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A combined polyol and redox-transmetalation strategy has been proposed to synthesize Rugoe—Ptgen bimetallic
nanoparticles. By following the in situ X-ray absorption spectroscopy (XAS) at the Pt Ly; and Ru K edges,
the reduction mechanism of Ru nanoparticles (NPs) in tetraethylene glycol (TEG) solutions and the
corresponding reaction of Ru NPs with the added Pt*" ions in ethylene glycol (EG) solutions to form
Rucore—Ptghen bimetallic nanoparticles was examined. The Pt Lj-edge XAS indicates that when the pH of
H,PtCl¢ in EG solution is adjusted to 12 and heated at 80 °C for 5 min, the platinum compound is found to
be reduced to a Pt(Il) form corresponding to [PtCl4]*>~ anionic species. At further reaction time of 10 min, the
ligand environment around Pt(I) is changed from Cl~ to OH~ forming the [Pt(OH),]*~ species. Analysis of
the Ru K-edge XAS results confirms that Ru;(CO);, in TEG undergoes a partial decarbonylation when it is
heated at 300 °C for 30 min and forms Ru;(CO)y species. At further reaction time of 60 min, Ru;(CO)y
species are subjected to a complete decarbonylation to form Ru clusters in TEG solutions. When the EG
solution containing [Pt(OH),]*” ionic species is mixed with preformed Ru clusters, P*" ions are reduced to
Pt on preformed Ru clusters at the expense of Ru via a redox-transmetalation process. The XAS structural
parameters suggested that the resulting nanoparticles were of Rugee—Ptgnen type structure with a higher extent
of atomic distribution of Pt in the cluster when compared with Ru. The unique application of XAS as a
fundamental characterization tool to realize the core—shell structure demonstrated here on the Ru—Pt bimetallic
system can easily be extended to construct many other types of bimetallic systems for interesting applications.

Introduction

Bimetallic nanoparticles (NPs), either as an alloy or as a
core—shell structure, are attracting increasing attention with the
growth of interest in nanotechnological disciplines.! Among the
various types of bimetallic NPs, in particular, core—shell NPs
are gaining much importance not only in view of atom economy,
which refers to the possibility to substitute the use of noble
metals with another less expensive material to make new and
affordable catalysts, but also because of their enhanced optical,
magnetic, and catalytic properties when compared with their
monometallic counterparts.” This enhancement in activity could
be explained by electronic, structural, and morphological
changes induced in core—shell NPs by their corresponding
monometallic NPs. Because of the interesting physicochemical
properties of core—shell NPs, methods which can provide
growth of one metal onto another in a controlled way and
deliberate tailoring of the catalyst nanostructure and character-
ization methodologies are gaining interest in the contemporary
nanoscience research.

A number of synthesis strategies have already been used for
the production of core—shell NPs, such as redox-transmetala-
tion,’ ethylene glycol-assisted polyol method,* coreduction,’ seed
growth method,® and so forth. In order to assess the catalytic
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applications of core—shell NPs, rigorous nanoscale characteriza-
tion techniques are essential. Various techniques, such as
transmission electron microscopy (TEM), UV —vis absorption,’
resonance light scattering,® surface-enhanced Raman scattering
(SERS) techniques, have been proposed for the characterization
of core—shell NPs.® Recently, Garcia-Gutierrez et al. have
demonstrated that high angle annular dark field (HAADF)
technique coupled to a transmission electron microscope is a
promising approach to identify the core—shell structures in
nanoparticle systems.'” This technique allows the observation
of the interfaces between layers of different elements due to
differences in atomic number, densities, or to the presence of
strain fields due to differences in lattice parameters so that details
of the structure of core—shell type nanoparticles can be obtained.
Although a variety of procedures have been employed for the
characterization of core—shell nanoparticles, difficulties associ-
ated with their usage under in situ conditions have limited their
applications. For example, the commonly available X-ray
diffraction (XRD) technique may not give real structural
information especially at early stages of nanoparticle formation
due to its inability to identify the short-range ordering (local
environment).'! XRD can provide promising information about
the long-range ordering and periodicities preferably on single
crystals or polycrystals. Hence, conclusions about the structure
or structural evolution of nanosized particles at early stages
cannot be simply drawn from XRD. The electron microscopic
technique like transmission electron microscopy (TEM)'? will
provide only qualitative understanding of the structure of

UJ 2008 American Chemical Society

Published on Web 11/19/2008



Rugore—Ptgnen Bimetallic Nanoparticles

bimetallic nanoparticles by emphasizing the intensity contrast
in nanoparticles. However, usage of TEM to understand the
structural evolution at early stages of nanoparticle formation is
rather difficult since nanoparticle structure would change during
the preparation or transportation of the sample for TEM analysis.

For metal nanoparticles, X-ray absorption spectroscopy
(XAS) comprising of X-ray absorption near-edge spectroscopy
(XANES) region (conventionally from below the edge up to
~30—50 eV) and extended X-ray absorption fine structure
(EXAFS) extending from the XANES region to as high as 2
keV above the edge!® has proved to be one of the most suitable
methods for investigating structural evolution, and in many
cases, structural properties of metal particles can be probed in
situ during the different steps of preparation. The XANES
spectra provide information about the oxidation state, fractional
d-electron density, and electronic environment of the absorbing
atom, while the EXAFS spectra yield information on the
number, type, and distance of the backscattering atom and allow
investigations on the short-range ordering and provide geometric
information. In recent years, XAS studies have been well-
explored on bimetallic nanoparticles.'* EXAFS is particularly
sensitive to interatomic distances and local disorder and has
been successfully utilized to resolve subtle nanoparticle struc-
tural details. We have recently made some significant contribu-
tions that highlight the applicability of XAS technique to study
the nanoparticle formation mechanisms.'> We also applied XAS
to study the chemical transformation of bimetallic nanoparticles
to ternary metallic nanoparticles by a cation redox reaction'®
and as a fundamental characterization tool to study the design
and controlling the architecture of Pd—Au bimetallic nanopar-
ticles in AOT reverse micelles.!” These studies are quiet helpful
in not only providing detailed knowledge of the particle
formation mechanism but also aiding the development of
structure-controllable synthesis strategies for metal nanoparticles.

