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a b s t r a c t

The displacement reaction of Pt on Ru to form a Ru core and Pt shell (Ru@Pt) bimetallic structure is
investigated by immersing the carbon-supported Ru nanoparticles in hexachloroplatinic acids with pH
of 1, 2.2, and 8, followed by a hydrogen reduction treatment. Results from inductively coupled plasma
mass spectrometry suggest that the dissolution of Ru is mostly caused by the reduction of Pt cations.
Images from transmission electron microscopy demonstrate a uniform distribution of Ru@Pt in size of
eywords:
isplacement reaction
tRu bimetallic nanoparticles
exachloroplatinic acid
ethanol oxidation
-ray absorption spectroscopy

3–5 nm. Spectra from X-ray absorption near edge structure and extended X-ray absorption fine structure
confirm that the pH value of hexachloroplatinic acid determines the type of ligands complexing the Pt
cations that affects their activity and consequently the severity of displacement reaction and alloying
degree of Ru@Pt nanoparticles. As a result, the samples from pH 1 bath reveal a desirable core–shell
structure that displays a reduced onset potential in CO stripping and stable catalytic performance for H2

oxidation while the samples from pH 8 bath indicate the formation of Pt clusters on the Ru surface that
g and
leads to poor CO strippin

. Introduction

The development of bimetallic PtRu nanoparticles has received
onsiderable attention recently because the PtRu not only is an
ffective electrocatalyst for methanol oxidation reaction (MOR) in
irect methanol fuel cells (DMFCs) but also demonstrates impres-
ive CO oxidation ability for reformate hydrogen fuel cells [1–3].
n DMFCs, the oxidation of methanol entails consecutive removals
f hydrogen that leaves a CO strongly bonded to the Pt, resulting
n a gradual loss of MOR activity. This CO-induced performance
egradation is known as CO poisoning which is particularly pro-
ounced in Pt [4–8]. For the reformate hydrogen fuel cells, there

s always minute presence of residual CO in the hydrogen feeds
o it becomes a concern once the Pt is employed for hydrogen
xidation at the anode. To overcome the CO poisoning effect, the
u is often alloyed with Pt to facilitate the oxidative removal of

O. It is realized that the Ru can either provide the oxygenated
pecies for CO oxidation to CO2 (bifunctional model) or alter the
lectronic structure of Pt so the CO–Pt bond strength is weak-
ned considerably (ligand effect) [9–11]. In general, the catalytic
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performance of PtRu nanoparticles is determined by their size,
morphology, crystallinity, composition, as well as the surface dis-
tribution of Pt and Ru. Since both Pt and Ru are precious metals,
recent researches are steered toward the preparation of PtRu with
reduced loading while still maintain desirable catalytic activi-
ties.

In general, the atomic arrangement of PtRu nanoparticles can
be in alloy or core–shell (core@shell) structure, and both states
reveal distinct catalytic performances and life time [12–14]. How-
ever, even in an alloyed PtRu there exists possible microsegregation
so the Pt/Ru ratio on the surface is different from that of the
core. For example, it is reported that the Ru has a larger heat
of adsorption for O2 [15,16]. Hence, under an O2 heat treatment,
the PtRu surface is enriched with Ru. On the contrary, the Pt
exhibits a higher preference for H2 and consequently a H2 treat-
ment engenders a Pt-rich surface instead [15,16]. In contrast, the
core–shell structure displays a well-defined regime for the respec-
tive core and shell components and the responsible mechanism
for the CO oxidation involves the ligand model in which the shell
element’s electronic structure is altered by the core element under-
neath. In addition, because the catalytic shell element constitutes

a relatively smaller amount as compared to the core element,
the effective mass activity can be substantially increased [17–19].
Therefore, the material cost for electrocatalyst is expected to reduce
greatly without compromising catalytic ability. To date, a variety
of core–shell PtRu nanoparticles have been synthesized and eval-
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ated with various successes. For instance, PtRu deposited on an
nexpensive core such as PdCu@PtRu [18] and Co@PtRu [20] are
eported with notable performance improvements. Alternatively,
he Pt shell is deposited directly on a Ru core with thickness ranging
rom sub-monolayer to multiple layers forming a Ru@Pt structure
21–23].

To fabricate Ru@Pt nanoparticles, the simplest synthetic scheme
ntails a displacement reaction which is also known in literature as
edox-transmetalation reaction or spontaneous deposition [24,25].
he displacement reaction often occurs in binary systems with con-
tituents revealing distinct values of redox potentials. For example,
uNi, AgGe, and AuGe have been demonstrated and their forma-
ion mechanisms are thoroughly discussed [26–28]. In principle,
hen a binary deposit is in contact with their respective cations

n electrolyte, the constituent of lower redox potential is dissolved
rom the deposit while the one with a higher redox potential is
educed from the electrolyte. Consequently, the deposit on the
urface can be tailored for a desirable makeup which is different
rom that of bulk if the displacement reaction is carefully con-
rolled. Since the Ru exhibits a lower redox potential than that
f Pt, once the Ru is immersed in the electrolyte containing Pt
ations, the Ru would undergo an oxidation reaction in conjunc-
ion with the reduction of Pt cations. Earlier, Brankovic et al. have
tudied the displacement reaction of PtCl62− on both single crys-
alline and nanoparticulate Ru [29–31]. They suggested that the
riving force for the displacement reaction is the potential dif-
erence between the PtCl62− reduction and Ru0 oxidation. In Ru
ingle crystals, the Ru experiences a surface oxidation reaction
orming Ru(OH)x, or even a higher oxidized form. However, they
ointed out that the redox potential for the corrosive dissolu-
ion of Ru is insufficient to reduce PtCl62−, so they name this
rocess a cementation reaction as well. In contrast, for Ru nanopar-
icles, both surface oxidation and corrosion dissolution are likely
o provide necessary electrons for PtCl62− reduction [29–32]. In
ddition to Ru, the nature of Pt on the PtRu nanoparticles is still
nder debate. From X-ray absorption spectroscopy (XAS), Man-
ndhar et al. emphasized that the spontaneously deposited Pt on
he Ru core was Pt cations in intermediate oxidation states instead
f metallic Pt [29]. However, similar XAS studies by Adzic et al.
eceived different interpretations as they believed that the Pt exists
n a metallic state and they attributed the observed d-band vacancy
n Pt to the underlying Ru that alters the electronic structure of Pt
bove [17].

