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B
imetallic nanoparticles (NPs) in the
form of either alloys or core–shell
nanostructures are of great interest1

from both scientific and technological per-
spectives because of their attractive physical
and chemical properties, resulting from not
only size effects but also the combination of
different metals.2,3 It was observed that the
activity and selectivity of the metal catalysts
can be drastically influenced by the presence
of a second metal component.4 The “ligand
effect”, which refers to the electronic struc-

ture modifications resulting from the addi-
tion of one metal to a second metal, leads to
the formation of heterometallic bonds involv-
ing either charge transfer between the met-
als or orbital rehybridization of the metals.
These changes can alter the properties of the
mixed-metal system, and various bimetallic
systems formed accordingly have been
reported.5–7 Among the various bimetallic
nanoclusters (NCs), Pd–Au has been widely
explored as a catalytic material for a variety
of reactions, including vinyl acetate
synthesis,8–10 hydrodesulfurization of
thiophene,11 acetylene hydrogenation,12

and oxidation of alcohols to aldehydes.13

Most of the numerous recent reports have fo-
cused on the synthesis and catalytic applica-
tions of Pd–Au bimetallic NCs.14–19 Although
significant contributions have been devoted
to the synthesis and characterization of
Pd–Au bimetallic clusters, the atomic distri-
bution of the NCs, structural dynamics, and
thermodynamic behavior, which are the key
parameters for catalyst design and architec-
ture, remain less explored.

We have recently reported that the prop-
erties of bimetallic catalysts can be signifi-
cantly influenced by the extent of alloying
between the two constituent elements,
based on X-ray absorption spectroscopy
(XAS) methodology.20 In order to control
properties such as atomic distribution, stack-
ing order, and surface composition, which are
crucial for the architecture of bimetallic NPs
with tailored structure and functions, under-
standing the formation mechanism remains a
major scientific interest. The commonly avail-
able X-ray diffraction (XRD) technique pro-
vides information about the long-range or-
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ABSTRACT In this study, we demonstrate the unique application of X-ray absorption spectroscopy (XAS) as

a fundamental characterization tool to help in designing and controlling the architecture of Pd–Au bimetallic

nanoparticles within a water-in-oil microemulsion system of water/sodium bis(2-ethylhexyl)sulfosuccinate (AOT)/

n-heptane. Structural insights obtained from the in situ XAS measurements recorded at each step during the

formation process revealed that Pd–Au bimetallic clusters with various Pd–Au atomic stackings are formed by

properly performing hydrazine reduction and redox transmetalation reactions sequentially within water-in-oil

microemulsions. A structural model is provided to explain reasonably each reaction step and to give detailed

insight into the nucleation and growth mechanism of Pd–Au bimetallic clusters. The combination of in situ XAS

analysis at both the Pd K-edge and the Au LIII-edge and UV–vis absorption spectral features confirms that the

formation of Pd–Au bimetallic clusters follows a (Pdnuclei–Austack)–Pdsurf stacking. This result further implies that

the thickness of Austack and Pdsurf layers may be modulated by varying the dosage of the Au precursor and

hydrazine, respectively. In addition, a bimetallic (Pd–Au)alloy nanocluster with a (Pdnuclei–Austack)–(Pd–Aualloy)surf

stacking was also designed and synthesized in order to check the feasibility of Pdsurf layer modification. The

result reveals that the Pdsurf layer of the stacked (Pdnuclei–Au)stack bimetallic clusters can be successfully modified

to form a (Au–Pd alloy)surf layer by a co-reduction of Pd and Au ions by hydrazine. Further, we demonstrate the

alloying extent or atomic distribution of Pd and Au in Pd–Au bimetallic nanoparticles from the derived XAS

structural parameters. The complete XAS-based methodology, demonstrated here on the Pd–Au bimetallic system,

can easily be extended to design and control the alloying extent or atomic distribution, atomic stacking, and

electronic structure to construct many other types of bimetallic systems for interesting applications.