The interest in the controlled synthesis and atomic-level
characterization of bimetallic Pt—Ru nanoparticles either in alloy
or core—shell structures is increasing because of their application
as anode catalysts for the electro-oxidation of methanol in direct
methanol fuel cells (DMFCs).'® The intrinsic properties of
PtRu/C NPs are mainly determined by their size, composition,
distribution of Pt and Ru sites at the atomic level, homogeneity,
and surface population of Pt and Ru.!® Many synthesis methods
appearing in the literature highlight the particle homogeneity
as the main criterion in preparing PtRu/C NPs, while some
studies focus on the Pt and Ru distribution.?’ Recently, Bock et
al. reported a polyol process for preparing PtRu/C NPs within
the size range of 0.7—4 nm by controlling the pH of the reaction
medium in ethylene glycol solutions. In a recent X-ray absorp-
tion spectroscopy (XAS) study, we have shown that Pt and Ru
atomic distribution in PtRu NPs synthesized by such a polyol
process is higher when compared with the conventional col-
loidal-reduction methodologies, and the particles are of signifi-
cant stability.?' It appeared in the literature that the bimetallic
nanoparticles’ size and phase ordering will depend on the
reaction kinetics which in turn can be controlled by the type of
polyol employed in the process.??

In line with our ongoing effort to establish structure control-
lable synthesis strategies for bimetallic nanoparticles, we have
aimed here to develop a controlled synthesis strategy for
Rugore—Pthen bimetallic nanoparticles and the in situ investigation
of the synthesis process by XAS. A combined polyol and redox-
transmetalation strategy has been employed to generate
Ruo.—Ptg.en bimetallic NPs. The Pt and Ru atomic distribution
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and the structure of the resultant Ru.y.—Ptge bimetallic NPs
is discussed based on the obtained XAS structural parameters.

Experimental Section

Chemicals. All chemicals were purchased from Acros and
were used as received without further purification: hexachlo-
roplatinic acid (H,PtCle*6H,0, 99.90%), ruthenium dodecac-
arbonyl (Ruz(CO)y,, 99%), ethylene glycol (EG, C,HO,, 99%),
and tetraethylene glycol (TEG, C¢H 404, 99%).

Synthesis of Ruo.—Ptgen Nanoparticles. For the conven-
ience of XAS measurements to understand the stepwise forma-
tion mechanism, the present experiment was designed in three
steps.

Step 1. At first, 0.06 M H,PtCls*6H,0 in EG solution was
obtained by dissolving appropriate amount of H,PtCls*6H,0
in EG. The pH of this solution was 0.084. Later, the pH of
H,PtCls+6H,0 in EG solution was adjusted to 12. The solution
was then heated to 80 °C initially for 5 min, and then for 10
min to generate Pt-complex solution containing Pt** ions.

Step 2. First, an appropriate amount of Ruz(CO);, was
dissolved in TEG solution at 100 °C under stirring. This solution
was initially refluxed at 300 °C for 30 min, and then subjected
to further reflux at the same temperature for about 1 h to generate
Ru clusters.

Step 3. The solution obtained at step 2 was cooled to 50 °C.
Two milliliters of Pt-complex solution obtained at step 1 was
added while stirring, and the reaction was continued for 4 h.
Further, 3 mL of Pt-complex solution was added and continued
the reaction for another 4 h. A redox-transmetalation reaction
occurred between the preformed Ru clusters (step 1), and added
Pt ions (step 2) will generate Ru,,e—Ptgen nanoparticles during
the step 3. The final product was collected by centrifugation
and dried. After each reaction step discussed above, the mixture
was cooled to room temperature and subjected to XAS
measurements.

High Resolution Transmission Electron Microscopy (HR-
TEM) Measurements. HRTEM images were obtained with a
JEOL FEI-TEM 2000 instrument operating at an acceleration
voltage of up to 200 kV. Samples for HRTEM measurements
were prepared by ultrasonically dispersing the nanoparticles in
toluene and placing a drop of the colloidal dispersion of
nanoparticles on a Cu grid, followed by drying in the oven.

