalysts. The LSV testing was
performed by increasing the potential from 0.1 to 0.5V (vs.
RHE) at a ramping rate of 1 mV/s. An 1 M H,SO,+1 M meth-
anol solution was employed as an electrolyte solution.

rich surface is one of the key parameters that determine the MOR
activity, because dehydrogenation reaction occurs on a Pt surface
and CO,; electro-oxidation activity is largely dependent on the sur-
face Pt composition [36]. The ECSA values also suggest that the
transition metals (Ni, Mo, and W) and/or their precursors signifi-
cantly affected the surface properties of the catalysts.

The LSV test results, which were performed by increasing the
applied potential from 0.1 to 0.5V at a ramping rate of 1 mV/s, are
shown in Fig. 3. It is clear that the MOR activities of the PtRuFeW/
C and PtRuFeNi/C catalysts significantly outperform that of the
commercial PtRu/C catalyst. On the other hand, the MOR activity
of the PtRuFeMo/C catalyst is much lower than the others. Using
the ECSA and current density (at 0.5 V) values, mass and specific
activities were determined, and the results are listed in Table 2. As
expected from the LSV results, the PtRuFeW/C catalyst exhibited
the highest mass and specific activities achieving 170 and 150%
improvement, respectively, with respect to the values of the com-
mercial PtRu/C catalyst. The improvement values are even higher
than the 150 and 100% of the PtRuFe/C case [23]. Although the
improvement was not so impressive as the PtRuFeW/C case, the
PtRuFeNi/C catalyst also exhibited a good performance leading to
an increase of 100 and 34% increase in the mass and specific activi-
ties, respectively. On the other hand, a low MOR activity (only 47
and 64% of the PtRu/C catalyst for the mass and specific activities,
respectively) was identified in the PtRuFeMo/C catalyst, which might
have come from the high CO stripping on-set potential and Pt-
poor surface formation.

3. XPS Analysis Results

The quaternary catalysts were further investigated using the XPS
technique to analyze surface oxidation states. Before analyzing each
component, we did a full range scan of the samples as shown in
Fig. 4. The full range scan result revealed surface compositions of
constituent metals which were calculated by employing XPS effi-
ciency values for each element: 4.4 for Pt, 3.6 for Ru, 3.0 for Fe, 4.5
for Ni, 2.75 for Mo, and 2.75 for W. Based on the scan results, sur-
face compositions of constituent metals are shown in Table 3. It is
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Fig. 4. The full range XPS scan results of the (a) PtRuFeNi/C, (b)
PtRuFeMo/C, and (c) PtRuFeW/C catalysts.

interesting that the ratio of metals is close to initial ratio of precur-
sors (Pt: Ru: Fe: M=40:20:20:20), except Mo and W which exhib-
ited 9.9 and 11.1 at%, respectively. Here, it needs to be discussed
that, according to the XPS and CO stripping experiments, high Pt
surface concentration does not guarantee high ECSA values. For
example, the PtRuFeNi/C catalyst exhibited the lowest surface Pt
concentration of 35.5 at%, while it showed the highest ECSA value
of 359 m’/g,,. Dispersion status of Pt on the catalyst surface might
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Table 3. A summary of XPS analysis results. Ratio of the oxidation states was determined from the areas of the deconvolution results

PtRuFeNi/C PtRuFeMo/C PtRuFeW/C PtRu/C (E-tek)

Pt:Ru:Fe: M (at%) 35.5:22.4:19.5:22.6 41.1:273:21.7:99 51.5:21.9:15.5:11.1 81:19 [28]
Pt: PtO: PtO,”
Area ratio 56.1:22.9:21.0 47.8:30.1:22.1 459:379:16.2 61.5:23.6:149
Peak positions 71.7,72.6, 73.7 715, 72.7, 74.0 71.6,72.8, 74.1 71.8,72.7,73.9
Ru:RuO,H, : RuO,
Area ratio 0:38:62 0:25:75 4:38:57 6:62:31 [28]
Peak positions N/A, 2812, 282.3 N/A, 281.4, 282.4 280.5, 281.4, 282.4
Fe;O, : FeO : Fe,0; : FeFOOH
Area ratio 1.6:33.8:26.3:38.3 52:29.4:333:32.1 1.0:35.6:28.1:353
Peak positions 708.1, 709.7, 710.9, 712.3 708.0, 709.5, 710.8, 7123  708.0, 709.4, 710.4, 712.2

Ni : NiO : Ni(OH), : NiOOH Mo,0; : MoO; WO, : WO,
Area ratio 8.6:6.8:47.4:37.2" 37.4:62.6° 38.2:61.8"
Peak positions 852.8, 853.6, 855.7, 857.2 231.74, 232.6 34.6,35.3

“Determined based on Pt 4f,, peaks
"Determined based on Ni 3p,,, peaks
‘Determined based on Mo 3d,,, peaks
“Determined based on W 4f,, peaks
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account for this gap between the XPS and ECSA results, and it is
suggested that the fourth constituent of each catalyst significantly
affects the surface status of the catalysts. In Fig. 4, the presence of
oxygen peak should be mentioned, because it might have come
from Pt oxides and, according to the XRD results, amorphous metal
oxide/hydroxides of other constituent metals.

