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Abstract

Highly dispersed ternary PtRuRh/C anode catalysts for direct methanol fuel cells were prepared with various
contents and their electro-catalytic activities towards methanol oxidation at 25 °C and 60 °C were examined to
investigate the influence of the catalyst composition. Electrocatalysts were prepared by a co-impregnation method
using ethanolic solutions of metal precursors and carbon black followed by pyrolysis under reducing conditions.
X-ray diffraction analysis revealed that the fcc peaks shifted to higher diffraction angles with increasing Rh content,
indicating the alloying of Rh into the fcc structure. In terms of the mass specific current density, the activity towards
methanol oxidation differed significantly depending on the catalysts composition and cell temperature. The catalyst
prepared at a ratio of Pt:Ru:Rh = 1:1:2 exhibited the highest activity at 60 °C of 155 A (g-Pt)"" at 0.5 V vs. RHE.

1. Introduction

Platinum-based alloy nanoparticles have been exten-
sively studied as anode catalysts in low-temperature fuel
cells, such as polymer electrolyte fuel cells using CO-
containing hydrogen or methanol as fuel. Direct meth-
anol fuel cells (DMFCs), have been a subject of intense
research because of their numerous advantages [1]. Since
Pt is readily poisoned by CO, an intermediate produced
during methanol oxidation, the design and synthesis of
Pt-based binary alloy catalysts that inhibit CO-poison-
ing is one of the major challenges. Examples of these
materials are PtRu [2-15], PtSn [16-31], PtMo [32-34],
PtRh [19, 35], PtRe [19, 25]. The PtRu alloy is presently
considered as one of the most promising materials [7].
The enhancement in activity has been attributed to both
the bi-functional nature of the alloy surface and
electronic effects resulting from electron transfer from
the promoter element to the d-band of Pt.

Studies on more complicated systems, such as ternary
and quaternary metals, have also been conducted. It has
been reported that addition of W [18, 36], Sn [18], Os
[37], Pd [36], Ag [38], Au [37, 38], Rh [38] to PtRu
provides improved CO tolerance. PtRuOs [39, 40],
PtRuMo [18, 41], PtRuW [18, 42], PtRuNi [43], PtRuRh
[44], PtRuSn [18, 45], PtRuAu [45], PtRuOslr [39],
PtRuMoW [46] and PtRuRhNi [47] were investigated as

highly active catalysts for the methanol oxidation
reaction. Despite these extensive efforts, factors such
as structure-property relations are still not well under-
stood. For example, the optimal composition of the
alloy catalyst could vary depending on the operating
temperature [48—52]. Therefore, a systematic evaluation
of catalysts with various compositions at different
operation temperatures is required. In this work, we
selected Rh as the third metal. Rh has the same fcc
structure as Pt and Rh is known to form a solid solution
[53]. Previous studies on PtRh and PtRuRh have shown
that Rh can enhance the catalytic activity towards CO
and methanol oxidation [44].

Here, we report the preparation, structure and cata-
lytic performance of ternary PtRuRh/C catalysts.
PtRuRh/C catalysts with 13 different alloy composition
were prepared. The structure was carefully characterized
and the composition-activity relation towards the meth-
anol oxidation at 25 °C and 60 °C was evaluated.

2. Experimental

PtRuRh/C catalysts with 13 different metal ratios were
prepared by a conventional co-impregnation method [8].
The nominal contents, presented by mass% and mol%,
and metal loading amount are summarized in Table 1.