X-ray Absorption Spectroscopy (XAS) Measurements.
X-ray absorption measurements were carried out at the Taiwan
Beam Line of BL12B2 at the Spring-8, Hyogo, Japan and at
the beam line BLOICI1 at the National Synchrotron Radiation
Research Center, Taiwan. The electron storage ring of Spring-8
was operated at 8 GeV. A double Si(111) crystal monochromator
was employed for the energy selection with a resolution AE/E
better than 1 x 107* at both the Pt Ly (11 564 eV) and the Ru
K-edges (22 117 eV). Reaction mixtures at different stages of
Ru cluster formation, Pt-complex solution, and Ru—Pt nano-
particles formation were brought down to the room temperature
and taken in a homemade cell made of PTFE for XAS study.
Two holes were made, one on top of the cell and the other on
one side. After placing the liquid samples, the top hole was
closed with a Teflon rod to avoid the exposure of the sample to
the outer atmosphere. A hollow Teflon rod with a Kapton film
cap at one end was inserted into the side hole in the in situ
XAS cell. The position of the Teflon rod was adjusted to reach
the optimum absorption thickness (Aux ~ 1.0; Au is the
absorption edge, x is the thickness of the liquid layer) so that
the proper edge jump step could be achieved during the
measurements. All of the spectra were recorded at room
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temperature in a transmission mode. Higher harmonics were
eliminated by detuning the double crystal Si(111) monochro-
mator. Three gas-filled ionization chambers were used in series
to measure the intensities of the incident beam (/y), the beam
transmitted by the sample (/,), and the beam subsequently
transmitted by the reference foil (/). The third ion chamber was
used in conjunction with the reference sample, which was a Pt
foil for the Pt Lj-edge measurements and Ru powder for the
Ru K-edge measurements. The control of parameters for EXAFS
measurements, data collection modes, and calculation of errors
were all done as per the guidelines set by the International XAFS
Society Standards and Criteria Committee.?’

X-ray Absorption Spectroscopy (XAS) Data Analysis. The
EXAFS data reduction was conducted by utilizing the standard
procedures. The EXAFS function, y, was obtained by subtracting
the postedge background from the overall absorption and then
normalized with respect to the edge jump step. The normalized
%(E) was transformed from energy space to k-space, where & is
the photoelectron wave vector. The x(k) data were multiplied
by k* to compensate the damping of EXAFS oscillations in the
high k-region. Subsequently, k>-weighted y(k) data in the k-space
ranging from 3.6 to 12.6 A~! for the Pt Ly-edge, from 3.6 to
11.6 A~! for the Ru K-edge, were Fourier transformed (FT) to
r-space to separate the EXAFS contributions from the different
coordination shells. A nonlinear least-squares algorithm was
applied to the curve fitting of an EXAFS in the r-space between
0.7 to 3.3 A for both Pt and Ru depending on the bond to be
fitted. For the Pt—Ru reference file, a suitable experimental
reference compound was not available for calibration purposes.
Hence, the effective scattering amplitude [f(k)] and phase shift
[0(k)] for the Pt—Ru was generated by using FEFF7 code by
keeping Pt atoms at (0, 1/2, 1/2), (1/2, 0, 1/2), and (1/2, 1/2, 0)
and Ru in (0, 0, 0) position in a cubic unit cell of close packing
model. The lattice parameter ¢ = 3.83 A is used in the FEFF7
calculation. Reference phase and amplitude for the Pt—Pt and
Pt—Cl absorber-scatterer pairs were obtained from a Pt foil and
H,PtClg, respectively. For Ru—Ru and Ru—O absorber-scatterer
pairs, the phase and amplitude were obtained from the reference
Ru powder and RuO,, respectively. All of the computer
programs were implemented in the UWXAFS 3.0 package®
with the backscattering amplitude and the phase shift for the
specific atom pairs being theoretically calculated by using the
FEFF7 code.” From these analyses, structural parameters like
coordination numbers (N), bond distance (R), the Debye—Waller
factor (Ao?), and inner potential shift (AEp) have been
calculated. The amplitude reduction factor (Sy?) values, which
account for the energy loss due to multiple excitations, for Pt
and Ru were obtained by analyzing the Pt foil and Ru powder
reference samples, respectively, and by fixing the coordination
number in the FEFFIT input file. The Sy? values were found to
be 0.95 and 0.88 for Pt and Ru, respectively. The values of
residual factor (R factor) defined by equation 1 are less than
10, indicating that errors associated with data-fitting is quite
small.

N

/yexp(i) - ytheo(i)/
1

N

D /ey
=

The error bounds in the fit parameters N, R, Ao?, and AE,
were obtained from the 95% confidence level using FEFFIT
software. The standard errors (SE) for the coordination numbers
at 95% confidence interval were calculated by dividing the error

Residual factor (%) = = x 100 (1)
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Figure 1. In situ Pt Lj-edge XANES spectra for various reaction steps
during the formation of Pt—Ru nanoparticles: (a) H,PtClg in ethylene
glycol (EG); (b) HyPtClg in EG (pH adjusted to 12); (c) H,PtClg in EG
(pH = 12), 80 °C, 5 min; (d) H,PtCls in EG (pH = 12), 80 °C, 10
min; (e) addition of 2 mL Pt complex in EG to preformed Ru clusters
in tetracthylene glycol (TEG) solutions, 50 °C, 4 h; (f) further addition
of 3 mL Pt complex in EG to preformed Ru clusters in TEG, 50 °C,
4 h; (g) final Pt—Ru nanoparticles, and (h) the Pt reference foil.

bounds for each coordination number by a factor of 1.96. These
standard errors represented for the coordination numbers were
used to calculate the standard error for the addition, ratio, and
percentage of coordination numbers by employing the appropri-
ate statistical equations. The standard errors calculated for
alloying extent of Pt and Ru in final PtRu nanoparticles are
well-below that of 15%.

Results and Discussion

X-ray absorption near edge structure (XANES) spectra offers
the ability to monitor the changes in oxidation state of the atoms
in the material during the course of the reaction. Figure 1
displays the XANES spectra at the Pt Lyj;-edge recorded for all
of the reaction steps during the formation of Pt—Ru bimetallic
NPs and for the reference Pt foil.