Previously, Spieker et al. adopted the XAS to investigate the
ydrolysis reaction of H2PtCl6 in an aqueous solution and iden-
ified the coordination environments of Pt cations in different pHs
nd Cl− concentrations [33]. They determined that the PtCl62− is
resent only in an acidic solution with moderate excess of Cl− or
eutral solution with large excess of Cl−. In contrast, the OH− or
2O would replace Cl− as a complexing ligand in alkaline solu-

ion with reduced Cl− content. It is rationalized that the type and
umber of ligands are critical in determining the activities for the
ations. Therefore, any changeup in the number of H2O, OH−, and
l− ligand for the Pt cation is expected to affect its redox potential.
onsequently, the extent of displacement reaction is likely varied
nce the Ru is immersed in PtCl62− solution at different pHs. This
s a variable that is often overlooked by previous studies in PtRu
isplacement reaction.

In this work, we attempt to distinguish the effect of pH
n the Pt complexes for Ru@Pt formation during the displace-
ent reaction. The XAS is employed to provide a qualitative
nsight on the oxidation states and coordination environments
or both Pt and Ru in electrolytes and Ru@Pt nanoparticles.

aterial characterizations are conducted and correlated with
esults of CO stripping and H2 oxidation from electrochemical
nalysis.
vironmental 103 (2011) 116–127 117

2. Experimental

2.1. Functionalization of commercial carbon black Vulcan XC-72R

Functionalization of commercially available carbon black Vul-
can XC-72R (XC72) was conducted by immersing the as-received
XC72 in a solution of sulfuric acid (97 wt%) and nitric acid (61 wt%)
at a 3:1 volume ratio for 1 h at 25 ◦C, followed by washing and drying
at 80 ◦C to obtain dry powders. The purpose for this acid treatment
was to improve the adhesion of chemically reduced Ru nanopar-
ticles by providing suitable functional groups on the XC72 surface
[34].

2.2. Fabrication of XC72-supported Ru nanoparticles

Ru nanoparticles were impregnated onto the functionalized
XC72 via a chemical reduction method. First, 0.2 g RuCl3 (99.9 wt%)
and 0.8 g functionalized XC72 were mixed in excess de-ionized
water to form a stable suspension. Subsequently, an appropriate
amount of NaBH4, serving as the reducing agent, was dissolved in
de-ionized water and slowly added to the RuCl3/XC72 mixture. At
this stage, the Ru3+ was reduced to form Ru nanoparticles evenly
distributed on the XC72 matrix (designated as Ru/XC72). Afterward,
the Ru/XC72 was filtered and washed by de-ionized water, followed
by 80 ◦C drying in an oven to remove residual solvent.

2.3. Sample preparation of Ru@Pt nanoparticles

To carry out the displacement reaction with Pt cations, the
Ru/XC72 powders were deposited on a carbon cloth (CC) of
2 cm× 2 cm which was employed as a substrate. We adopted an
ink method in which the ink suspension was composed of 8 mg
Ru/XC72, 5 mg PTFE (30 wt%), and 5 mL 99.5 wt% ethanol. The ink
suspension was well-dispersed by ultrasonication for 30 min and
was transferred to the CC atop a hot plate at 80 ◦C. After drying
out residual solvent, the sample, designated as Ru/XC72/CC, was
immersed in 5 mM aqueous solution of hexachloroplatinic acid
(H2PtCl6; 99.9 wt%) at selective pH values. The intrinsic pH value for
the 5 mM H2PtCl6 aqueous solution was 2.2, and it was adjusted to
pH 1 by perchloric acid (HClO4) and pH 8 by potassium hydroxide
(KOH), respectively. The immersion lasted for 24 h at 40 ◦C, allow-
ing sufficient replacement of Pt for Ru. The as-prepared samples
were thoroughly rinsed with de-ionized water and were desig-
nated as “group A”. A second set of samples undergoing a hydrogen
reduction treatment after the immersion in H2PtCl6 solution at
identical pH conditions was labeled as “group B”. The hydrogen
reduction was conducted with pure hydrogen at 80 ◦C for 2 h. Sam-
ples after the immersion in H2PtCl6 solution were designated as
Ru@Pt/XC72/CC because the Pt cations were expected to deposit
on the Ru nanoparticles forming a Ru core and Pt shell structure.
For comparison purposes, we also immersed the Ru/XC72/CC in
solutions of HClO4 (pH 1), de-ionized water (pH 7), and KOH (pH 8)
to evaluate the chemical stability of Ru/XC72/CC in those solutions
and the amount of Ru that was corrosively dissolved. A flow chart
for the preparation steps involved is provided in Fig. 1.

2.4. Material characterizations

X-ray diffraction (XRD) patterns were obtained by Max
Science-M18XHF KXY-8019-1 with a CuK� of 1.54 Å. The X-ray
diffractogram was recorded at a scan rate of 4◦/min for 2� val-

ues between 30◦ and 90◦. To distinguish the crystalline state of
Ru@Pt, we also carried out XRD analysis for 2� values between 36◦

and 41◦ at 0.5◦/min. Transmission electron microscopy (TEM) was
employed to observe the morphology for the as-prepared Ru and
Ru@Pt nanoparticles using JEOL JEM-3000F with an accelerating
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Fig. 1. A flow chart for the processing steps involved t

oltage of 300 kV. The XC72-supported Ru and Ru@Pt nanoparticles
ere carefully removed from the CC after rinsing in ethanol fol-

owed by ultrasonication. We also obtained the PtRu ratio with an
nergy-dispersive X-ray spectroscopy (EDX) equipped on the TEM.
he exact Pt and Ru amounts for the Pt and Ru@Pt nanoparticles
ere determined by an inductively coupled plasma mass spectrom-

try (ICP-MS) where samples of Ru/XC72/CC and Ru@Pt/XC72/CC
ere dissolved in a solution containing HCl, HNO3, and HF of 2:2:1

olume ratio at 180 ◦C. In addition, we retrieved liquid samples
rom the H2PtCl6 solution after the displacement reaction to vali-
ate the concentration of remaining Pt and dissolved Ru cations.