The XPS peaks of Pt 4f;,, and 4f,;, are shown in Fig. 5 with the
results of the commercial PtRu/C catalyst. Deconvolution of the
peaks was performed using the XPS peak 4.1 software [37], and
the results are summarized in Table 3, including peak area ratios
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and peak positions. Three Pt peaks of Pt, PtO, and PtO, were iden-
tified in the deconvolution results, and the content of metallic Pt
decreased from 61.5 in the PtRu/C catalyst to 56.1, 47.8, and 45.9
in the PtRuFeNi/C, PtRuFeMo/C, and PtRuFeW/C catalysts, respec-
tively. On the other hand, the ratio of PtO and PtO, increased in
the quaternary catalysts, suggesting that the addition of iron and/
or fourth constituents caused a negative effect on the formation of
a metallic platinum surface. The peak positions identified by the
deconvolution showed negligible difference among the quaternary
and the PtRu/C catalysts. It is widely accepted that an up-shift of
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Fig. 6. The XPS measurement results of Ru 3d;,, peaks for the (a) PtRuFeNi/C, (b) PtRuFeMo/C, and (c) PtRuFeW/C catalysts. The decon-

volution results are shown in the figure.
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lution results are also denoted. The Pourbaix diagram of iron-water system is shown in (d).

Pt binding energy contributes to an enhanced CO oxidation activity
through weakening the Pt-CO bonding, as previously shown in the
PtFe catalyst [38,39]. The platinum XPS peak positions of the qua-
ternary catalysts suggest that the electronic effect should be ruled
out from a reason of the enhanced CO stripping performance, be-
cause the change in the Pt binding energies of the quaternary cata-
lysts was negligible compared to that of the PtRu/C catalyst. Thus,
it is suggested that the bi-functional mechanism is a key to account
for the improved performance of the PtRuFeNi/C and PtRuFeW/
C catalysts.

Fig. 6 shows the XPS spectra of Ru 3d;,, peaks of the quaternary
catalysts. A deconvolution calculation was performed to separate
the Ru peaks from those of C 1s and detailed results are listed in
Table 3. As noted in the figure, RuO,H, and RuO, peaks were ob-
served in all of the quaternary catalysts, while metallic Ru was iden-
tified only in the PtRuFeW/C catalyst. Among the three types of Ru,
RuO,H, is the most active form for the MOR followed by metallic
Ru [31], while RuO,, which was identified as a dominant phase in
the quaternary catalysts, is known as a poor promoter for the MOR
[32,40,41]. The XPS results revealed that the PtRuFeMo/C catalyst
exhibited highest ratio of RuO, (75 at%) which might have contrib-
uted to the poor CO,,; and methanol electro-oxidation reactions.

The XPS spectra of the third constituent, iron, are shown in Fig,
7(a)-(c). Four oxidation states of Fe;O,, FeO, Fe,0;, and FeOOH
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were identified through deconvolution calculations, and the results
are summarized in Table 3. Significant changes were not observed
in the ratio of the four oxidation states, resulting in FeO, Fe,O;,
and FeOOH as major oxidation states of iron in the quaternary
catalysts. Peak positions of Fe;O,, FeO, Fe,0; were close to refer-
ence data, while a noticeable up-shift was observed in the peaks of
FeOOH. Note that the peak position of FeOOH is known to be
near 711.2 eV, while it was observed around 712.3 eV in the qua-
ternary catalysts. As the peak positions of Pt and Ru components
were close to reference positions, it is reasonable to suspect that
FeOOH might exist in a different form, which is not clear in the
current stage. Pourbaix diagram of iron-water system was calcu-
lated using the HSC chemistry code [42] to account for the cata-
lyst role of iron compounds, and the result is shown in Fig. 7(d).
As shown in the figure, Fe(2+) is the most stable state of iron in
the DMFC anode condition, suggesting following equations as a
feasible role of iron for the improved MOR and CO,,; electro-oxi-
dation activities. Here, the role of iron oxides/hydroxides needs fur-
ther research to clarify the reaction mechanism.

Pt+CH;OH—Pt-CO+4H" +4¢" 6)
Pt+FeO+H,0— Pt-H+FeOOH @)
Pt-CO+FeOOH—Pt+FeO+H,O+H"+e" (8)
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Fig. 8. The XPS measurement results of (a) Ni 2p for the PtRuFeNi/C
catalyst, (b) Mo 3d for the PtRuFeMo/C catalyst, and (c) W
4f for the PtRuFeW/C catalyst. The deconvolution results
are also included.