1118

Table 1. The nominal composition of the prepared catalysts

Sample Contents/mass% Contents/mol%

Pt Ru Rh Total metal Carbon Pt Ru Rh
Pt;Ru;sRhy/s/C 21.0 2.18 2.22 25.4 74.6 71.4 14.3 14.3
Pt;Ru,;sRh,;»/C 20.4 2.11 5.37 27.8 72.2 58.8 11.8 29.4
Pt;Ru; ,Rh,/C 17.1 4.42 18.0 39.5 60.5 28.6 14.3 57.1
Pt;Ru;»Rh;/C 19.7 5.11 5.20 30.0 70.0 50.0 25.0 25.0
Pt;Ru, ,Rh,/C 18.8 4.86 9.89 33.6 66.4 40.0 20.0 40.0
Pt;Ru;Rh;»/C 18.8 9.73 4.95 33.5 66.5 40.0 40.0 20.0
Pt;Ru;Rh,/C 17.9 9.27 9.43 36.6 63.4 333 33.3 33.3
Pt;Ru;Rh,/C 16.3 8.47 17.2 42.0 58.0 25.0 25.0 50.0
Pt;Ru,Rh,/C 16.4 17.0 8.63 42.0 58.0 25.0 50.0 25.0
Pt;Ru;Rh3/C 15.1 7.80 23.8 46.7 53.3 20.0 20.0 60.0
Pt;Ru,Rh,/C 15.1 15.6 15.9 46.6 534 20.0 40.0 40.0
Pt;Ru;Rhy/C 13.9 7.22 29.4 50.5 49.5 16.7 16.7 66.7
Pt;Ru;Rhg/C 10.8 5.58 45.5 61.9 38.1 10.0 10.0 80.0
Pt;Ru;/C 19.8 10.2 - 30.0 70.0 50.0 50.0 -
Pt;Rh;/C 19.7 - 10.4 30.1 69.9 50.0 - 50.0
Ru Rh;/C 0 14.9 15.1 30.0 70.0 - 50.0 50.0
Pt/C 30.0 - - 30.0 70.0 100.0 - -
Ru/C 0 30.0 - 30.0 70.0 - 100.0 -
Rh/C - - 30.0 30.0 70.0 - - 100.0

The metal ratios of these PtRuRh/C catalysts are shown
in a triangle graph (Figure 1), where the numbers in the
parentheses mean the molar ratio of Pt, Ru and Rh. All
catalysts were prepared by introducing carbon black
(Vulcan XC-72R) into a mixture of Pt(NH3)>(NO»),,
Ru(NOj3); and Rh(NO3); dissolved in ethanol. 4 mm
(M = mol dm™) ethanolic solutions of the compounds
were used as metal sources. After thorough mixing the
precursor solution was dried at 60 °C to a powder. The
dried powder was then reduced in a tube furnace under
flowing H(10%) + N»(90%) gas for 2 h at 200 °C. The
structure of the catalysts was characterized by X-ray
diffraction (XRD, Rigaku RINT-2550 with monochro-
mated CuK, radiation at 40 kV and 50 mA) and high-
resolution scanning electron microscopy (HR-SEM,
Hitachi S-5000). XRD profiles in the 20 range of 15—
95° were scanned at a scanning speed of 2° min'.
Detailed profiles in the 20 range of 62-75° were
examined with a step scan of 0.02° and counting time
of 5's. Electrochemical studies were conducted using a
three-clectrode type beaker cell equipped with a plati-
num mesh counter electrode, an Ag/AgCl reference
electrode and the working electrode. A Luggin capillary
faced the working electrode at a distance of 2 mm. The
working electrodes were prepared by the thin film
electrode method [54, 55]. Briefly, 20 mg of the catalyst
powder was dispersed in 10 ml of methanol and was
subject to ultrasonification for 30 min. Then, 20ul of the
catalyst powder dispersion (40ug of the catalyst powder)
was dropped on a polished Glassy Carbon (Tokai
Carbon Co., Ltd.) substrate (grade 20SS, 5 mm in
diameter). After drying at 60°C, 20ul of a 1 wt%
Nafion® alcoholic solution was further dropped on the
electrode surface to stabilize the electrocatalysts to the
Glassy Carbon rod surface and heated again at 60°C.
All electrode potentials will be referred to the RHE(¢)

scale corrected for the temperature effect. The electro-
catalytic oxidation of methanol was studied by chrono-
amperometry in 1 M CH;OH + 0.5 m H,SO, solution.
The currents after 1800 s were used as the quasi-steady
state current. Electrochemical measurements were car-
ried out at 25 °C and 60 °C.

3. Results and discussion

HR-SEM observation and XRD analysis showed that
highly-dispersed alloy particles on the carbon support

Rh 100 mol%
0,0.1)

(1,1/2,2)
(1,1/2, 1)
(1,1/2,172)

(1,0, 1)
1, 1/5,1/2) ©0,1,1)
(1, 1/5, 1/5) 1,2,2)

(1,1,1/2)

Ru 100 mol%
0, 1,0

Pt 100 mol%
(1’ 0’ 0)

Fig. 1. Triangle graph showing the content ratios of Pt, Ru and Rh
of the PtRuRh/C catalysts prepared in this work.



were obtained. In a comparative study using metal
chlorides as metal sources (H,PtClgs, RuClg and RhCls),
we found that the dispersion state and particle size
distribution were not as good as the nitrate-based
system. Thus, choice of the metal source is a critical
factor in the catalyst preparation.

