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We report in situ X-ray absorption spectroscopy (XAS) investigations on the formation of pallagiatimnum

(Pd/Pt) bimetallic clusters at the early stage within the water-in-oil microemulsion system of watentAOT/
heptane. The reduction of palladium and platinum ions and the formation of corresponding clusters are
monitored as a function of dosage of reducing agent, hydrazigds(DH). Upon successive addition of the
reducing agent, hydrazine §NsOH), five distinguishable steps are observed in the formation process of
Pd/Pt clusters at the early stage. Both in situ X-ray absorption near-edge structure (XANES) and extended
X-ray absorption fine structure (EXAFS) analysis for both the Pd K-edge anglte revealed the formation

of Pd/Pt bimetallic clusters. A corresponding structural model is proposed for each step to provide a detailed
insight into the nucleation and growth mechanism of Pd/Pt bimetallic clusters. We also discussed the atomic
distribution of Pd and Pt atoms in Pd/Pt bimetallic clusters based on the calculated XAS structural parameters.

1. Introduction mechanism. A thorough understanding of the formation mech-
anism is necessary to control the factors such as size, shape,
fand surface morphology which govern the catalytic activity of
physical and chemical properties not only due to quantum-sizethe nanopartjcles. Sucgess in either particle des!gn or scal?ng-
effects but also as a result of the combination of different YP also requires a detailed knowledge of the partlcle formation
metals?~ It was observed that the activity and selectivity of mechanism. A!thOUQh a large .”““?ber of .StUd'eTQ' were focused
the metal catalysts can be drastically influenced by the presence®” the synthesis ar;d chariaGctenza??og of b|m1e;tall|c cIusteri, eg.
of a second metal componentn our previous study we Ag/Cu and Au/Cu?> Pd/Pt PU_RU' “*Rh/PL, aF‘d Pd/AE .
demonstrated that the structure of bimetallic catalysts can be'Ve I_<now O.f less reports focusing on t2he formation mechanism
significantly influenced by the degree of alloying between the of bimetallic clusters at early stagés’
two constituent elemenfControlling the size and morphology One of the methods suitable to study the structure of metal
of the metal nanoparticle is a key theme of the nanoparticle clusters is the in situ X-ray absorption spectroscopy (XAS)
research, as it has a strong influence on optical, magnetic,comprising both X-ray absorption near-edge (XANES) and
electronic, and catalytic properties of the nanoparticles. Metha- €xtended X-ray absorption fine structure (EXAFS) regions.
nol, ethanol, and formic acid are some of the more commonly XANES can reveal the oxidation state and d-band occupancy
used alternative fuels, and recent work has shown that formic of a specific atom as well as the size of the metallic clu&ter,
acid is a particularly attractive candidate for fuel célBuch while the local atomic structure can be obtained from the
oxidation reaction of the fuel requires a catalyst. Although Pt analysis of EXAFS. The XAS technique has been proved as a
is the most well-known fuel cell catalyst, in its pure form it powerful technique for the characterization of bimetallic
suffers from serious surface poisoning due to the adsorption of catalyst*~2¢ since it is difficult to obtain structural information
reaction intermediates. The catalytic activity of Pt surfaces On such systems by means of conventional material analysis
toward formic acid oxidation has been studied in détdind ~ methods at the early stages. Moreover, due to the change in
many infrared spectroscopic studizd? have established that ~ cluster structure during the course of formation, ex situ
CO adsorption is primarily responsible for surface poisoning. technigues such as transmission electron microscopy (TEM) and
Pd surfaces have been found to possess better catalytic activityX-ray diffraction (XRD) have difficulty giving real-time struc-
toward formic acid oxidation, but a very slow deactivation tural information in a reaction atmosphere. Meanwhile, the
results in reduced oxidation currédtThe Pd/Pt bimetallic catalytic activity of bimetallic clusters is strongly influenced
system also exhibits a high catalytic ability for hydrogen by their atomic distribution and structuteln our previous
oxidation4 works, we have successfully evaluated the formation mechanism