Here, it is clearly seen that the Pt precursor, that is, H,PtClg
in ethylene glycol exhibits a sharp peak positioned at 11.567
keV corresponding to electronic transitions from 2p;, to
unoccupied states above the Fermi level. This sharp peak is
generally called a white line, and its magnitude is sensitive to
the degree of electron occupancy in the valence orbitals of the
absorber.?® In general, if the white line intensity decreases, the
density of unoccupied d states is lower and the oxidation state
of Pt is lower. As can be seen in Figure 1, the magnitude of
white line is decreased when the pH of H,PtClg in EG is adjusted
to 12 indicating the decrease in Pt oxidation state. When H,PtCl,
in EG (pH = 12) is heated at 80 °C for 5 min the white line
intensity is further decreased. This sharp decrease in white line
intensity when compared with the initial state indicates that
Pt*" ions are reduced to Pt*" ions, and this observation is
consistent with our previous study.?! No change in white line
intensity is observed when H,PtCls in EG (pH = 12) is
continued to heat at 80 °C for 10 min indicating the stability of
Pt oxidation state (4+2). However, information regarding the
ligand environment can not be obtained from XANES measure-
ments alone and it will be confirmed later with EXAFS results.
The solution containing Pt>** complex ions in ethylene glycol
of this step is cooled down to 50 °C and 2 mL of this solution
is added to the solution containing preformed Ru clusters in
tetraethylene glycol (TEG). The reaction between the added Pt**
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Figure 2. In situ Ru K-edge XANES spectra for various reaction steps
during the formation of Pt—Ru nanoparticles. (a) Ru;3(CO);, in
tetracthylene glycol (TEG) at 100 °C; (b) Ru3(CO);, in TEG at 300 °C,
30 min; (¢) Ru3(CO);, in TEG at 300 °C, 60 min (Ru clusters); (d)
addition of 2 mL of Pt complex in EG solution to 5 mL solution of Ru
clusters in TEG, 50 °C, 4 h; (e) further addition of 3 mL Pt complex
in EG to 5 mL solution of preformed Ru clusters in tetraethylene glycol
(TEG) solutions, 50 °C, 4 h; (f) final Pt—Ru nanoparticles, and (h) the
Ru powder reference.

ions and Ru clusters is continued for 4 h at 50 °C. The purpose
of this step is to allow a redox-transmetalation between the
added Pt*" ions and the preformed Ru® clusters. In the so-called
redox-transmetalation reaction, zero valent Ru nanoparticle,
which constitutes the core structure, is partially oxidized while
the shell-forming Pt substituent is reduced on the remaining
Ru clusters to generate Rugqe—Ptyen nanoparticles. The cor-
responding XANES scan revealed that the white line intensity
is further decreased when compared with the solution containing
only Pt*" ions indicating the progressive reduction of Pt** ions.
Further addition of 3 mL complex solution containing P** ions
and allowing the reaction to continue for another 4 h witnessed
further decrease in the white line intensity. However, its intensity
is slightly higher than the white line intensity of the reference
Pt foil. This observation indicates that the clusters still possess
some Pt-oxidic species. The final product obtained at this step
is separated from ethylene glycol and tetraethylene glycol
solvents, dried, and subjected to XANES measurements. The
corresponding XANES spectra are comparable with that of Pt
foil spectra indicating that all of the Pt-oxidic species are reduced
to Pt°.

Figure 2 shows the Ru K-edge XANES patterns recorded at
various steps during the formation of Pt—Ru nanoparticles and
the reference Ru powder. A close inspection of the spectra shows
that the absorption edge is positioned at 22.10 keV for the
beginning compound Ru;(CO);; dissolved in tetraethylene glycol
(TEG) at 100 °C. However, when Ru3(CO);; dissolved in TEG
is heated at 300 °C for 30 min, the edge has slightly shifted
about 3 eV to a lower energy. This observation indicates the
transformation of the metallic state of the Ru—carbonyl
complex. Even though the changes which happened at the edge
position are subtle, however, the general outlines of the post
edge features are very different from each other. This observa-
tion may be taken as an indication of disruption of the complex
framework. Further increase in the reaction time to 60 min
makes the XANES features resemble that of Ru powder
reference indicating the formation of Ru clusters in TEG
solutions. When 2 mL of the Pt complex solution containing
Pt>" ions in EG is added to 5 mL solution of Ru clusters in
TEG and allowed to react at 50 °C for 4 h, the edge energy
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Figure 3. Pt Ly-edge FT-EXAFS spectra (k> weighted) for various
reaction steps during the formation of Pt—Ru nanoparticles. (a) The Pt
reference foil; (b) H,PtCls in ethylene glycol (EG); (c) H,PtClg in EG
(pH adjusted to 12); (d) H,PtCl in EG (pH = 12), 80 °C, 5 min; (e)
H,PtCls in EG (pH = 12), 80 °C, 10 min; (f) addition of 2 mL Pt
complex in EG to preformed Ru clusters in tetracthylene glycol (TEG)
solutions, 50 °C, 4 h; (g) further addition of 3 mL Pt complex in EG
to preformed Ru clusters in TEG, 50 °C, 4 h; and (h) final Pt—Ru
nanoparticles.

position is slightly shifted to higher levels when compared with
the Ru powder reference. This observation indicates that Ru
clusters are oxidized and a redox-transmetalation between Ru
clusters and the added Pt*' ions has occurred to generate
Rugore—Ptgen NPs. However, it is difficult to confirm the
core—shell structure of Ru—Pt NPs at this stage, and it will
be discussed in detail in the next section of EXAFS results.
The XANES spectra of final Pt—Ru NPs after filtration and
drying are closely matched with the XANES spectra of Ru
reference powder consistent with a metallic state.