Typical HR-SEM images of selected PtRuRh/C
catalysts prepared at different molar ratios are shown
in Figure 2. The HR-SEM image of PtRu/C is also
shown for comparison. Uniformly dispersed metal
nanoparticles supported on carbon black were obtained
for PtRu/C and PtRuRh/C catalysts with negligible
agglomeration.

The XRD patterns of the PtRuRh/C catalysts are
shown in Figure 3. All of the XRD peaks could be
indexed based on the fcc structure and the shift of the
XRD peaks towards high diffraction angles indicate
the alloying of Ru and Rh into the fcc structure. For
the Pt;Ru,Rh;/C and Pt;Ru,Rh,/C (g and i in Fig-
ure 3A), a small shoulder peak is evident at 26~44°,
which may be attributed to Ru metal. Besides these two
Ru-rich compositions, it can be said that the catalysts
are well alloyed. The fcc lattice parameter a of these
catalysts are listed in Table 2 assuming that these alloy
particles are completely homogeneous. In Figure 4, the
lattice parameter a of these PtRuRh/C catalysts com-
posing equimolar ratio of Pt and Ru are plotted against
the Rh content. The lattice parameter a gradually

1119

decreased with an increase in the Rh content showing
that the extent of alloying of these ternary alloy
particles are not perfect but considerably well alloyed.
Table 2 also presents the crystallite size of these
catalysts determined using the Sherrer equation. Since
the broadening of the XRD diffaction peaks for alloy
catalysts are influenced by both crystallite size and
extent of alloying, the significant figures of the crystal-
lite size listed in Table 2 are single.

Figure 5 shows a few typical steady-state cyclic
voltammograms of the PtRuRh/C catalysts in the
0.5 M H>SOy solution at 60 °C. Before the measurement
of the methanol oxidation by the chronoamperometry,
these catalyst electrodes were pre-treated in the electro-
lytic solution without methanol by cycling the electrode
potential between 0.05 and 0.8 V vs. RHE at 10 mV s™!
for 30 min. The methanol electro-oxidation current
densities normalized per unit mass of Pt and PtRu
measured at 0.50, 0.45, 040 V vs. RHE at 60 °C
are shown in Figures 6 and 7, respectively. Regardless
of the potential, the addition of Ru and Rh increases
the mass activity towards methanol oxidation. The
PtRuRh/C catalyst prepared at a ratio of Pt:Ru:Rh =
1:1:2 exhibited the maximum activity of 155 A (g-Pt)™!
and 102 A (g-PtRu)™' at 0.50 V vs. RHE. This is an
increace of 31 and 1.4 times compared to Pt/C (5 A (g-
Pt)™") and PtRu/C (111 A (g-Pt)"" or 73 A (g-PtRu)™),
respectively.

Flg 2. HR-SEM images of (a) Pthul/C, (b) Pt]Rul/thl/z/C, (C) Pthul/thl/C, and (d) Pt]Ruthz/C.



1120

A)

M
k)
0 A

(@

(h
(€3]

Intensity (a.u.)

(d)

(®)
(@

| |
20 40 60 80
260/° (CuKa)

Intensity (a.u.)

62 64 66 68 70 T2 74
20/° (CuKa)

Fig. 3. The XRD patterns of PtRuRh/C catalyst prepared with different molar ratio of Pt, Ru and Rh. (A) Wide angle profile and
(B) detailed measurements near the fcc 220 peak. (a) 1:1:0 (b) 1:1/2:1/2, (c) 1:1/2:1, (d) 1:1:1/2, (e) 1:1:1, (f) 1:1:2, (g) 1:2:1, (h) 1:1:3, (i) 1:2:2,

() 1:1:4, (k) 1:1:8, (1) 0:0:1.