KEYWORDS: bimetallic nanoparticles · X-ray absorption spectroscopy · redox
transmetalation reaction · reverse micelles · atomic distribution
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dering and periodicities, preferably of single crystals or
polycrystals, and lacks the means to identify short-range
ordering information; hence, conclusions about the alloy
structure of nanosized particles cannot be drawn simply
from XRD. In fact, it seems that anomalous wide-angle
X-ray scattering is able to give the same information on
the distribution of the two metals inside bimetallic clus-
ters.21 Techniques like transmission electron microscopy
(TEM) and high-resolution (HR) TEM provide only a quali-
tative understanding of the structure of bimetallic NPs.
For example, the HRTEM method enables one to distin-
guish the core–shell structure on the basis of observing
different lattice spacing. On the other hand, TEM empha-
sizes the intensity contrast in understanding the structure
of bimetallic NPs. One method suitable for the study of
the structure of metal clusters is in situ XAS, comprising
both X-ray absorption near-edge spectroscopy (XANES)
and extended X-ray absorption fine structure spectros-
copy (EXAFS) regions.22,23 XANES can reveal the oxida-
tion state and d-band occupancy of a specific atom, as
well as the size of metallic clusters,24,25 while EXAFS pro-
vides a powerful tool for the analysis of local atomic struc-
ture, giving accurate information about the average local
atomic environment. EXAFS is particularly sensitive to in-
teratomic distances and local disorder and has been suc-
cessfully utilized to resolve subtle structural details about
NPs.26 XAS has been proved as a powerful technique for
the characterization of bimetallic catalysts,27–29 since it is
difficult to obtain structural information on such systems
by conventional material analysis methods at the early
stages.

We have recently made some significant contribu-
tions that highlight the applicability of XAS to study nano-
particle formation mechanisms.30–33 We also applied
XAS to study the chemical transformation of bimetallic
NPs to ternary metallic NPs by a cation redox reaction.34

In this study, we further advance the applicability of XAS
to design and construct Pd–Au bimetallic NPs with vari-
ous Pd–Au atomic stackings in water-in-oil microemul-
sions by properly employing hydrazine reduction reac-
tions (HRRs) together with redox transmetalation
reactions (RTMs). In a RTM process, the sacrificial oxida-
tion of one metal results in the deposition of another
metal ion to produce bimetallic NPs.35 The thickness of
the gold and palladium layers and their surface composi-
tion can be controlled by adjusting the dosage of the gold
precursors and the reducing agent, respectively. We know
that ethylene dehydrogenation can be catalyzed by a Pd
cluster, especially on the surface of Pd(111) and Pd(100)
planes.36,37 It was reported that the addition of Au to Pd
clusters can lead to an enhancement of ethylene dehy-
drogenation38 due to the sp- and d-band charge redistri-
bution or orbital hybridization, indicating that controlling
the atomic ratio NAu/NPd would further control the elec-
tronic perturbation of Au and Pd. We also attempted to
provide details on the atomic distribution and structural
insights into Au–Pd bimetallic clusters, since the catalytic
activity of bimetallic clusters is strongly influenced by
their atomic distribution and structure. Furthermore, af-

ter getting detailed knowledge of the reaction
mechanism, we tried to design a (Pd–Au)alloy bime-
tallic NP with three stacking regions, viz., (Pdnuclei–
Au)stack–(Au–Pd alloy)surf, by controlling two HRRs
and one RTM. It is believed that the detailed knowl-
edge about the formation mechanism gained from
in situ XAS in this study can be further utilized to de-
sign and modify the alloying extent, atomic distribu-
tion, stacking order, and electronic configuration of
other bimetallic NPs for interesting applications.