Owing to its wide application as a heterogeneous catalyst, of monometallic Pt and bimetallic Pt/Cu clusters in AOT reverse
we chose the Pd/Pt bimetallic system to study the formation microemulsions by in situ XAS:27
In line with our ongoing effort to evaluate the formation
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Bimetallic clusters are of great inter&ftom both scientific
and technological perspectives because of the modification o
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insight into the nucleation and growth mechanism. In addition, thickness of the liquid layer) so that the proper edge jump step
we also attempted to provide detailed information on an atomic could be achieved during the measurements. All of the spectra
distribution and structural model of Pd/Pt bimetallic clusters. were recorded at room temperature in a transmission mode.
. . Higher harmonics were eliminated by detuning the double
2. Experimental Section crystal Si(111) monochromator. The incident and transmission
2.1. Preparation of Monometallic Pd Clusters in AOT X-ray intensities were, respectively, detected by ion chambers
Reverse MicellesThe monometallic Pd clusters were prepared  that were installed in front of and behind the sample cell. Energy
in a microemulsion containing-heptane as the continuous oil  was scanned from 200 eV below the edge to 1000 eV above
component, water, and surfactant. The surfactant used was lthe edge. Standard compounds, Pd foil and Pt foil for the
M sodium bis(2-ethylhexyl)sulfosuccinate (AOT) (99%). The respective edges, were measured simultaneously by using the
n-heptane and the surfactant were thoroughly mixed, and anthird ionization chamber so that energy calibration could be
aqueous solution of 1 mL of 0.6 MaRdCL was subsequently  performed scan by scan.
added to form a well-defined microemulsion phase with the Pd g xAs pata AnalysisStandard procedures were followed
complex in the water pool. The volume ratio of the aqueoUs 4 analyze the EXAFS data. First, the raw absorption spectrum
phase to the organic phase was kept at 1:10. An importantin the “pre-edge region was fit to a straight line and the
parameter characterizing the microemulsion, i.e., the water-to- packground above the edge was fit using a 11-knot cubic spline
surfactant molar ratioW = {(water)/(surfactan}) was equal fynction calculated from AUTOBK code. The EXAFS function,
to 5.5in the_ present e_xperiment_. This microemulsion_solution %, was obtained by subtracting the postedge background from
was placed in the liquid cell, which was carefully designed to he gyerall absorption and then normalizing with respect to the
govern the edge jump, for the in situ XAS measurement. A gqge jump step. The normalizedE) was transformed from
microemulsion of the same composition of oil, water, and the energy space tk-space. The/(k) data were weighted bi? in
surfactant _that contained _the reducing agent was also p_reparedorder to compensate for dampening of the XAFS amplitude with
The reducing agent solution was composéd & hydrazine — jycreasingk. Subsequentlyk?-weightedy(k) data in thek-space
(N2HsOH) and 1 M sodium hydroxide (NaOH), and their ranging from 3.23 to 10.86 & for the Pd K-edge and from
volume ratio was kept at 1:1. An appropriate amount of reducing 3 37 19 11.44 AL for the Pt Ly-edge were Fourier transformed
agent_containing _microemulsion was th_en add_ed to the micro- (FT) to r-space to separate the EXAFS contributions from
emulsion containing Pd complex via microsyringe every hour gifterent coordination shells. A nonlinear least-squares algorithm
starting a1 h and ending at 5 h, whereby the Pd complex was a5 applied to curve fitting of EXAFS in-space between 1.1
reduced to Pdclusters. As the significant changes in the 5,430 A for the Pd K-edge and between 1.1 and 3.3 A (without
reduction process occurred during the progressive addition Ofphase correction) for the Pfylzedge. All the computer programs
the reducing agent & h and 5 h, we will show and discuss the \yere implemented in the UWXAFS 3.0 pack&evith the
XAS data at these two time periods. The final product obtained packscattering amplitude and the phase shift for the specific
(at 5 h) in section 2.1 was marked as "S1". . atom pairs being theoretically calculated by using FEFF7 &bde.
2.2. Preparation of Bimetallic Pd/Pt Clusters in AOT pgladium and platinum foils were employed as references for
Reverse MicellesHalf of the amount of product S1 was placed the Pd-Pd and PPt bonds. PPt and P+Pd bonds are
in the liquid cell designed for in situ XAS study, and to this an  mogeled based on a face-centered culsic) model containing
equal amount of the Pt precursor RiCk emulsion, was iy pd and six Pt atoms in symmetric positions. The amplitude
introduced (at 6.5 h). Appropriate amounts of reducing agent requction factor,S? values for Pt and Pd were obtained by
were then added each hour to form bimetallic Pd/Pt clusters. gpalyzing the Pt and Pd foils, respectively, and by fixing
The HPtCl microemulsion solution was prepared by using a coordination numbers in the FEFFIT input file. TBe values

procedure similar to that for the preparation of thgPHCL were found to be 0.88 and 0.95 for Pd and Pt, respectively.
microemulsion. The X-ray absorption spectra were recorded at