The enhanced methanol electro-oxidation for the
PtRuRh/C electrocatalyst can be attributed to the
change in the electronic properties of Pt, the effect of
higher surface area (smaller particles, high dispersion
states), and/or particle size of the metal nanoparticles by
addition of the Rh. By comparing activities per surface
area of exposed metal, a qualitative comparison of
the electrocatalytic activity can be made. CO stripping
voltammetry is a method often employed to estimate the
electrochemically active surface area and performance of
the CO oxidation reaction of Pt based electrocatalysts
[9-13]. In the case of PtRuRh/C electrocatalysts, the

CO oxidation behavior was strongly influenced by
measurement procedures such as CO adsorption poten-
tial, temperature and cycle number etc. Thus, the
measurement of the oxidation potential and the electro-
chemically active surface area by CO stripping with
reasonable reliabiliy was difficult for the present ternary
catalysts. We have previously reported that the catalytic
activity of PtRu/C catalysts per real surface area for the
oxidation of methanol increased with an increase in the
particle size of PtRu [14]. However, such size effect is not
observed in this investigation. That is, the catalytic
activities of Pt;Ru;Rhy/C and Pt;Ru;Rhg/C were lower

Table 2. The lattice parameters and crystallite sizes of the PtRuRh/C catalysts determined from the X-ray diffraction peaks assuming that

these ternary alloy particles formed homogeneous alloys

Pt:Ru:Rh Rh content/Rh mol% 20/° d/nm a/A Crystallite size/nm
1:1:0 0 68.414 0.13702 3.8755

1:1:0.5 20 69.05 0.13591 3.8441 2
1:1:1 33.33 69.101 0.13582 3.8416 2
1:1:2 50 69.21 0.13563 3.8362 2
1:1:3 60 69.398 0.13531 3.8271 2
1:1:4 67 69.563 0.13503 3.8192 3
1:1:8 80 69.677 0.13484 3.8139 3
0:0:1 100 69.796 0.13464 3.8082

1:0.2:0.2 14.29 67911 0.13791 3.9006 2
1:0.2:0.5 29.41 68.814 0.13632 3.8557 2
1:2:1 25 69.161 0.13572 3.8387 2
1:2:2 40 69.258 0.13555 3.8339 2
1:0.5:0.5 25 68.316 0.13719 3.8803 2
1:0.5:1 40 68.643 0.13661 3.8639 2
1:0.5:2 57.14 68.915 0.13614 3.8506 2
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Fig. 4 The fcc lattice parameter « of the Pt;Ru;Rh,/C alloy catalysts
against the Rh content, where these alloy particles were assumed to
be well homogeneous.
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Fig. 5. Typical steady-state cyclic voltammograms of (a) Pt;Ru;Rh,/
C, (b) PtzRuthl/C, (C) Pt]RU2Rh1/C, and (d) PtzRU]ha/C in
0.5 M H,S0, 60 °C at 10 mV s~

than those of the other Pt;Ru;Rh,/C catalysts, while the
crystallite sizes of these catalysts were larger than those
of the other catalysts.

The methanol electro-oxidation current densities per
total metal mass measured at 0.50, 0.45 and 0.40 V vs.
RHE at 60°C are shown in Figure 8. When comparing
the PtRuRh/C catalysts prepared at a fixed Pt:Ru ratio,

1121

Pt:Ru:Rh = 1:1:x, Pt;Ru;Rh,,,/C showed lower mass
activity based on the total mass of metal than PtRu/C.
However, with increasing Rh content, an increase in
activity was observed up to Pt;Ru;Rh,/C. Further
increase in Rh beyond this composition led to a decrease
in activity. The Pt;Ru;Rh,/C was the most active ternary
catalyst, exhibiting 60 A (g-PtRuRh)™'. However, this
catalyst was less active than the Pt;Ru;/C catalyst (73 A
(g-metal)™"). The reason for the lower activity may be the
difference in particle size and electrochemically active
surface area since the metal loading was slightly higher
for Pt;Ru;Rh,/C. Such factors are known to influence the
overall mass activity[14, 15]. More active PtRuRh/C may
be prepared by optimizing the particle size, thus the metal
surface area, by controlling the composition and the
loading.

Methanol electro-oxidation current densities normal-
ized to the mass of Pt and PtRuRh at 25 °C are
illustrated in Figures 9 and 10. The activity per Pt as
well as PtRuRh mass tends to be close to or lower than
that of PtRu/C catalyst. The addition of Rh is
evidently disadvantageous for methanol electro-oxida-
tion at 25 °C. This is a clear difference from the trend
observed at 60 °C (Figures 6-8). The optimal compo-
sition for methanol oxidation at 25 °C seems to be
situated on the Pt-rich compositions. This may be
ascribed to the fact that under such conditions meth-
anol dehydrogenation, which favours on Pt surfaces, is
the rate determining step. The electronic effect of
additions of Ru and Rh with given composition is
expected to contribute to the electrocatalytic activity
for methanol oxidation equally independent of the
operating temperature. On the other hand, methanol
and water adsorption energies should vary with tem-
perature. In the case of binary PtRu, methanol
adsorption and dehydrogenation may also occur on
Ru sites at elevated temperature [50, 56-60]. The
ternary PtRuRh/C system appears to follow the same
trend as PtRu, where Ru-rich catalysts were preferred
at elevated temperature, while Pt-rich catalysts were
more active at 25 °C.