.5. XAS measurements and analysis

X-ray absorption spectra (XAS) for the Pt LIII-edge (11,564 eV)

nd Ru K-edge (22,117 eV) were obtained at beamlines BL01C1
nd BL17C1 of the Taiwan Light Source, National Synchrotron
adiation Research Center (NSRRC), Hsinchu, Taiwan. The storage
ing energy was 1.5 GeV, and the stored current was in the range
f 300–360 mA. A double Si (1 1 1) crystal monochromator was
are samples of group A, group B, and reference group.

adopted for energy selection with a resolution �E/E better than
2 × 10−4 at both beamlines. Rh or Pt-coated mirrors were adopted
to reject high-order harmonics, collimate (upstream) and refo-
cus (downstream) the X-ray beam. The XAS measurements were
conducted in a fluorescence detection mode at 25 ◦C. A Lytle fluo-
rescence detector along with three gas-filled ionization chambers
were used to measure the intensities of the X-ray fluorescence pho-
tons from the sample (If), incident beam (I0), transmitted beam
through the sample (It), and transmitted beam through the refer-
ence metal foil or powder (Ir). A Pt foil was served as a reference for
Pt LIII-edge measurements and metallic Ru powder was used for Ru
K-edge measurements.

Extended X-ray absorption fine structure (EXAFS) data analysis
and fitting were processed by IFEFFIT 1.2.11c data analysis package
(Athena, Artemis, and FEFF6) [35,36]. In each scan, the recorded

data were calibrated by aligning against the reference. After the
calibration, they were averaged to achieve better signal quality. X-
ray absorption near edge structure (XANES) spectra was acquired
after normalization by Athena software. The EXAFS function was
obtained by standard protocols including pre-edge and post-edge
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ackground subtraction, and normalization with respect to the
dge jump. The detailed procedure has been reported elsewhere
37]. The resulting EXAFS function, �(E), was transformed from
he energy space to k-space. The value k refers to the photoelec-
ron wave vector. At the high k-region of �(k) data, multiplication
y k3 was adopted to compensate the damping of EXAFS oscilla-
ions. Next, the k3 weighted �(k) data were Fourier-transformed
o r-space. Specific ranges in k-space for the Fourier transforma-
ion were selected from 3.32 to 12.74 Å−1 for the Pt LIII-edge and
rom 4.01 to 13.42 Å−1 for the Ru K-edge. The EXAFS curve fitting
n r-space was applied by a nonlinear least-square algorithm. In
ddition, the r-space ranges for the curve fitting were established
ithout phase correction from 1.29 to 3.12 Å for Pt and from 1.32

o 2.73 Å for Ru. The structural parameters were fitted by Artemis
ith theoretical standards generated by FEFF6 code [38]. The fit-

ed structural parameters included the coordination number (N),
ond distance (R), Debye–Waller factor (��j

2), and inner potential
hift (�E0). Two assumptions were made in the EXAFS fitting for
he H2PtCl6 solution. First, we assumed that the Pt cation (IV) com-
lexes were octahedrally coordinated, which kept the sum of Pt–Cl
nd Pt–O coordination number at six for all complexes. Second, the
ifference in ��j

2 for the Pt–Cl and Pt–O was assumed to be iden-
ical [33]. In addition, the amplitude reduction factor (S0

2) for Ru
as obtained by analyzing the reference Ru powder and found to

e 0.79.

. Results and discussion

.1. Material characterizations on Ru@Pt/XC72/CC

The XRD patterns are able to provide qualitative evidences for
he PtRu displacement reaction since the Pt and Ru adopt distinc-
ive lattices of fcc and hcp, and the alloying of a relatively larger
t atom (1.35 Å) into Ru (1.3 Å) structure is expected to render a
light expansion in the lattice parameter. Fig. 2(a) exhibits the XRD
atterns for the XC72/CC, Ru/XC72, Ru/XC72/CC, and group A of
u@Pt/XC72/CC from H2PtCl6 solution of pH 1, pH 2.2, and pH 8,
espectively. As shown, the XC72/CC exhibited an amorphous back-
round with a notable diffraction peak at 43.62◦. This peak was
lso present for remaining samples in Fig. 2(a) and it is a charac-
eristic carbon signal as evidenced by many studies [39–42]. For
he Ru/XC72, the hcp phase of Ru was confirmed with relevant
lanes properly indexed. In addition, the XRD pattern suggested a
olycrystalline nature with relative intensity consistent with that
f JCPDS 06-0663. The observed strong signals for the Ru/XC72
ver those of Ru/XC72/CC were attributed to the sample prepa-
ation difference where a larger amount of Ru/XC72 was used for
he XRD measurement. For samples of Ru@Pt/XC72/CC, the only
iscernible diffraction peaks were (1 0 0) and (1 0 1) which were
ssociated with the Ru lattice. Since the (1 0 1) overlapped with the
ackground diffraction from the XC72 and CC, we repeated the XRD
easurements at a slower scan rate around the (1 0 0) peak for com-

arison. The high-resolution XRD pattern for 36◦–41◦ is displayed
n Fig. 2(b). As shown, the Ru/XC72/CC revealed a (1 0 0) peak at
8.74◦. For samples of pH 1, pH 2.2, and pH 8, the (1 0 0) peak was

ocated at 38.7◦, 38.5◦, and 38.82◦, respectively. The minor variation
etween these diffraction peaks was likely caused by poor crys-
allinity of Ru after displacement reaction as well as background
oises from the XC72 and CC that compromised signal quality con-
iderably. We believed that the possibility for PtRu alloying was

ather remote as the displacement reaction took place at 40 ◦C
nd any interdiffusion between Pt and Ru was negligible. Hence,
he formation of a quasi-core–shell Ru@Pt was presumed because
rom the standpoint of displacement reaction, the Pt was deposited
pon removal of Ru and this dislocation process was occurring on
Fig. 2. The XRD patterns for the XC72/CC, Ru/XC72, Ru/XC72/CC, and
Ru@Pt/XC72/CC from group A of pH 1, pH 2.2, and pH 8 in scan range of (a)
30◦–90◦ and (b) 36◦–42◦ .

the Ru surface exclusively. According to Alayoglu et al., for Ru@Pt
nanoparticles with an approximately 1–2 monolayer-thick Pt shell,
both hcp Ru and fcc Pt diffraction peaks were observed, albeit
with considerable noises and reduced crystallinity [14]. In our case,
unfortunately, the Pt signal was not identified form Fig. 2(b). Ear-
lier, Manandhar and Kelber studied the spontaneous deposition of
Pt on Ru single crystals by X-ray photoelectron spectroscopy and
confirmed that the Pt was partially reduced as Pt(II) cations on
the Ru surface [29]. Therefore, it is likely that the Pt might exist
in an oxidized form instead of metallic one in our case after the
displacement reaction.