thre_e_time intervals, 8_.3, 10.3, and 15.3 h, during the pro_gressive3_ Results and Discussion
addition of the reducing agent. The final product obtained (at
15.3 h) in section 2.2 was marked as “S2”. All reactions were  3.1. In Situ XANES and EXAFS at the Pd K-Edge of Pd
carried out at room temperature. Nitrogen gas was purged intoClusters. The Pd K-edge XANES spectra of the Pd micro-
the microemulsion system throughout the experiment to preventemulsion system as a function of dosage of reducing agent,
the clusters from oxidation by air. hydrazine, are shown in Figure 1a. In the XANES spectra the
A. In Situ XAS Measuremeni&he X-ray absorption spectra  absorption transition in the pre-edge region is a 1s to 4d dipole
at the Pd K-edge and the Pf tedge were recorded at beamline forbidden transition according to the selection rii¢= 1 and
BL12B2 at the Spring-8, Japan. The electron storage ring wasAj = 1, wherel is the orbital angular momentum ands the
operated at an energy of 8 GeV and a beam current of 100 mA.total angular moment of the local density of staieghe
A double crystal Si(111) monochromator was employed for absorption threshold resonance, called the white line, appearing
energy selection with a resolutiokE/E better than 1x 1074 between 24360 and 24380 eV corresponds to the electronic
at both the Pd K-edge (24352 eV) and the Rté&dge (11564 transitions that arise from the 1s state to the unoccupied 4p states
eV). Formation of Pd clusters and the corresponding Pd/Pt above the Fermi level. The second (24385 eV) and third (24435
bimetallic clusters in reverse micelles proceeded in a homemadeeV) peaks correspond to s dp and 1s— dsp transitions,
cell made with PTFE for in situ XAS study. Two holes were respectively. This white line intensity is sensitive to changes in
made, one on top of the cell and the other on one side. After electron occupancy in the valance orbital and ligand field
placing the liquid sample, the top hole was closed with a Teflon environments of the absorb&32 Hence, it can be used to
rod to avoid the exposure of the sample to the outer atmospherecalculate the density of the unoccupied states and the changes
A hollow Teflon rod with a Kapton film cap at one end was in the oxidation state of the Pd absorber. As can be seen from
inserted into the other hole in the in situ cell. The position of Figure 1a, the white line intensity of the initial Pdsolution
the Teflon rod was adjusted to reach the optimum absorption gradually decreases as the reducing agent amount increases from
thickness Aux ~ 1.0, Au is the absorption edges is the 0 to 61.6x 107° mol, indicating the progressive reduction of
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Figure 1. (a) XANES spectra and (b) FT éf-weighted EXAFS data
at the Pd K-edge of the Pd microemulsion system as a function of
hydrazine dosage.

P& to Pd. The Fourier transformed (FK§-weighted EXAFS
spectra Ak = 3.23-10.86 A2) of Pd microemulsions, as shown

in Figure 1b, reveal a peak between 1.5 and 2.0 A corresponding

to the Pd-Cl bond. After the addition of 26.4 1075 mol of
N2HsOH at 3 h, the magnitude of the P€I bond is decreased
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Figure 2. Normalized XANES spectra near the Pd K-edge of the Pd/
Pt bimetallic microemulsion system.

increases. This implies that all of the palladium ions were
completely reduced to Pa@nd were transformed to Pd clusters.
The Pd clusters thus obtained are marked as “S1”.

3.2. In Situ XANES at the Pd K-Edge and the Pt Ly -
Edge of Bimetallic Pd/Pt Clusters.Half of the amount of Pd
clusters labeled as “S1” is placed in the liquid cell, and an equal
amount of the HPtCk emulsion is introduced into the system.
The Pd K-edge XANES spectra of the bimetallic Pd/Pt
microemulsion system as a function of dosage of the reducing
agent are shown in Figure 2. After the addition of thé"Pt
microemulsion, the white line intensity increases slightly due
to the oxidation of the Pd clusters. The white line energy position
is found to be at 24375 eV, and it matches closely with the
white line energy position of the PdCI species of the [BHCI
microemulsion, indicating the formation of P&l species in
this state. There was also a change in the white line energy
position with addition of 132.2< 10~ mol of the reducing
agent at 8.3 h, indicating the generation of new species around
the Pd core atoms. We also checked the white line energy
position which is found to be at 24367 eV, and it is close to the
white line energy position of the POH species of the Pd-
(H20)42" complex3® These observations indicate that one of
the possibilities is the formation of P®H species. After further
addition of the reducing agent, the white line intensity decreases,
indicating that the oxidation state of the Pd core ions is reduced
to Pd.