RESULTS AND DISCUSSION
In Situ XANES at Various Stages in the Formation of Bimetallic

Pd–Au Clusters with Various Atomic Stackings. XANES can pro-
vide information on the electronic transition from the
core level to the vacant d states of the absorbing atom
and is recognized as a powerful tool to characterize in
situ d-electron configuration in catalysts. The Pd K-edge
XANES spectrum is recorded for the microemulsion sys-
tem containing Pd2� ions as a function of dosage of re-
ducing agent, hydrazine (N2H5OH), in the hydrazine re-
duction reactions and as a function of NAu/NPd ratio in
the redox transmetalation reactions. The corresponding
Pd K-edge XANES spectra of Pd–Au bimetallic nanopar-
ticles with various stackings are shown in Figure 1.

In the Pd K-edge XANES spectra, the absorption tran-
sition in the pre-edge region is a 1 s to 4 d dipole-
forbidden transition according to the selection rule, �l �
1 and �j � 1, where l and j are orbital angular momentum
and total angular moment of the local density of states,
respectively.39 The absorption threshold resonance,
called a white line, appearing between 24360 and 24380
eV, corresponds to the electronic transitions that arise
from the 1 s to unoccupied 4 p states above the Fermi
level. The second (24385 eV) and third (24435 eV) peaks
are attributed to 1 s ¡ dp and 1 s ¡ dsp transitions, re-
spectively. This white line intensity is sensitive to the
change in electron occupancy of the valance orbital and
ligand field environments of an absorber.40 For this rea-
son, it can be used to estimate the density of the unoccu-
pied states and the changes in the oxidation state of the
Pd absorber. The energy shift can also be related to a
change in the effective number of valence electrons at
the absorbing site. As can be seen from Figure 1, the edge
energy of the initial Pd2� solution gradually shifts to-
ward the reference Pd foil, with an increase in the amount
of reducing agent from 0 to 44 � 10�5 mol, indicating
the progressive reduction of Pd2� to Pd0 (Pdnuclei NPs).
For a better understanding, we also provide more de-
tailed Pd K-edge XANES spectra, recorded during the for-
mation of Pd–Au bimetallic NPs, in the Supporting Infor-
mation, in which a gradual decrease in white line intensity
can also be observed with increasing amount of reduc-
ing agent from 0 to 44 � 10�5 mol (Figure 1S). After the
formation of Pd clusters, the Au precursor solution, i.e., the
HAuCl4 emulsion, was introduced, and the hydrazine dos-
age was increased before the HRRs were performed. The
stability of the state of the system was checked by com-
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paring two sequential X-ray absorption spectra before
proceeding to the next stage.

After the addition of the Au3� precursor (stoichiomet-
ric ratio NAu/NPd � 0.633) at 5.5 h (Pdnuclei–Austack-1 NPs),
the white line intensity increases slightly due to the oxida-
tion of part of the Pdnuclei NPs. The edge energy is posi-
tioned more closely to the K2PdCl4 microemulsion, indi-
cating the formation of Pd–Cl species at this stage, which
will be further confirmed during the discussion of EXAFS
results. After the addition of 79.2 � 10�5 mol of hydrazine
at 6.8 h, the edge position approaches the reference Pd
foil, indicating the reduction of these PdCl4

2� species
back to Pd0 ((Pdnuclei–Austack-1)–Pdsurf NPs). The edge shift
to K2PdCl4 during the formation of (Pdnuclei–Austack-2)
and (Pdnuclei–Austack-3) NPs by RTMs is consistent with
the oxidation of Pd clusters, whereas the edge shift to-
ward the reference Pd during the formation of (Pdnuclei–
Austack-2)–Pdsurf and (Pdnuclei–Austack-3)–Pdsurf NPs by
HRRs indicates the reduction of Pd2� ions.