The XPS spectra of the fourth component, Ni, W, and Mo, are
shown in Fig. 8. The peaks of Ni 2p,, and Ni 2p,;, are shown in
Fig. 8(a), including deconvolution results for the Ni 2p;, peaks.
The deconvolution was performed following a previous report [43]:
starting peak positions were 852.7, 853.8, 855.6, and 857.3 eV for Nj,
NiO, Ni(OH),, and NiOOH, respectively. Detailed results of the
deconvolution calculations are listed in Table 3, and it was revealed
that peak positions of Ni, NiO, Ni(OH),, and NiOOH were 852.8,

853.6, 855.7, and 857.2 eV, respectively, meaning that a noticeable
peak shift was not induced by other atoms. The deconvolution results
revealed that major components of Ni are Ni(OH), and NiOOH,
which are known to have an activity for the MOR [43]. But, in the
presence of platinum, the following reaction scheme suggested by
Park et al. [44] might account for the improved performance of
the PtRuFeNi/C catalyst for the MOR and CO stripping reactions.

NiOOH+Pt-H— Ni(OH),+Pt ©)
Ni(OH),~>NiOOH+H"+¢~ (10)

Here, hydrogen spill-over occurs from Pt surface to NiOOH to pro-
duce Ni(OH), and fresh Pt surface which is ready for a next reac-
tion (Eq. (9)). And then Ni(OH), is decomposed into NiOOH to
produce proton and electron as shown in Eq. (10).

The XPS results measured for Mo 3ds,, binding energies are shown
in Fig. 8(b). No signs of Mo and MoO, were observed, while MoO,
(at 232.6 and 236.0 V) and Mo,O; (231.7 and 235.1 eV) were iden-
tified as the major components of Mo [45]. Deconvolution results
are also shown in the figure and detailed information is provided
in Table 3. Previously, binary Pt-MoO, and PtMo catalysts were
investigated by other groups and enhanced CO oxidation activity
was observed [22,46,47], while it was also revealed that Pt-MoO,/
C catalyst exhibited poor MOR activity [48]. In the case of a ter-
nary PtRuMo catalyst, an excellent MOR activity was reported by
Lima et al. [12] although some researchers published the opposite
results [49,50]. These contradictory results mean that a systematic
investigation should be done to understand the role of Mo, includ-
ing the effects of precursors, degree of alloying, and oxidation states
of Mo. But, in the present study; it is clear that the molybdenum
oxides formed in the PtRuFeMo/C catalyst seldom played a posi-
tive role for the MOR and CO stripping reactions. A low degree of
alloying value might account for the low MOR and CO stripping
activities, but it is not clear yet.

Fig. 8(c) shows the XPS peaks of W 4f;;, and 4f,, observed from
the PtRuFeW/C catalyst. WO, and WO, peaks were identified as
major components, while no signs of metallic tungsten were found.
The deconvolution results for the WO, and WO; peaks are listed
in Table 3. Note that the peak position of WO, (34.6 eV, W 4f,,) is
somewhat different from the reference data (32.4 eV), meaning that
the peak assigned as WO, might come from substoichiometric tung-
sten oxides (WO;_,) or tungsten bronze (H,WO;) [51,52]. It is known
that these forms of tungsten play a positive role for the MOR through
spillover of hydrogen from the Pt to WO, leading to an enhanced
dehydrogenation reaction as follows [51,52]:

Pt-H+WO,— Pt+H-WO, (11

In addition, Micoud et al. [52] observed CO oxidation at 0.1 V using
a Pt/WO, catalyst, which can be explained by support of WO, through
the bi-functional mechanism, because Pt requires higher potential
(above 0.6 V) to produce oxygenated species. In other words, WO,
can produce oxygenated species even at 0.1 V to react with CO ad-
sorbed on Pt surface. In the PtRuFeW/C catalyst, high MOR activ-
ity and low on-set potential for the CO stripping reaction were ob-
served, and the role of WO, species introduced in the previous results
[51,52] well accounts for the positive effect of W incorporation.
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CONCLUSIONS

Structural and electrochemical properties of three quaternary
electrocatalysts of PtRuFeNi/C, PtRuFeMo/C, and PtRuFeW/C were
investigated for the MOR. Significantly enhanced CO,, electro-
oxidation activities were observed in the PtRuFeNi/C and PtRuFeW/
C catalysts, while the PtRuFeMo/C catalyst exhibited a suppressed
performance. For the MOR, the PtRuFeNi/C and PtRuFeW/C cata-
lysts significantly outperformed the commercial PtRu/C catalyst; The
LSV testing results revealed that the MOR activity of the PtRuFeW/
C catalyst exceeds the mass and specific activities of the PtRu/C
catalyst by 170 and 150%, respectively. According to the XRD meas-
urement results, the incorporation of Ni, Mo, and W can signifi-
cantly change the degree of alloying which varied from 0.084 to
0.237. The XRD and XPS results also showed that actual forms of
the synthesized catalysts were close to a nano-composite of Pt-alloy
and amorphous metal oxides/hydroxides, leading to a conclusion
that the bi-functional mechanism played a dominant role for the
improved MOR and CO stripping activities.
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