To validate our premise that the Pt was not present in metallic
state after the displacement reaction, we carried out the hydrogen
reduction treatment and Fig. 3(a) demonstrates the XRD patterns
for Ru@Pt/XC72/CC from samples of group B. Similar to what we
observed in Fig. 2(a), a broad diffraction peak was recorded around
44◦ which was attributed to the combined effects of XC72/CC and
Ru (1 0 1). Fig. 3(b) provides the high-resolution XRD pattern for
36◦–42◦. For samples of pH 1, pH 2.2, and pH 8, the Ru (1 0 0)
peak was located at 38.5◦, 38.54◦, and 38.62◦, respectively. These
peaks were orderly shifted to lower angles as compared to that
of Ru/XC72/CC at 38.74◦. This suggested a moderate alloying of Pt
in Ru matrix after the hydrogen reduction treatment. In addition,
the degree of alloying increased with baths at smaller pH value.
Moreover, for samples of pH 2.2 and pH 8, there appeared a minor
diffraction peak of Pt (1 1 1) at 39.48◦ corresponding to a fcc Pt with
a lattice parameter of 3.95 Å. This value was slightly larger than
the bulk Pt of 3.92 Å which was unexpected because the underly-

ing Ru core is presumed to exert finite constrains for the Pt lattice
above, causing it to shrink its lattice parameter slightly. However,
we rationalized that the signals from CC and XC72 might interfere
with diffraction responses from the Pt so the peak location might
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Fig. 3. The XRD patterns for the Ru@Pt/XC72/CC from group B of pH 1, pH 2.2, and
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Fig. 4. The TEM images for (a) Ru/XC72 and Ru@Pt/XC72/CC from group A of (b) pH 1, (c)
vironmental 103 (2011) 116–127

lose its fidelity. Nevertheless, we concluded that the Pt was present
initially in some oxidized forms but transformed to metallic one
after the hydrogen reduction treatment.

The TEM images for Ru/XC72 and Ru@Pt/XC72 (group A) of pH
1, pH 2.2, and pH 8 are exhibited in Fig. 4. Also displayed in the
insets are their respective pictures in high magnification. As shown
in Fig. 4(a), the Ru nanoparticles were irregular but uniformly
distributed in the XC72 support with an average size of 3.6 nm.
The high-resolution image confirmed a polycrystalline structure
for each individual particle. Interestingly, their sizes were slightly
increased after the displacement reaction from the TEM images in
Fig. 4(b–d). The average size for the Ru@Pt nanoparticles of pH 1, pH
2.2, and pH 8 was 4, 3.8, and 4.6 nm, respectively. However, their
morphologies were similar to that of Fig. 4(a). This minute variation
in sizes between each group suggested that the Ru nanoparticles
were stable in various environments against corrosive dissolution.
This behavior was not unexpected as Pourbaix diagram predicted
similar behaviors. In addition, due to the coulombic balance during
the displacement reaction, the loss of Ru introduces deposition of
Pt that rendered the Ru@Pt at similar sizes. Moreover, results from
EDX, listed in Table 1, confirmed the presence of Pt after the dis-
placement reaction. The bath of pH 1 revealed the largest amount
of Pt, followed by pH 2.2 and pH 8, indicating that the acidic envi-
ronment was favored for Pt deposition or adsorption. These results

were consistent with the XRD patterns in Fig. 3(b) since at pH 1 and
pH 2.2, some of the Pt were alloyed with Ru so a relatively larger
amount of Pt was reasonably expected.

Table 1
EDX results on Ru@Pt/XC72 from group A of pH 1, pH 2.2, and pH 8.

Pt (at%) Ru (at%)
pH 1 11.08 88.92
pH 2.2 6.65 93.35
pH 8 3.38 96.62

pH 2.2, and (d) pH 8. The insets are their respective images in high resolution.
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Table 2
ICP-MS results on Ru@Pt/XC72/CC from group A of pH 1, pH 2.2, and pH 8, as well
as their corresponding H2PtCl6 solution.

Pt (�mol) Ru (�mol)

Ru@Pt/XC72/CC pH 1 1.26 2.02
pH 2.2 1.17 2.94
pH 8 0.62 4.86

H2PtCl6 solution pH 1 20.01 1.88
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identical oxidation state with or without displacement reaction.
Therefore, during displacement reaction, we believed that the oxi-
dized Ru left the surface in the form of dissolved complexes and
freshly exposed Ru adopted a similar oxidation state. To validate
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 Ru/XC72/CC pH 1
 Ru/XC72/CC pH 7
 Ru/XC72/CC pH 8
 Ru powder
 RuO2
pH 2.2 21.61 1.37
pH 8 22.57 0.05

Since the EDX results provided qualitative evidences at best,
ore accurate determination for the Pt and Ru amount after the

isplacement reaction was obtained via ICP-MS. Table 2 presents
he ICP-MS results for the Ru@Pt/XC72 from group A of pH 1, pH
.2, and pH 8, as well as their corresponding H2PtCl6 solution after
he displacement reaction. As listed, the Pt loading was 1.26, 1.17,
nd 0.62 �mol for samples of pH 1, pH 2.2, and pH 8, respectively.
pparently, a lower pH bath allowed more Pt deposition or adsorp-

ion on the remaining Ru nanoparticles, a behavior consistent with
DX results in Table 1. Likewise, the Ru loading was 2.02, 2.94, and
.86 �mol for samples of pH 1, pH 2.2, and pH 8, respectively. For
he corresponding H2PtCl6 solution, the amount of residual Pt at
arious pH values agreed well with what we expected. In addition,
he amount of Ru cations in the H2PtCl6 solution was proportional
o the Ru loss in Ru@Pt nanoparticles. Obviously, considerable Ru
issolution in conjunction with Pt deposition was observed at a low
H bath. From Table 2, the compositions for the Ru@Pt nanoparti-
les were Pt38Ru62, Pt28Ru72, and Pt11Ru89 for samples of pH 1, pH
.2, and pH 8, respectively.