The Pt L-edge XANES spectra of the bimetallic Pd/Pt

and a new peak appears between 2.0 and 3.0 A related to thénicroemulsion system as a function of the reducing agent dosage

Pd—Pd bond, indicating that [Pdg?~ ions were reduced and
Pd clusters were formed directly without any intermediate. The
corresponding chemical reaction can be written as follows:

N,HsOH + 2[PdC|]* + 40H —
N, + 2Pd + 8CI™ + 5H,0 (1)
In the final step, after the addition of 616 10-° mol of

N2HsOH at 5 h, the FT peak corresponding to the-&d bond
disappears completely and the magnitude of the Pdi bond

are shown in Figure 3. The white line at the Rt-edge is an
absorption threshold resonance, attributed to the electronic
transition from the 2, state to unoccupied states above the
Fermi level and is sensitive to changes in electron occupancy
in the valence orbitals of the absorlséHence, changes in the
white line intensity have been directly related to the density of
unoccupied 5d states and indicate the changes in the oxidation
state of the Pt absorber. As can be seen from the Figure 3 inset,
the decrease of the white line intensity with an increase in the
reducing agent dosage suggested the decrease in the electron
vacancy. Generally speaking, the lower the white line intensity,
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into the system, and it is ascribed to the-Bf bond, consistent
Figure 3. Normalized XANES spectra near the Pidedge of the  ith our previous work? After the addition of 132.2«< 10°5
Pd/Pt bimetallic microemulsion system. mol of reducing agent at 9 h, the magnitude of the @ bond
the higher the electron density and the lower the oxidation state.decreased gradually and a new peak appeared at around 1.4
Hence, changes in the white line intensity may be regarded as1.8 A, which is attributed to the PIOH bond and increases in
an indication of the reduction of the Pt core ions in the bimetallic magnitude. Further addition of 229 10-5 mol of reducing
Pd/Pt microemulsion system (labeled as “S2"). agent at 11.5 h decreases the magnitude of theDPt bond

3.3. In Situ EXAFS at the Pd K-Edge and the Pt Ly - and increases the magnitudes of both theMtand the PtPd
Edge of Bimetallic Pd/Pt Clusters.At the beginning of the bonds. After the addition of reducing agent to 32%8L0°
experiment, half of the amount of Pd clusters “S1” is placed in mol at 15.8 h, the magnitudes of both the-Pt and Pt+Pd
the liquid cell. The Fourier transformdd-weighted EXAFS bonds are increased and the magnitude of the(Pt bond is
spectra Ak = 3.23-10.86 A1) at the Pd K-edge of the decreased. As can be seen from both Figures 4 and 6, there are
bimetallic Pd/Pt microemulsion system, as shown in Figure 4, two peaks between 2.0 and 3.5 A in both the Pd K-edge and
demonstrate a peak between 1.5 and 2.0 A corresponding tothe Pt Ly-edge FT-EXAFS spectra, and this shows that the
the Pd-Pd bond. After the addition of the Ptmicroemulsion bonding distances of PePd and PtPt from the spectra of S2
into the system, the magnitude of the-Hed bond is decreased are larger than those of the Pd foil and the Pt foil, respectively.
and a new peak corresponding to the bond, which has This indicates that not only Pd atoms but also Pt atoms contain
a magnitude comparable with the Pd K-edkeweighted heteroatomic bonds at the state of S2. We have shown the
EXAFS spectrum of the [Pdg]f~ microemulsion, appears imaginary and absolute magnitudes of Fourier transforms of
between 2.0 and 3.0 A. The magnitude of-R&l bond is sample S2 and the Pt foil in the top and bottom panels,
decreased and a new peak related to the®d bond is formed respectively, of Figure 7. Thé&?weighted EXAFS spectra
after the addition of 132.% 10> mol of reducing agent at 8.3  recorded at the Pd K-edge and the Rit-&dge for the state of
h. We have fitted the PdOH bond with the FEFF7 software  S2 are shown in Figures 8 and 9, respectively. The EXAFS
package, and the data are shown in Table 2. Upon further oscillation frequencies at both the Pd K-edge and the Rt L
addition of 229x 105 mol of the reducing agent at 10.3 h, the edge of S2 are different from those of Pd and Pt foils, indicating
magnitude of the PAOH bond decreases and the magnitudes the existence of correlations between Pd and Pt. All these
of not only the P&-Pd bond but also the PdPt bond increase.  observations indicate that the metallic ions have been reduced
However, after the addition of 325.8 10> mol of reducing and form Pd/Pt bimetallic clusters.
agent at 15.3 h, the magnitudes of both the-Pd and Pe Pt 3.4. Formation Mechanism of Monometallic Pd Nano-
bonds increase and the POH bond completely disappears. clusters in Reverse MicroemulsionsThe structural parameters
The imaginary part and absolute magnitude of the Fourier (coordination numbe, bond distanc®, Debye-Waller factor
transform of the Pd K-edge for the final sample S2 and for the ¢2, inner potential shiftAEy) derived from the Pd K-edge
Pd foil were compared in the top and bottom panels, respec- EXAFS data analysis are shown in Table 1. The coordination
tively, of Figure 5. numberNp4-c; is found to be 3.86 in the absence of reducing