In order to achieve better structural information of species
formed at various reaction steps during the formation of
Rugore—Pthen nanoparticles, the Pt Ly-edge Fourier transformed
(FT) k*;(k) extended X-ray absorption fine structure (EXAFS)
spectrum is recorded at the various reaction steps during the
formation of Pt—Ru NPs and is shown in Figure 3. The best fit
EXAFS parameters (N, coordination number; R, bond distance;
0°, Debye—Waller factor; AE,, inner potential shift) are
summarized in Table 1. The FT of the Pt precursor, that is,
H,PtCl, in EG exhibits a strong peak at 2.0 A characteristic of
the presence of a Pt—Cl bond. The position and nature of the
peak and the number of chlorine atoms are found to be
comparable to the earlier studies.?” Adjusting the pH of H,PtCl
in EG to 12 decreases the magnitude of the Pt—Cl peak
suggesting that there is a change in the local environment of
Pt** ions. The important result is that a sharp decrease in the
Pt—ClI peak magnitude is observed when the H,PtCls in EG
(pH = 12) solution is heated at 80 °C for 5 min. The contribution
of a Pt—Cl peak with an average coordination number of 3.8 at
a distance of 2.31 A suggests that Pt** jons of H,PtCl, are
reduced to Pt** ions at this step consistent with XANES
observations.

At further reaction times, that is, for 10 min, the FT peak
shifted to lower R values and signature of the Pt—Cl bonding
has completely disappeared. The appearance of the Pt—OH bond
was found as evidenced from Np,—o of 3.84 and Rp,—o of 2.04
A at this stage. The obtained XAS parameters at this step are
near the values calculated for [Pt(OH),]*~ species.!>® When 2
mL of the Pt complex solution containing [Pt(OH),]*>~ species
is added to the solution containing preformed Ru clusters and
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TABLE 1: Best Fit Parameters Obtained from the Analysis of the Pt Lj-edge EXAFS Spectra of Various Reaction Steps

During the Formation of Pt—Ru NPs’

reaction state shell N R (A) 0% (x 1073 (A  AE (V) R factor

H,PtClg in EG Pt—Cl 5.64 (£0.10)  2.33 (£0.010) 2.7 8.8 0.011
H,PtClg in EG (pH = 12) Pt—Cl 4.94 (£0.12)  2.33 (£0.012) 4.1 8.7 0.021
H,PtClg in EG (pH = 12), 80 °C, 5 min Pt—Cl 3.81 (£0.10)  2.31(%0.010) 4.5 8.7 0.016
H,PtCls in EG (pH = 12), 80 °C, 10 min Pt—OH  3.84 (£0.10) 2.04 (£0.010) 54 8.5 0.011
Add 2 mL Pt complex to Ru clusters, 50 °C, 4 h Pt—OH  1.84 (£0.11) 2.02(£0.012) 4.9 9.3

Pt—Ru  0.28 (£0.12)  2.71 (£0.014) 12.9 222

Pt—Pt 4.04 (£0.17)  2.78 (£0.017) 12.7 2.9 0.018
Further add 3 mL Pt complex to Ru clusters, 50 °C,4h  Pt—OH  2.20 (£0.19)  2.74 (£0.016) 4.4 9.1

Pt—Ru  0.71 (£0.22) 2.71 (£0.017) 11.9 20.1

Pt—Pt 4.41(+0.24) 2.78 (£0.017) 11.7 33 0.038
RuPt powder (Rug Pty ;) Pt—Ru 1.11 (£0.11)  2.71 (£0.012) 2.5 3.7

Pt—Pt 5.84 (£0.14)  2.75(£0.012) 6.3 6.0 0.004

“ N, coordination numbers; R; (A), coordination distances; 0j2 (Az), Debye—Waller factors; AE, (eV), inner potential correction.

Ru K-edge

(a)
= = (b)
- = oo Y
===(d)
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FT magnitude (a. u.)

Figure 4. Ru K-edge FT-EXAFS spectra (k* weighted) for various
reaction steps during the formation of Pt—Ru nanoparticles. (a) Ru
powder reference; (b) RuCls; (¢) Ru(OH),; (d) Ru3(CO)y; in tetraeth-
ylene glycol (TEG) at 100 °C; (e) Ruz(CO);; in TEG at 300 °C, 30
min; (f) Ru3(CO),, in TEG at 300 °C, 60 min (formation of Ru clusters);
(g) addition of 2 mL of Pt complex in EG solution to 5 mL solution of
Ru clusters in TEG, 50 °C, 4 h; (h) further addition of 3 mL Pt complex
in EG to 5 mL solution of preformed Ru clusters in TEG solutions,
50 °C, 4 h, and (i) final Pt—Ru nanoparticles.

allowed to react for 4 h, the magnitude of the Pt—OH bond
signal is decreased, and the Pt—Pt and Pt—Ru bonding
signatures begin to appear between 2 to 3 A. Further addition
of 3 mL Pt complex solution leads to an increase in the
formation of Pt—Ru particles as suggested by the increase in
Npi—ry and Np,—p, to 0.71 and 4.41, respectively, compared with
the previous step. However, still the Pt-oxidic species are re-
tained in the sample as suggested from the presence of Pt—OH
bond in FT-EXAFS spectra. The sample obtained at this step
was filtered and dried and subjected to XAS analysis. In the
corresponding FT-EXAFS spectra (scan h of Figure 3), a
complete removal of the Pt—OH and increase in the magnitude
of Pt—Pt and Pt—Ru correlations were found.