In order to remove possible effect of Ru corrosion encountered
n the acidic electrolyte, we also obtained ICP-MS results from sam-
les of Ru/XC72/CC immersed in aqueous solution of pH 1, pH 7, and
H 8 (reference group). Since the Pt cations were not present in the
olution, the amount of Ru recorded in the solution was caused
ntirely by corrosive dissolution instead of displacement reaction.
he Ru amount in pH 1, pH 7, and pH 8 bath was 0.31, 0.01, and
.03 �mol, respectively. It can be seen that the Ru suffered from
oderate corrosion in pH 1 bath but became relatively stable in

H 2 and pH 8 bath. Nevertheless, the amount of corrosive dissolu-
ion of pH 1 bath was still insufficient to account for the Ru content
eported in Table 2. According to the Pourbaix diagram, the Ru is
xpected to be in a metallic state at 0 V for bath of pH 1, pH 2, and
H 8. Hence, we concluded that the observed displacement reac-
ion was not driven by the corrosive dissolution of Ru but initiated
y the difference in the redox potentials between the Ru and Pt
omplexes at different pH baths. According to Brankovic et al. [30],
he driving force (�U) for the displacement reaction is the poten-
ial difference between the [PtCl6]2− reduction and Ru oxidation as
hown in equations below.

U = �EPt/PtCl2−
6

− �ERu0/Ruoxidized
> 0 (1)

PtCl6]2− + 4e− = Pt0 + 6Cl− (2)

�E[V ]∼0.74 + 0.015 log [PtCl6]2−) (3)

u0 + x(H2O) = RuOxHy + (2x − y)H+ + (2x − y)e− (4)
In addition, it is believed that the oxidative dissolution of Ru
ccurs at a potential more positive than the equilibrium potential
f Pt/[PtCl6]2− so it is unlikely to trigger the displacement reaction
43].
vironmental 103 (2011) 116–127 121

3.2. XANES and EXAFS analysis

Since the activity for Pt complexes and their associated redox
potentials are determined by the nature and number of ligands,
the solution pH value therefore becomes very critical because the
hydrolysis of Pt complexes is highly pH-dependant. The nature and
number of ligand complexing the Pt cation in the electrolyte, as well
as the oxidation state for Pt and Ru in the Ru@Pt nanoparticles can
be inferred from XANES and EXAFS analysis. The Ru K-edge XANES
spectra for the reference group (Ru/XC72/CC in pH 1, pH 2, and
pH 8 solution) are demonstrated in Fig. 5, along with Ru and RuO2
serving as the reference. The metallic Ru is established to have a
K-edge absorption around 22,117 eV and its position is shifted to
higher energy in oxidized state, as confirmed by the RuO2. Spectra
from the Ru/XC72/CC after immersing in HClO4 (pH 1), de-ionized
water (pH 7), and KOH (pH 8) suggested that some of the Ru existed
in oxidized forms and their oxidation states were rather similar.
However, the exact oxidation state was still unknown but its value
was estimated between 0 and +4 as indicated by the absorption
edge between Ru and RuO2. According to literature, the Ru was
prone to form surface oxide and hydroxide when it was immersing
in a liquid electrolyte. Hence, the presence of Ru in an oxidized state
was not entirely unsupported [44].

Fig. 6 exhibits the Ru K-edge XANES spectra for samples from
group A and group B, respectively. In general, their spectra were
similar to those obtained in Fig. 5. Hence, we concluded that the
oxidation state of Ru remained unchanged regardless the elec-
trolyte they encountered was HClO4, KOH, or H2PtCl6. However,
after further exploration, as shown in the inset of Fig. 6, it was found
that the Ru from group A was slightly more oxidized than that in
group B. This behavior was not unexpected as the samples from
group B underwent a hydrogen reduction treatment leading to their
reduced oxidized state. It is noted that from XRD in Figs. 2 and 3,
the samples from group A and group B did not reveal the presence
of RuOx or Ru(OH)x. However, in the XANES spectra, the Ru existed
in an oxidized state. We attributed this discrepancy to the sensitiv-
ity of XANES that took into consideration of both metallic Ru at the
core and oxidized Ru on the surface. Besides, the oxidized Ru was
likely amorphous that obscured the XRD signal.

Similarity in Figs. 5 and 6 confirmed that the Ru maintained an
Energy (eV)

Fig. 5. The Ru K-edge XANES spectra of Ru, RuO2, and Ru/XC72/CC from reference
group of pH 1, pH 7, and pH 8.
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ig. 6. The Ru K-edge XANES spectra of Ru@Pt/XC72/CC from group A and group B.

ur premise, it is necessary to carry out XANES analysis on the elec-
rolyte to verify the identity of dissolved Ru cations. Unfortunately,
he Ru cations in the electrolyte after displacement reaction were
o dilute that determination of their identity became rather diffi-
ult. From samples of group B, the oxidation state for Ru was not
ompletely reduced to metallic form which suggested that the oxi-
ized Ru state we observed was intrinsic to Ru after the Ru was
xposed to electrolyte or ambient moisture.

The Ru K-edge Fourier-transformed EXAFS spectra for the refer-
nce group, group A, and group B are provided in Fig. 7. The peaks
t 1.6 Å and 2.3 Å (without phase correction) were associated with
u-–O bond and Ru-–Ru bond at the first shell coordination. The
XAFS fitting results are summarized in Table 3. For the reference
roup, the coordination number for Ru-–O in all baths was around
. This bonding between Ru and O was attributed to the forma-
ion of oxide or hydroxide on the Ru surface. On the other hand, the
u-–Ru coordination number was around 4–5, which was expected
ecause earlier studies by Hwang et al. reported a similar coordina-
ion number for the Ru nanoparticles [24]. For the Ru@Pt/XC72/CC
sample of group A), we obtained a reduced Ru-–O coordination
umber for pH 1 and pH 2.2 bath. On the other hand, the coordina-
ion number of Ru-–Ru remained unchanged suggesting that the Ru
ore was likely intact. However, the EXAFS fitting did not reveal any
u-–Pt bond which excluded the possibility of Pt sitting next to Ru

n the Ru@Pt nanoparticles. Nevertheless, once the hydrogen reduc-
ion treatment was performed (as shown in group B), the Ru-–Pt
oordination number of 1.33, 1.08, and 0.82 was obtained for pH 1,
H 2.2, and pH 8 bath, respectively. At the same time, the number of
u-–O bond became smaller due to the hydrogen reduction treat-
ent. Likewise, the Ru-–Ru bond remained relatively unchanged
ecause the Ru core was mostly unaffected. According to Hu et al.
45], the Ru might establish a Ru-–O-Ru bonding near its surface.
n our case, the bridged oxygen was likely to connect both Pt and
u forming a Ru-–O-Pt on the surface of Ru nanoparticles. Hence, it
ecame reasonable that the Ru-–Pt coordination was observed as
R (Angstrom)