The Fourier transformekf-weighted EXAFS spectra\k = agent. However, after the addition of 26<410~> mol of NoHs-
3.37-11.44 K1) at the Pt Iy-edge of the bimetallic Pd/Pt  OH at 3 h,Npg-c| is decreased to 1.89 and contributions from
microemulsion system are shown in Figure 6. A peak appearsPd coordination begin to appeadidi-pg 4.14), indicating that
in the range of 1.82.1 A when the Pt microemulsion is added ~ Pd clusters are formed. Further increasing hydrazine dosage
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TABLE 1: Structural Parameters Derived from the Pd K-Edge EXAFS Data Analysis of the Pd Microemulsion System with
Various Contents of Reducing Agent

amount of NHsOH (mol) time (h) shell N R (A) 0% (x103 A2 AE, (eV) R factor

0 0 Pd-Cl 3.86(0.13)  2.136(0.003) 3.1(0.3) 2.13(0.40)  0.00041

26.4% 1075 3 Pd-Cl 1.89(0.02)  2.304 (0.001) 3.5(0.1) 0.13(0.11)  0.00009
Pd-Pd 4.14(0.04)  2.739 (0.001) 47(01)  —2.11(0.08)

61.6x 1075 (S1) 5 Pd-Pd 8.20(0.32)  2.733(0.003) 54(0.5) —501(0.28)  0.00293

Pd foil Pd-Pd  12.00(0.50)  2.748 (0.004) 6.4 (0.6) 251(0.29)  0.00433

aN = coordination numberR (A) = bonding distancey? (A?) = Debye-Waller factor, andAE, (V) = inner potential shift.

TABLE 2: Structural Parameters Derived from the Pd K-Edge EXAFS Data Analysis of the Pd/Pt Bimetallic Clusters System
with Various Contents of Reducing Agent

amount of NHsOH (mol) time (h) shell N R A) 0% (x1073 A2 AEo (eV) R factor

s1 5 Pd—Pd 8.20(0.32)  2.733(0.003) 54(05) —5.01(0.28)  0.00293

add equal mole of Pt emulsion 6.5 Pd—Cl 3.89(0.08)  2.303(0.002) 2.3(0.4) 2.26(0.26)  0.00171
Pd—Pd 0.90 (0.51)  2.825 (0.030) 5.6 (0.6) 16.87 (3.11)

132.2x 10°5 8.3 Pd-OH  351(0.32)  2.058(0.008) 4.9 (1.3) 2.09(1.13)  0.03147
Pd—Pd 0.90(0.61)  2.821 (0.037) 6.5 (0.4) 18.01 (5.09)

229% 1075 103  Pd—-OH  2.31(0.08)  2.068 (0.003) 9.5(0.7) 1.06 (0.31)  0.00118
Pd—Pd 2.88(0.11)  2.744(0.003) 3.3(04)  —5.69 (0.24)
Pd—Pt 1.01(0.12)  2.811(0.010) 0.0 (1.2) 6.34 (1.03)

325.8x 10°5(S2) 153  Pd—Pd 5.24(0.28)  2.747 (0.003) 48(0.4) —356(052)  0.00526
Pd—Pt 4.42(0.61)  2.750 (0.010) 7.8(1.2)  —4.00(1.21)

Pd foil - Pd-Pd  12.00(0.50)  2.738 (0.004) 6.4 (0.6) 2.51(0.29)  0.00433

aN = coordination numberR (A) = bonding distancey? (A%) = Debye-Waller factor, andAE, (eV) = inner potential shift.