Figure 4 represents the FT-EXAFS spectra at the Ru K-edge
during the formation of Ru clusters from Ru3(CO);, in TEG
solutions and Pt—Ru clusters via the redox-transmetalation
reaction between preformed Ru clusters and added Pt*" ions in
EG solutions. As can be seen from Figure 4, the peak in the
range 1.0 < R/A < 3.0 is attributable to a three shell Ru—Ru,
Ru—C, and Ru(—C—)O contributions. Since the Ru (—C—)O
contribution was found to be strongly coupled with the Ru—Ru
contribution, these two contributions had to be analyzed
simultaneously. Table 2 lists the results of the data analysis for
Ru3(CO),; in TEG solutions, Ru clusters, and Pt—Ru clusters.

The intensity of the peak appeared in the range 1.0 < RIA <
3.0 is decreased when Ru3(CO);, in TEG solutions is heated at
300 °C for 30 min which may be attributable to the loss of
carbonyl ligands from the clusters. However, after heating
Ru;(CO),, in TEG solutions at 300 °C for 60 min, intensity of
the peak at higher R values, that is, between 2 to 3 A, increased
drastically, and a complete absence of the peak at lower R values
was found. The data indicate a Ru—Ru coordination number
of 6.54 with an average distance of 2.67 A. These observations
indicate the formation of Ru clusters after the complete removal
of carbonyl ligands. Addition of Pt complex solution containing
Pt>* ions to Ru clusters decreases the FT magnitude of the peak
appeared between 2 and 3 A with a splitting. The peak splitting
is related to the first coordination shell of RuPt and is caused
by interference between the backscattering from Ru and from
Pt neighbors indicating the formation of Pt—Ru clusters.?® A
new peak between 0.5 and 2 A corresponding to Ru—Cl begins
to appear, indicating the oxidation of Ru clusters has taken place
during the redox-transmetalation process. Further addition of
Pt*" ions increases the magnitude of FT peak related Pt—Ru
clusters (2~3 10\). However, the Ru—Cl signature is still retained
in the cluster. After the sample is subjected to filtration and
drying, the contribution from Ru—Cl bonding completely
disappears.

Formation of Ru,,..—Ptg. Bimetallic Nanoparticles. On
the basis of the XAS results, we have attempted to discuss the
formation mechanism of Rugye—Ptgen bimetallic NPs. By
comparing the XAS spectra and fitting results of both the Pt
Ly; edge and the Ru K-edge, a model is proposed for the
mechanism of Rugy.—Ptge; bimetallic NPs formation and is
shown in Scheme 1. From the Ru K-edge XAS, for the
beginning compound Ru3(CO);, in TEG solution heated at
100 °C, we found a Ru—Ru coordination number of 2.04 with
an average distance of 2.81 A, a Ru—C coordination number
of 3.96 at an average distance of 1.95 A, a Ru(—C—)0O
coordination number of 7.95 at an average distance of 3.15 A,
and Ru—O coordination number of 4.03 at an average distance
of 3.15A. The fitting model of Ru3(CO); is based on Ibam space
group. These results indicate that there is no change in the
Ru;(CO)y; cluster framework at this temperature. Upon increas-
ing the temperature to 300 °C and maintaining it for 30 min,
there is a complete absence of the Ru(—C—)O coordination,
and the Ng,—c, Ngu—ru» and Ng,—o are found to be 2.84, 1.83,
and 2.79, respectively. The loss of 7.95 Ru(—C—)O coordination
indicates that, on average, three CO ligands are removed from
the Ru;3(CO), cluster during the decarbonylation, and these
results indicate that the species obtained at this stage are in the
form of Ru3(CO)y. The observed decarbonylation is further
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TABLE 2: Best Fit Parameters Obtained from the Analysis of the Ru K-edge EXAFS Spectra of Various Reaction Steps

During the Formation of Pt—Ru NPs’

reaction state shell N R(A) 0% (x 1073 (A%  AE,(eV) R factor

Ru3(CO)y; in TEG, 100 °C Ru—C 3.96 (£0.18)  1.99(x0.012) 3.0 —0.5

Ru—Ru 2.04 (£0.21)  2.81(£0.014) 6.6 —27.0

Ru—0 4.03 (£0.22)  3.15(£0.012) 1.3 —6.4

Ru—C—0O 7.95(40.18) 3.15(£0.012) 54 —5.7 0.018
Ru3(CO)y; in TEG react at 300 °C, 30 min Ru—C 2.84 (£0.24)  1.86 (£0.016) 4.5 —10.8

Ru—Ru 1.83 (£0.14)  2.75 (£0.012) 7.3 —27.8

Ru—0 2.79 (£0.23)  3.08 (£0.012) 1.5 —14.1 0.025
Ru3(CO)y; in TEG react at 300 °C, 60 min Ru—Ru 6.54 (£0.10)  2.67 (£0.008) 5.1 —8.2 0.007
Add 2 mL Pt complex to Ru clusters, 50 °C, 4 h Ru—Cl 0.86 (£0.16)  2.21 (£0.011) 0.0 —17.8