Fig. 7. The Ru K-edge Fourier-transformed EXAFS spectra from Figs. 5 and 6.

long as the bridged oxygen was removed during hydrogen reduc-
tion treatment.

In situ XAS measurements for the deposited Pt during displace-
ment reaction was unlikely because there were excess Pt cations
in the H2PtCl6 solution that provided strong background signals.
Hence, it became rather challenging to detect any variation in the
oxidation states for the deposited Pt cations on the electrode with
presence of H2PtCl6 solution nearby. Fig. 8 demonstrates the Pt LIII-
edge XANES spectra from H2PtCl6 solution at pH 1, pH 2.2, and pH
8, respectively. Also shown is the XANES for Pt foil. The purpose for
this measurement is to determine the nature of complexing ions
for the Pt cations in different environments. From literature, elec-
tronic transitions from 2p3/2 to 5d is responsible for the Pt LIII-edge
which is also known as white line [46,47]. In general, the white
line intensity is able to provide information on the oxidation state
of Pt due to its relevance to the d-band vacancy. A larger white
line intensity often infers more vacant d-band orbitals. From the
XANES spectra, there appeared a high intensity white line for the
Pt cations in H2PtCl6 solution at various pH values. These patterns
were expected as the Pt cations were possibly present in Pt4+. For
the white line of Pt foil, its low intensity confirmed its metallic
nature and its magnitude corresponded to the oxidation state of
“0”.

For the identity of Pt atoms which were deposited onto Ru after
the displacement reaction, the Pt LIII-edge XANES spectra in Fig. 9
can provide insightful information. In general, for samples from
group A and group B, the XANES spectra clearly demonstrated a

notable distinction in which signals from group A revealed a larger
d-band vacancy than those from group B. This trend was expected
as samples from group B underwent a hydrogen reduction treat-
ment. For samples of group A, obviously the pH 8 sample revealed
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Table 3
EXAFS fitting parameters at the Ru K-edge for Ru/XC72/CC and Ru@Pt/XC72/CC under various conditions.

Path Coordination number, N Bond distance, R (Å) Inner potential shift, �E0 (eV) Debye–Waller factor, �� j
2 (×10−3 Å2)

Reference pH 1 Ru–O 1.95 2.04 −5.45 5.43
Ru–Ru 4.61 2.67 −9.92 7.29

pH 7 Ru-–O 1.99 2.04 −4.36 5.41
Ru-–Ru 5.00 2.67 −10.4 7.98

pH 8 Ru-–O 1.94 2.04 −6.15 3.32
Ru-–Ru 4.15 2.67 −12.05 7.45

Group A pH 1 Ru-–O 1.23 2.05 −0.55 0.13
Ru-–Ru 4.06 2.67 −7.35 7.02

pH 2.2 Ru-–O 1.33 2.07 −1.56 0.46
Ru-–Ru 4.28 2.68 −7.10 8.26

pH 8 Ru-–O 1.99 2.02 −7.46 1.78
Ru-–Ru 4.08 2.65 −12.88 7.03

Group B pH 1 Ru-–O 1.07 2.05 −6.54 4.23
Ru-–Ru 5.24 2.69 −3.71 6.70
Ru-–Pt 1.33 2.71 −9.44 5.91

pH 2.2 Ru-–O 1.36 2.05 −5.03 5.30
Ru-–Ru 5.12 2.69 −4.14 7.20
Ru-–Pt 1.08 2.70 −13.59 6.62

pH 8 Ru-–O 1.41 2.05 −0.47 6.96
Ru-–Ru 4.54 2.69 −3.62 6.91
Ru-–Pt 0.82 2.71 −8.24 5.64
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1, pH 2.2, and pH 8 bath, respectively. Previously, Spieker et al.,
ig. 8. The Pt LIII-edge XANES spectra of Pt foil and H2PtCl6 solution of pH 1, pH 2.2,
nd pH 8.

he largest d-band vacancy with its magnitude close to the H2PtCl6
olution in Fig. 8. This suggested that the Pt existed in +4 oxida-
ion state on the Ru particle after the displacement reaction which
nferred a physical adsorption process without involving the oxi-
ation loss of Ru. In addition, for baths of pH 1 and pH 2, it appeared
hat the Pt still existed in the oxidized state albeit with a slightly
educed state. This trend was reversed from samples of group B in
hich the pH 8 sample demonstrated the lowest oxidative state
ith magnitude close to the metallic Pt foil shown in Fig. 8. How-

ver, the samples from pH 1 and pH 2.2 indicated that the Pt was still
resent at a slightly oxidized state. We surmised that at pH 8 the Pt
toms clustered around themselves revealing a metallic behavior
hile at pH 1 and pH 2.2, the Pt atoms were intermixed with Ru

orming a quasi-alloying state instead. Earlier, it was suggested by
asaki et al. that in alloying of PtRu the Pt exhibits a larger d-band
acancy because its electronic structure is influenced by nearby Ru

17]. This might be one of the reasons accountable for the recorded
xidized Pt in Fig. 9. An alternative explanation is that the RuOx is
ble to withdraw electrons partially from the Pt nearby leading to
elatively stronger white line intensities.
Energy (eV)

Fig. 9. The Pt LIII-edge XANES spectra of Ru@Pt/XC72/CC from group A and group B.