leads to a decrease in P@I coordination and an increase in  SO;~ groups of the AOT surfactant. After the addition of 26.4
Pd—Pd coordination, indicating growth of Pd clusters. Metallic x 107> mol of N,HsOH (reduction reaction, 1), Pd ions are
nanoparticles synthesized from the reverse micellar solutionsreduced to Ptinuclei through intermicellar exchange processes
are expected to possess a uniform morphof8gy. The (see stage B in the modéB3° After the addition of 61.6x
coordination number derived from XAS is a nonlinear function 10~° mol of NHsOH (reduction reaction, 1), Pd ions are
of particle diameter, and it has been widely used in EXAFS completely reduced to Palusters (see stage C in the model).
analysis to determine the size of the nanoparfitié’ In the 3.5. Reaction between Monometallic Pd Nanoclusters and
present study, the Pe&Pd coordination number is found to be  Pt** lons in Reverse MicellesThe XAS structural parameters
8.2 with the reducing agent dosage of 66075 mol at 5 h, derived from the Pd K-edge and Pf tedge EXAFS data
indicating that the particle diameter of Pd clusters is between analysis and are shown in Tables 2 and 3, respectively. The
1.5 and 2.0 nm. coordination number of Cl around Pd and Pt is found to be
The formation mechanism of Pd nanoclusters is proposed t03.89 and 4.10, respectively, after the addition of tHe Rticro-
be step by step in this work based on the XAS results, and aemulsion into the system. And we also found the coordination
schematic representation of the formation process is depictednumber of Pd around Pd as 0.9 at this stage, indicating that the
in Scheme 1. Two reaction steps of three stages were proposedPd clusters are not completely dissolved and the Pd clusters
in this model. In the initial stage (see stage A, Scheme 1), the
microemulsion system contains Pdons, CI ions, and the
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EXAFS data of the Pd K-edge. Since XAS is an average
technique, the coordination numbers of both the-Btbond

and the Pd-Pd bond would be averaged out. Therefore, the
real coordination number of the P&d bond would be under-
estimated. This implies that the coordination number of the Pd
Pd bond should be larger than 0.9 at this stage. The reason the
Pd cluster would not be dissolved is that the equilibrium
potential Eop) of the electrochemical reaction [Pt + 2e~

— [PtCls)%~ + 2CI~, 0.680 V/NHE, is slightly higher than the
equilibrium potential of the electrochemical reaction [P4<I

+ 2e” — P + 4CI~, 0.591 V/NHE? The higher equilibrium
potential for the platinum complex indicates that the palladium
clusters would be oxidized and formed a local corrosion cell in
the system. The real coordination number of Cl around Pt in
the system is lower than that in,PtCk solution, whose coordin-
ation number is 67 indicating that the electrochemical reaction,
[PACL]?2~ + 2e= — P + 4CI, has proceeded with the addition

of the P#™ microemulsion into the system in order to keep the
charge balance. After the addition of 1322 1075 mol of
reducing agent at 8.3 h, the coordination of Cl around Pd
disappears and the coordination of OH around Pd appears and
its value is found to be 3.51 without changing the valance state,
as shown in Figure 2. This is consistent with the formation of
a [Pd(OH)]%2~ complex. We also found a decrease in coordina-
tion of Cl around Pt to 2.17, and coordination of OH around Pt
is observed and its value is 1.17 at 9 h. These observations are
consistent with the formation of [Pt(Ol¥~ species’ This
indicates that the ligand exchange rate in palladium is higher
than that in platinum. Further addition of 229 10~% mol of
reducing agent decreased the coordination of OH around both
Pd and Pt and generated the-Pd bond and the PelPd bond,
indicating the existence of correlations between Pd and Pt. The
corresponding reactions could be written as follows:

N,H5OH + [Pd(OH),]*” + [Pt(OH),]*” +
4H" — PPIPC + N, + 6H, + 3H,0 (2)

Finally, Npg-pg and Npg-pt are found to be 5.24 and 4.42,
respectively, from the Pd K-edge aNg_pqandNp.p;are found
to be 2.91 and 6.78, respectively, from the Rt&dge with the
addition of 325.8x 107% mol of reducing agent.

We checked the reliability of the PdPt and Pt+Pd bonds
of the bimetallic Pd/Pt clusters at the state of S2 by comparing
the FEFF theoretical fit with the back-transformed experimental
EXAFS data of the Pd K-edge and the Ri-edge, as shown
in Figures 10 and 11, respectively. The two-shell theoretical fit
(hollow circle line) matches closely with the back-transformed
experimental data (solid square line); this good fit quality
indicates that not only the PdPd and PtPd bonds at Pd
K-edge but also the PPt and P+Pt bonds at the Pt l-edge
are reliable.