Another possible reason for the difference in optimal
compositions at different temperatures may be the
difference in methanol oxidation mechanism. Different
pathways of methanol oxidation on Pt in acidic
electrolytes via CO, COH, HCOOH and intermediates
are known [61]. COH and HCOOH can be further
oxidized to adsorbed CO while formic acid undergoes a
dual pathway oxidation to CO,. Such reaction path-
ways would be expected to vary with operating
temperature, catalyst composition and catalyst struc-
ture.

4. Conclusions

Well alloyed PtRuRh/C electrocatalysts with 13 differ-
ent compositions were prepared by a co-impregnation
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(a) Rh 100 mol%

Pt 100 mol%

(b) Rh 100 mol% (c) Rh 100 mol% 25

P

Ru 100 mol% Pt 100 mol%

Pt 100 mol% Ru 100 mol%

Fig. 6. The mass specific current density per unit mass of Pt measured after 30 min at (a) 0.50, (b) 0.45 and (c) 0.40 V vs. RHE in 0.5 ™
H,SO, + 1 m CH;0H at 60 °C.

reductive pyrolysis method and their electro-catalytic the methanol oxidation reaction differed significantly
activity towards methanol electro-oxidation at 25 °C  depending on the catalysts composition. The catalyst
and 60 °C was examined. At 60 °C, the activity towards prepared at the ratio of Pt:Ru:Rh = 1:1:2 exhibited the

(a) Rh 100 mol%

Pt 100 mol%

(b) Rh 100 mol% (c) Rh 100 mol%

Pt 100 mol% Ru100mel% Pt 100 mol% Ru 100 mol%
Fig. 7. The mass specific current density per unit mass of PtRu measured after 30 min at (a) 0.5, (b) 0.45 and (c¢) 0.4 V vs. RHE in 0.5 m

H,S0, + 1 M CH;0H at 60 °C.
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(a) Rh 100 mol%

i/ A (g-PtRuRh)”

Pt 100 mol% Ru 100 mol%

(b) Rh 100 mol% (c) Rh 100 mol%

Pt 100 mol% Ru100mol% Pt 100 mol% Ru 100 mol%

Fig. 8. The mass specific current density per unit mass of PtRuRh measured after 30 min at (a) 0.50, (b) 0.45 and (c) 0.40 V vs. RHE in
0.5 M H,SO,4 + 1 M CH3;0H at 60 °C.

(a) Rh 100 mol%

Pt 100 mol%

(b) Rh 100 mol%

60 mass%
50 mass%e

40 mass%

il A(gPt)’

30 mass% £

Pt 100 mol% Ru100mol% Pt 100 mol%

Fig. 9. The mass specific current density per unit mass of Pt measured after 30 min at (a) 0.50, (b) 0.45 and (c) 0.40 V vs. RHE in 0.5 M
H,SO, + 1 m CH;0H at 25 °C.

highest Pt utilization with, 155 A (g-Pt)”'. At 25 °C, the C catalyst has a dramatic effect on its electrocatalytic
effect of Rh addition was disadvantageous and the activity. Moreover, the best composition of PtRuRh/C
PtRu/C catalyst without Rh showed the highest activity. catalysts for methanol oxidation differed depending on
The results suggest that the composition of the PtRuRh/ the operating temperature.
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(a)

60 mass%
50 mass%

40 mass%

Rh 100 mol%

i/ A (g-PtRuRh)

Pt 100 mol%

(b)

Rh 100 mol%

60 mass%
50 mass%

Ru 100 mol%

(c)

Ru 100 mol%

Rh 100 mol%

60 mass¥%
50 mass%

'/ A (g-PtRuRh)"

Pt 100 mol%

Ru 100 mol%

Fig. 10. The mass specific current density per unit mass of PtRuRh measured after 30 min at (a) 0.50, (b) 0.45 and (c) 0.40 V vs. RHE in
0.5 M H,SO4 + 1 M CH;0H at 25 °C.
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