The Fourier-transformed EXAFS spectra for H2PtCl6, group A,
and group B are exhibited in Fig. 10. As shown, the peaks at 1.7 Å
and 2.0 Å (without phase correction) were associated with the Pt–O
bond and Pt–Cl bond at the first shell coordination, respectively.
On the other hand, the peaks at 2.1 Å and 2.7 Å (without phase cor-
rection) corresponded to the Pt–Ru bond and Pt–Pt bond at the
first shell coordination, respectively. The EXAFS fitting results are
summarized in Table 4. In H2PtCl6 solution, the coordination num-
ber of Pt–O was 1.31, 1.65, and 3.58 for pH 1, pH 2.2, and pH 8
bath, respectively. In addition, the EXAFS results determined that
the coordination number of Pt–Cl was 4.69, 4.35, and 2.42 for pH
in their careful study of dilute H2PtCl6 acids with various pH val-
ues, observed that the chloride ion ligands associated with the Pt
complexes can be exchanged by hydroxide ligand (OH) or aquo lig-
and (OH2) due to the hydrolysis reaction [33]. Similar phenomena
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ig. 10. The Pt LIII-edge Fourier-transformed EXAFS spectra from Figs. 8 and 9.

ere observed in this work in which the EXAFS fitting for samples of
ifferent pHs indicated a significant ligand changeup between the
t–Cl and Pt–O. In other words, the number of chloride ligands on
he Pt complexes was reduced due to the hydrolysis reaction when
he pH value was increased. The variation of Pt ligand species was
elieved to be responsible for the notable difference toward the
ehavior of displacement reaction.

For group A, the sum of coordination number for Pt–O and Pt–Cl

as decreased after the deposition/attachment to the Ru. This indi-

ated that some of the ligands were removed from the Pt complexes
hen the Pt cations were anchored to Ru. Nevertheless, a direct

t–Ru bond was not established which was consistent with what
e found in Table 4. Therefore, the bridged oxygen structure was

able 4
XAFS fitting parameters at the Pt LIII-edge for Ru/XC72/CC and Ru@Pt/XC72/CC under va

Path Coordination number, N Bond distance, R
H2PtCl6 solution pH 1 Pt–O 1.31 1.99

Pt–Cl 4.69 2.31
pH 2.2 Pt–O 1.65 1.99

Pt–Cl 4.35 2.31
pH 8 Pt–O 3.58 1.99

Pt–Cl 2.42 2.31

Group A pH 1 Pt–O 1.95 1.99
Pt–Cl 1.69 2.30

pH 2.2 Pt–O 1.83 2.00
Pt–Cl 2.41 2.30

pH 8 Pt–O 3.66 1.99
Pt–Cl 1.83 2.32

Group B pH 1 Pt–Ru 5.75 2.71
Pt–Pt 1.71 2.76

pH 2.2 Pt–Ru 4.23 2.71
Pt–Pt 2.43 2.76

pH 8 Pt–Ru 3.21 2.71
Pt–Pt 4.24 2.75
vironmental 103 (2011) 116–127

believed to be the linkage between the Pt and Ru. For samples in
group B, the coordination environment was changed dramatically
with the disappearance of Pt–O and Pt–Cl. Instead, we witnessed
the formation of Pt–Ru and Pt–Pt. The coordination number for
Pt–Ru was 5.75, 4.23, and 3.21 for pH 1, pH 2.2, and pH 8 bath. These
results suggested that at low pH value, the Pt atoms were embed-
ded in the Ru core occupying lattice sites vacated by dissolving Ru
atoms. At a high pH value, the Pt cations were merely adsorbed
physically on the Ru surface which led to a decrease in the Pt–Ru
coordination number after the hydrogen reduction treatment. On
the other hand, the coordination number for Pt–Pt was 1.71, 2.43,
and 4.24 for pH 1, pH 2.2, and pH 8 bath, respectively. At a low pH
value, the Pt atoms were assumed to mix with Ru forming a quasi-
alloying state that resulted in a small Pt–Pt coordination number.
On the contrary, the Pt clusters on the Ru surface were expected
to exist for the pH 8 bath. These results were consistent with XRD
data in Fig. 3, leading to a larger Pt–Pt coordination number. The
reason that Pt continued to substitute the Ru atoms in the beneath
layers is because the Ru nanoparticles suffered from severe oxi-
dation dissolution in an acidic electrolyte as compared to that of
alkaline electrolyte. This behavior can be confirmed from Table 2
in which a significantly larger Ru amount (1.88 �mol) was found
in the H2PtCl6 solution of pH 1. In contrast, a moderate amount of
Ru (0.05 �mol) was recorded in the H2PtCl6 solution of pH 8. We
rationalized that the oxidative dissolution of Ru nanoparticles pro-
duced sufficient porosity that allowed the deposition of Pt cations
underneath the Ru surface.

By summarizing the analytical results from XRD, ICP-MS, TEM,
EDX, and XAS spectra, a mechanism for the Pt displacement reac-
tion on the Ru nanoparticles is provided in the schematic diagrams
shown in Fig. 11. Fig. 11(a) depicts the scenario for pH 1 and pH 2
in which the Pt cations were partially reduced accompanied by the
oxidative dissolution of Ru on the surface. The dissolution of Ru was
resulted from Pt reduction. Meanwhile, the formation of Ru oxide
layer on the surface took place slowly during the Ru immersion
into aqueous baths which eventually terminated the displacement
reaction as the surface oxide layer prevented the underneath Ru
from further dissolving and consequently inhibiting the reduction
of Pt ions. Fig. 11(b) illustrates the mechanism of PtRu displacement
reaction in pH 8 scenario. The Pt cations were physically adsorbed

on the Ru surface mostly, and after the hydrogen reduction treat-
ment, the Pt cations were reduced and agglomerated as clusters
on the Ru surface. In short, the pH values of H2PtCl6 acid played a
critical role for the severity of displacement reaction between the
Pt and Ru and its resulting alloy state.

rious conditions.