3.6. Formation Mechanism of Pd/Pt Nanoclusters in
Reverse Microemulsions.From the XAS results discussed
above a model is proposed for the formation of bimetallic Pd/
Pt clusters in microemulsions, as shown in Scheme 2. Four
reaction steps of five stages are proposed in this model. Initially,
the Pd cluster “S1” is placed in the liquid cell. The microemul-
sion system contains Pdlusters and the SO group of the
AOT surfactant (see stage A, Scheme 2). After the addition of
the P#" microemulsion in the first reaction step (reaction, 1),
some of the Plis dissolved and forms PeCl bonds, and

would be the nuclei in the system. Because there are two kinds[PtCl;]2~ complexes are formed in order to keep the charge
of chemical species, Pd&t and Pd clusters, dispersed in the balance (see stage B, Scheme 2). The coordination numbers

solution, a two-shell model was used to fit tkeéweighted

Npg—ci andNpi—c) are found to be 3.81 and 4.10. We also found
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SCHEME 1: Model Proposed for the Formation Mechanism of Monometallic Pd Clusters at Early Stages

Reaction (l)

Reaction (ll)

Reaction (1): 26.4 x 10° mol N,H,OH, 3 hr
Reaction (ll): 61.6 x 105 mol N,H_OH, 5 hr (Product S1)

TABLE 3: Structural Parameters Derived from the Pt L , -edge EXAFS Data Analysis of the Pd/Pt Bimetallic Clusters System

with Various Contents of Reducing Agent

amount of NHsOH (mol) time (h) shell N R (A) 0% (x103 A2 AE, (eV) R factor

add equal mole of Pt emulsion 7 Pt—ClI 4.10 (0.17) 2.317 (0.007) 2.2(0.4) 9.15 (0.50) 0.00641

132.2x 10°5 9 Pt-OH  1.17(0.11)  1.914(0.007) 1.6 (0.9) —5.73(1.35)  0.00499
Pt—Cl 2.17(0.09)  2.317 (0.003) 4.2 (0.4) 9.03 (0.57)

229 10°5 11.5 Pt-OH  0.88(0.14)  1.914 (0.011) 43(1.3) —11.69(1.71)  0.01384
Pt—Pd 1.99(0.29)  2.671(0.011) 8.8 (1.5) 0.24 (1.36)
Pt—Pt 6.64(0.38)  2.672 (0.004) 73(05)  —2.29(0.63)

325.8x 10°5(S2) 158  Pt—Pd 2.91(0.32)  2.748(0.007) 6.3 (0.8) 2.96(1.21)  0.02235
Pt—Pt 6.78 (0.58)  2.758 (0.006) 7.3(0.8) 3.74 (0.89)

Pt foil Pt—Pt  12.00(0.29)  2.778(0.007) 4.8(0.2) 6.48 (0.27)  0.00394

aN = coordination numbeR (&) = bonding distanceg? (A?) = Debye-Waller factor, andAE, (eV) = inner potential shift.

the coordination numbeNpypqg is 0.9. After the addition of
132.2 x 107% mol of N;HsOH in the second reaction step
(reaction, I1), both the PdCl and Pt+Cl bonds are transferred
to Pd—OH and Pt OH, respectively (stage C, Scheme 2). This

between the micelles. These collisions result in fusion of the
reverse micelles, an exchange of the contents within the cores,
and a redispersion of the micellé:44 Further the addition of
229 x 107° mol of N,HsOH (reaction IlI) resulted in the

indicates that the ligand exchange happens in both metallic formation of Pd-Pt and P+Pd bonds. We foundNpy-p; and
cores. Reverse micelles in solution will exchange the contents Np—pqto be 1.01 and 1.99, respectively, at this stage; however,

of their cores via both fusion and redispersion procegsés.

Pt—OH is still found in reaction Ill (see stage D, Scheme 2).

As a result, the reduction of metal ions within the cores of Atthe final step (reaction IV, formation of pure Pd/Pt bimetallic
reverse micelles can result in the growth of nanosized metal clusters),Npg—pg and Npg-p: are found to be 5.24 and 4.42,
particles. This particle growth within the cores of the reverse respectively. From the Ptl-edge Npi—pg andNpi—p; are found
micelles depends strongly on the exchange of the reactantsto be 2.91 and 6.78, respectively. In the resulting Pd/Pt clusters,
between micelles. The exchange process occurs when micelleshe total coordination number of Pd and Pt around absorbing
collide because of the Brownian motion and the attractive forces “Pd” atoms Npg-pd+ Npg-pi, 9.66) is almost similar to the total
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Figure 11. Two-shell fits with back-Fourier transformed experimental
EXAFS data for Pd/Pt bimetallic clusters (S2) at the Rtédge.