Ru—Ru 4.85(£0.13) 2.67 (£0.010) 5.7 —8.5

Ru—Pt 0.11 (£0.11)  2.71 (£0.014) 0.0 8.8 0.021
Further add 3 mL Pt complex to Ru clusters, 50 °C,4h  Ru—Cl 1.11 (£0.12)  2.22 (£0.008) 0.0 —17.6

Ru—Ru 4.39 (£0.09) 2.67 (£0.007) 4.0 —8.2

Ru—Pt 0.21 (£0.2) 2.71 (£0.004) 0.0 9.0 0.002
RuPt powder (Rug Pty 1) Ru—Ru 8.30 (£0.09)  2.68 (£0.009) 5.6 —4.8

Ru—Pt 0.12 (£0.10)  2.71 (£0.010) 2.5 3.7 0.004

“ N, coordination numbers; R; (A), coordination distances; oj2 (Az), Debye—Waller factors; AE, (eV), inner potential correction.

SCHEME 1: Schematic of Formation of Ru.,..—Ptg,.1 Bimetallic Nanoparticles by a Polyol Assisted Redox

Transmetalation Strategy
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Redox transmetallation reaction
(between Pt** ions and Ru clusters)

evidenced from the decrease in the Ru—Ru bond distance by
0.21 A when compared with the values characterizing the fully
carbonylated cluster precursor consistent with the literature
studies.? Increasing the reaction time to 60 min produces a
Ru—Ru coordination of 6.54 with an average distance of 2.67
A indicating the formation of Ru clusters. From the Pt Ly; edge
XAS, for H,PtCle in ethylene glycol solution, we found Pt—Cl
coordination of 5.64 at an average distance of 2.33 A, and it
shows that the Pt** ion is surrounded by nearly six chloride
ions consistent with our previous observations.?' Upon adjusting
the pH of H,PtClg in EG solution, the Pt—Cl coordination
number is decreased to 4.94 indicating the beginning of the loss
of Cl™ ligands around the Pt** ion. Heating the H,PtCls in EG
solution at 80 °C for 5 min produces the Pt—Cl coordination
number (Np,—¢;) and the Pt—Cl interatomic distance (Rp,—¢;) 3.81
and 2.31 A, respectively, and are consistent with the constants
related to anionic PtCl,>~ ions.*® However, after the heating time
is increased to 10 min, the ligand environment around Pt** ion
is changed from CI™ to OH™. The Np,—oy and Rp,—op are found
to be 3.84 and 2.04 A, respectively, consistent with the constants

REIas.
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core™Ptinen NPS
related to Pt(OH),>~ ions.'”® When the solution containing
Pt(OH),>~ ions is added to the preformed Ru clusters and
allowed to react at 50 °C for 4 h, the Np,—oy is decreased to
1.84 and produced a Pt—Ru coordination of 0.28 at an average
distance of 2.71 A. The Np,_p, is found to be 4.04 at this stage.
The corresponding Ru K-edge XAS data suggest that Ru—Cl
coordination of 0.86 at an average distance of 2.21 A is found.
The Ngy—r. and Ng,—p, are found to be 4.85 and 0.11,
respectively. These results indicate that most of the Pt(OH),>~
ions are reduced to form Pt shell on Ru core driven by an in
situ redox-transmetalation reaction between the Ru atoms on
the surface of the Ru nanoparticles and Pt(OH),*>~ ions without
any additional reducing agent. When Pt(OH),?” ions in a positive
metal oxidation state approach the surface of Ru nanoparticles,
which constitute the core structure, Pt(OH),>~ ions can directly
be reduced to Pt through the sacrificial oxidation of the
zerovalent ruthenium atoms and simultaneously deposited on
the surface of Ru cores. Meanwhile, the Ru atoms are oxidized
to Ru*", and the electron transfer between the two metals results
in core—shell type nanoparticles. Further addition of Pt(OH),>~
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Figure 5. High resolution TEM (HRTEM) images of (a) bare Ru
nanoparticles before treatment with Pt>* ions, and (b) final Rucoe—Ptgen

nanoparticles formed after treating bare Ru nanoparticles with P*" ions

via a galvanic redox transmetalation reaction.

ions increases the extent of redox-transmetalation and corre-
sponding formation of Rug.e—Ptsen nanoparticles as realized
from the Pt Lj;-edge and Ru K-edge XAS parameters. At this
step, from the Pt Ly-edge XAS data, the Np,—g, and Np,p, are
found to be 0.71 and 4.41, respectively. Similarly, from the Ru
K-edge XAS data, the Ng,—g, and Ng,—p, are found to be 4.39
and 0.21, respectively. However, still we find the Pt—OH and
Ru—ClI coordination at this step, and these contributions are
eliminated only after filtration and drying the nanoparticles. XAS
measurements on the final Ru—Pt nanoparticles produced Pt
and Ru coordination around Pt of 5.84 and 1.11, respectively.
Similarly, Pt and Ru coordination around Ru is found to be
0.12 and 8.30, respectively. The coordination number derived
from XAS is a strong and nonlinear function of the particle
diameter up to 3—5 nm. This property has been widely used in
EXAFS analysis to determine the size of the nanoparticle.' In
the present study, for the final Ru.q.—Ptsey NPs the number of
nearest neighbors around Ru and Pt are 8.42 and 6.95,
respectively, giving an averaged first-shell coordination number
of 7.68. This value corresponds to an average particle size of
about 1.5—2 nm on the assumption of a close-packed structure.’'