(Å) Inner potential shift, �E0 (eV) Debye–Waller factor, �� j
2 (×10−3 Å2)

−2.14 2.79
10.16 2.79
−1.95 3.77
10.34 3.77

1.44 4.21
13.83 4.21

7.26 1.78
9.16 1.57
7.79 1.79
8.80 4.47
3.73 2.42

18.35 11.17

8.66 5.61
7.52 2.96
7.69 5.60
8.65 4.82
6.69 6.25
7.26 4.66
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eaction occurring at (a) low pH and (b) high pH conditions.
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Fig. 11. Schematic diagrams for PtRu displacement r

.3. Electrochemical analysis of Ru@Pt/XC72/CC

An alternative route to validate the core–shell structure for the
u@Pt nanoparticles is to carry out CO stripping measurements on
he samples after hydrogen reduction treatment (group B). Since
he CO is known to form a strong chemical bond with Pt that
eactivates the Pt from subsequent electrochemical actions, the
odification of Pt by underlying Ru has been reported to alleviate

he CO poisoning effect via a mechanism of electronic modifica-
ion [10,11]. As a result, the Ru@Pt nanoparticles are expected to
eveal superior performances for CO oxidation and this can be eas-
ly seen by the negative shift of the onset potential in CO stripping
rofiles. To carry out the CO stripping experiments, we saturated
.5 M H2SO4 solution with gases of 3 vol.% CO and 97 vol.% N2 for
0 min at −0.15 V (vs. Ag/AgCl) to ensure adequate adsorption of
O on the Ru@Pt/XC72/CC. Afterward, cyclic voltammetric scans
CV) were imposed on the samples for −0.2–0.9 V to obtain current
esponses associated with CO oxidation. The resulting CV profiles
re displayed in Fig. 12. Also shown for comparison is the com-
ercial PtRu from E-TEK. The commercial product of E-TEK PtRu

ontained PtRu nanoparticles supported on the XC72 in 40 wt% and
he PtRu atomic ratio was 1:1. In contrast, in our Group B sam-
les, the PtRu compositions were Pt11Ru89, Pt7Ru93, and Pt3Ru97.
he exact catalyst loadings for our samples were validated by
hermogravimetric analysis (TGA) measurements in which carbon
upports (XC72/CC) were deliberately burned off at elevated tem-
erature, leaving metallic PtRu behind. For the E-TEK sample, the
tRu loading was 0.64 mg/cm2. For Group B of pH 1, pH 2.2, and pH
, we recorded PtRu loadings of 0.2, 0.24, and 0.53 mg/cm2, respec-
ively. These values were used in calculating the mass activities
or these samples. As shown in Fig. 12, the E-TEK PtRu exhibited
n onset potential of 0.23 V, while the Ru@Pt nanoparticles of pH
, pH 2.2, and pH 8 displayed an onset potential of 0, 0.02, and
.04 V, respectively. The improvements in the onset potentials for
he CO stripping provided additional evidences of core–shell for-

ation in our samples. In addition, the sample of pH 1 revealed the
owest onset potential because its surface structure was between
lloyed and core–shell arrangement that revealed the largest ligand
ffect.

Tolerance for CO poisoning can also be confirmed by subject-
ng the Ru@Pt nanoparticles (group B) in mixed gas of H2/N2/CO
200/9.7/0.3 in vol. ratio) for H2 oxidation reaction. The exper-

ments were performed at 0.05 V (vs. Ag/AgCl) in 0.5 M H2SO4
olution for 1 h to record the resulting current responses. Fig. 13
emonstrates the H2 oxidation curves for both apparent cur-
ent density and mass activities in which identical trends were
bserved. In general, the obtained current revealed moderate insta-
Fig. 12. The cyclic voltammetric curves for CO oxidation on E-TEK/CC and
Ru@Pt/XC72/CC from group B of pH 1, pH 2.2, and pH 8.

bility which was caused by gas bubble adsorption and desorption.
These undesirable current fluctuations were also observed by
Brankovic et al. and Adzic et al. [21,48]. For the E-TEK PtRu, there
appeared a gradual loss in the H2 oxidation ability which agreed

with earlier results [21]. They attributed this degradation behavior
to the CO poisoning of Pt. A similar pattern was also witnessed for
Ru@Pt nanoparticles of pH 8 which was possibly due to the forma-
tion of Pt clusters on the Ru surface that exposed unalloyed Pt for
Pt-CO bonding. In contrast, the Ru@Pt nanoparticles of pH 1 demon-
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ig. 13. The H2 oxidation curves in (a) apparent current density and (b) mass activity
n E-TEK/CC and Ru@Pt/XC72/CC from group B of pH 1, pH 2.2, and pH 8.

trated an increasing catalytic ability for H2 oxidation initially but
tabilized after 1000 s with negligible performance degradation.
his notable improvement further substantiated the formation of
esirable core–shell structure that enabled facile CO removal as
videnced in Fig. 12.

It is noted that the in situ XAS would be very insightful to detect
ny changeup in Pt or Ru during fuel cell operation when the elec-
rode is under polarization. In a recent article by Zhou et al., they
arried out the in situ XAS on Pd2Co-supported Pt monolayer for the
xygen reduction reaction and observed that the white line inten-
ity of the Pt LIII-edge did not show any noticeable change until
he applied potential was positive of 0.9 V [49]. In our case, the
otential for the hydrogen oxidation reaction occurred at 0.25 V so

t is likely that the in situ XAS for the hydrogen oxidation reaction
ight not pick up sufficient variation in the white line intensity

f Pt LIII-edge. However, there is also possibility that the Ru would
ecome Ru oxide or hydroxide at 0.25 V and hence alters the elec-
ronic structure of Pt nearby. In such scenario, the Pt LIII white line

ight be slightly affected.

. Conclusion

The mechanism of Pt displacement reaction on the Ru to
orm Ru@Pt nanoparticles was investigated by immersing the
arbon-supported Ru nanoparticles in hexachloroplatinic acids

ith various pH values, followed by hydrogen reduction. XRD pat-

erns demonstrated that the Ru hcp lattice was expanded slightly
fter Pt incorporation. Results from ICP-MS suggested that the dis-
olution of Ru was mostly caused by the reduction of Pt cations.

[
[
[
[
[
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TEM images demonstrated a uniform distribution of Ru@Pt in size
of 3–5 nm. Analysis from XANES and EXAFS indicated that the pH
value of hexachloroplatinic acids determined the type of ligands
around the Pt cations that led to different states of PtRu upon dis-
placement reaction. After hydrogen reduction, samples from pH
1 bath revealed a desirable core–shell structure that displayed a
reduced onset potential in CO stripping measurements and stable
catalytic performance for H2 oxidation with negligible performance
degradation.
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