Figure 10. Two-shell fits with back-Fourier transformed experimental
EXAFS data for Pd/Pt bimetallic clusters (S2) at the Pd K-edge.
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SCHEME 2: Model Proposed for the Formation Mechanism of Bimetallic Pd-Pt Clusters at Early Stages

Reaction (1)
Addition of
H,PtCl,
emulsion

Reaction (I): Addition of H,PtCl, microemulsion to Pd® clusters, 6.5 hrs
Reaction (ll): Addition of 132.2 x 10-5 mol N,H.OH, 8.3 hrs
Reaction (lll): Addition of 229 x 10-° mol N,H,OH, 10.3 hrs

Reaction (IV): Addition of 325 x 10-* mol N,H,OH (Product S2), 15.3 hrs

coordination number of Pd and Pt around “Pt” atofNsi(pq + tion numbers of the Pd and Pt atoms around the Pt atom are

Nppty 9.69), indicating that the size of the Pd/Pt cluster is determined as 2.91 and 6.78, respectively, and the total

between 2.5 and 3.0 nf. coordination number of B= 3 Npwj is 9.69. The total coordina-
3.7. Composition, Atomic Distribution, and Nanostructure tion numbers of A and B are almost the same, indicating that

of Pd/Pt Bimetallic Clusters. The composition of the Pd/Pt  the particle size in both “Pd” and “Pt” is the same. From these
cluster is calculated from XAS by measuring the edge jump values the structural parameteé®s,s (Npg—p¢Y Npg-i) @and Rops
(Aux) at the Pd K-edge and the Py kedge, and it is found  (Np—pdY Npri), wWhich can be used to determine the atomic
that the atomic ratio of Pd:Pt is 1.2:1 (P®t). Recently, we distribution, were calculated as 0.46 and 0.30, respectively. The
have explored an XAS based methodology to determine the higher value 0P, 0.46, indicates the higher extent of atomic
alloying extent or atomic distribution of bimetallic nanopar- dispersion of “Pd” atoms when compared to Pt. In other words,
ticles® We have applied this methodology to the Pd/Pt system the segregation of Pt atoms is more serious, as the lower value
investigated here. Basically, in the case of a homogeneousof Ry, 0.30, suggests. It is also interesting to discuss the extent
system for which the core of the cluster is composed afoms of metallic interaction based on the alloy extent of “Pd” and
of A (NA) and the surface is made &f atoms of B (NB), the  “pt” |n this case, the homoatomic coordination number of “Pd”

total coordination Naa + Nag) is equal to 12 for the A atom  atoms around the Pd core is slightly higher than the heteroatomic
and less than 12 for the B atothMore generally, we have the  coordination number of “Pt’ atoms around the Pd core,

following relationships: indicating that there are probably two regions on the local Pd
cluster structure. One of the regions looks like-Pt alloy
Naa T Nag = 12> Nga + Ngg,  (NA)Ng = (NB)Ng,, particles stacked together, and the other is &Pl stack. As
Ong = Ogpr Rag = Rga (3) we can see in Tables 2 and 3, the time taken for Cl ligand

transfer to OH ligand in the case of the Pd is shorter than the
In the case of the Pd/Pt bimetallic clusters of the present study,time taken for the same in the case of the Pt. The higher ligand
the coordination numbers of the Pd and Pt atoms around theexchange rate implies that the P@H can be first reduced to
Pd atom are found to be 5.24 and 4.42, respectively, and thePd and that it would be in the core of the bimetallic cluster.
total coordination number of A= Y Np4-i is 9.66. The coordina- From the Pt ly-edge XAS, we found that the homoatomic
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Figure 12. Schematic representation of the Pd/Pt bimetallic nanopar-
ticle structure based on EXAFS results.

coordination number of “Pt” atoms around the Pt core is higher
than the heteroatomic coordination number of “Pd” atoms

around the Pt core. Again, this indicates that two regions exist
on the local Pt cluster structure. On the basis of our understand-

ing of the results, we expect the-FRt stacked region is larger

than the Pe-Pt stacked region. All these observations indicate
that there are three stacking regions in the clusters, viz Pd
Pd/Pd-Pt/Pt-Pt. We also defined two structural parameters to

describe the bimetallic nanoparticle structure. The extent of

alloying of element “Pd” Jpg) and element “Pt” Jpy for 1.2:1
Pd/Pt bimetallic NPs can be calculated quantitatively by using
egs 4 and 5, respectively.

P
=%  100%

J (4)
Pd Prandom

Joy= RrR';bS x 100% (5)
andom

Prandom @and Rrandom €can be taken as 0.455 and 0.545,
respectively, for perfect alloyed bimetallic NPs if the atomic
ratio of “Pd” and “Pt” is 1.2:1. The structural parametdrg

Chen et al.

out in this direction and provides a detailed insight into the
mechanism and growth of Pd/Pt bimetallic clusters.
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