In order to verify the particle sizes of Ru nanoparticles before
treatment with Pt?" ions and after treatment with Pt*" ions,
HRTEM analyses were performed. The corresponding HRTEM
images of bare Ru nanoparticles before treatment with Pt** ions
and after treatment with Pt>* ions are shown in panels a and b,
respectively, of Figure 5. The HRTEM image of as-prepared
Ru nanoparticles shown in Figure 5a indicates that the Ru
clusters are well-dispersed on a TEM grid with an average
diameter of about 5 nm. The average diameter of final
Rugore =Pt nanoparticles obtained after treating the preformed
Ru nanoparticles with the added Pt*" ions is of about 4 nm.
The decrease in particle diameter may be caused due to the
etching effect and/or reaction stochiometry between metal
nanoparticles and metal ions which is considered to be typical
for some galvanic replacement reactions.>> However, the particle
size obtained through HRTEM measurements for final
Rugore—Ptgnen nanoparticles (ca. 4 nm) is comparatively higher
than that of the particle size calculated through XAS measure-
ments (ca. 1.5—2 nm). This observation may be caused by the
aggregation of nuclei due to the drying process during HRTEM
observation and consistent with our previous findings.!>®

It has been shown in the previous reports that, for a
homogeneous system of A—B bimetallic NPs for which the core
of the cluster is composed of N atoms of A (NA) and the surface
is made of N atoms of B (NVB), the total coordination number
(Naa 1 Nag) for the A atom is greater than the total coordination
for the B atoms (Nga + Ngg).** For the final Pt—Ru NPs of the
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present study, the total coordination number of Pt and Ru around
Ru (ZNru—i = Npu—ru T Nru—p;) is found to be 8.42, and it is
greater than that of the total coordination number of Pt and Ru
around Pt (ZNp,—; = Np,—p; + Np—g,) calculated as 6.95. The
observed parameter relationship, that is, ZNg,—; > ZNp—j,
indicated a core—shell structure for the synthesized Pt—Ru NPs
consisting of a Ru-rich core and Pt-rich shell. Since the atomic
distribution and alloying extent of Pt and Ru in the Pt—Ru NPs
plays a significant role in assessing their catalytic activity, we
attempted to discuss these properties based on XAS methodol-
ogy developed previously in our group.’* The parameter which
describes the atomic distribution of Pt in the cluster is termed
as “Pypserved’ and is defined as a ratio of Np—g,/(Np—p; + Npi—gu)-
Similarly, “Rpserved” Which has a meaning of atomic distribution
of Ru in the cluster is defined as a ratio of Ng,—p/(Ngu—pu +
Nru—pr). In the present study for the final Pt—Ru NPs, the atomic
distribution structural parameters Ppserved aNA Rypserea Was
calculated as 0.12 and 0.01, respectively. From the P g.cq and
R, pservea parameters, we can calculate alloying extent of Pt (Jp,)
and Ru (J,) values by using eqs 2 and 3 respectively.

P serve

Iy, = %’ x 100 )
Random
R serve

To, = %’ x 100 3)
Random

where P,uiom and R,ana0m can be taken as 0.5 for perfect alloyed
bimetallic NPs if the atomic ratio of Pt and Ru is 1:1. This
value can be achieved by assuming Np,—p; = Np,—g, and Ng,—g,
= Ngy—p, Which is generally true for the perfectly alloyed
bimetallic NPs. By using eqgs 2 and 3, the alloying extent of Pt
(Jp;) and Ru (Jg,) values are calculated as 24 and 2%
respectively. Both the observed parameter relationships 2Ng,—;
> 2Np,—; and Jp, > Jg, further supports that the obtained Pt—Ru
NPs adopt a Ru-rich core and Pt-rich shell structure. The higher
value of P,pervea, 0.12 and Jp;, 24% indicates the higher extent
of atomic distribution or alloying extent of Pt atoms when
compared with Ru. This observation also indicates that a
considerable amount of hetero metallic Pt—Ru bonds may exist
either in the shell region or in the interface region of core—shell
NPs. In contrast, the very low P,preq and Jg, values suggest
that Ru is largely dominated in the core region and homo-
metallic Ru—Ru bonds are preferred rather than hetero-metallic
Ru—Pt bonds. The observed results are reasonable since the
reduction of the added Pt** ions and corresponding oxidation
of preformed Ru nanoparticles were confined to the vicinity of
the Ru particles surface. The overall XAS results suggest that
the obtained nanoparticles are consistent with a Ru core and a
Pt shell nanostructure.

Conclusions

The present study concludes that a combined polyol and
redox-transmetalation strategy is effective for the formation of
core—shell nanostructures. The in situ investigation of the
synthesis of Ru—Pt nanoparticles by X-ray absorption spec-
troscopy analysis confirms that these nanoparticles presented a
Rugore—Ptgnen structure. By using the experimental XAS data,
we are able to propose a detailed model for the formation of
Rugore—Ptsnen bimetallic nanoparticles. On the basis of the XAS
structural parameters, we found that the atomic scale distribution
of Pt is much better than that of Ru, whereas in the case of Ru
segregation effect dominates in the Ruge—Ptg,e bimetallic
nanoparticles. The fact that the added Pt*" ions are reduced at
the expense of core Ru atoms to form Ruqe—Ptg,en NPs suggests
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that one can control the thickness of the Pt-shell by properly
choosing the particle size of core Ru atoms and the amount of
added Pt*" ions, and such efforts are currently under progress
in our laboratory. We believe that such an optimization of the
Ru—Pt system may yield more active electrocatalysts for fuel
cell applications.
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