The Au LIII-edge XANES spectra of the bimetallic
Au–Pd microemulsion system are shown in Figure 2.
The white line intensity of HAuCl4, which is positioned
around 11923 eV,41 i.e., 4 eV above the edge of the Au
LIII-edge, is sharply decreased and matched well with
the magnitude of white line intensity of the reference
Au foil soon after the HAuCl4 microemulsion is intro-
duced into the Pd microemulsion complex containing
Pd clusters at 6.0 h. This observation indicates that Au3�

ions are reduced to Au0 after interacting with Pd clus-
ters. The white line intensity in the Au LIII-edge XANES
spectra shows no change, but the intensity of peak A in-
creases slightly, indicating the possibility of a new inter-
action between Au and Pd atoms after the addition of
79.2 � 10�5 mol of hydrazine during the formation of
(Pdnuclei–Austack-1)–Pdsurf NPs. When the ratio of NAu/
NPd is increased to 0.862 (Pdnuclei–Austack-2 NPs), the
white line intensity is not changed when compared to
the white line intensity of Pdnuclei–Austack-1 NPs,
whereas the intensity of peak A is lowered, indicating
a discernible difference in the d-bands of the Au core
holes. It would further imply that the electronic configu-
rations of clusters formed at these two stoichiometric
ratios are different. Further increase in the NAu/NPd

ratio to 0.997 does not change the white line intensity,
indicating that all the Au3� ions are reduced to Au0

during the formation of Pdnuclei–Austack-3 NPs.
In Situ EXAFS at Various Stages in the Formation of Bimetallic

Pd–Au Clusters with Various Atomic Stackings. The Fourier-
transformed (FT) k3-weighted EXAFS spectra (�k � 4.05–
14.10 Å�1) of the microemulsion system at various HRRs
and RTMs are shown in Figure 3. As can be seen from Fig-
ure 3, the K2PdCl4 emulsion exhibits a peak between 1.5
and 2.0 Å, corresponding to a Pd–Cl bond. After the addi-
tion of 22 � 10�5 mol of N2H5OH at 2.3 h, the magnitude
of Pd–Cl bond is decreased, and a new peak appears be-
tween 2.0 and 3.0 Å, attributed to a Pd–Pd bond, indicat-
ing that PdCl4

2� ions are reduced and Pd clusters are
formed directly without any intermediate. The correspon-
ding chemical reaction can be written as shown in eq 1.

N2H5OH + PdCl4
2-+2H+f

N2 + H2 + Pd0 + 4HCl + H2O (1)

Figure 1. Normalized XANES spectra near the Pd K-edge at
various steps during the formation of Pd–Au bimetallic clus-
ters with various atomic stacking in reverse micelles, with
K2PdCl4 and Pd foil as references: (a) Pdnuclei, (b) (Pdnuclei–
Austack-1), (c) (Pdnuclei–Austack-1)–Pdsurf, (d) (Pdnuclei–Austack-2),
(e) (Pdnuclei–Austack-2)–Pdsurf, (f) (Pdnuclei–Austack-3), and (g)
(Pdnuclei–Austack-3)–Pdsurf NPs.

Figure 2. Normalized XANES spectra near the Au LIII-edge at
various steps during the formation of Pd–Au bimetallic clus-
ters with various atomic stacking in reverse micelles, HAuCl4,
and reference Au foil.
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After the addition of 44 � 10�5 mol of N2H5OH at 4.5 h,

the FT peak corresponding to the Pd–Cl bond disappears

completely, and the magnitude of the Pd–Pd bond in-

creases. This implies that all of the palladium ions are com-

pletely reduced to Pd0 and transformed to Pd clusters

(Pdnuclei NPs). After the addition of the Au3� emulsion at

5.5 h (NAu/NPd � 0.633), the magnitude of the Pd–Pd

bond is decreased and shifted slightly to higher R values

due to the presence of Au. A peak corresponding to a

Pd–Cl bond, which has a magnitude slightly less than that

of the equivalent peak in the EXAFS spectrum of the

PdCl4
2� precursor, appears between 1.5 and 2.0 Å, indi-

cating that the oxidation of Pd clusters takes place dur-

ing the redox transmetalation process (Pdnuclei–Austack-1

NPs).

The appearance of the Pd–Cl bond is consistent with
our previous study, in which we showed that the reac-
tion between monometallic Pd clusters with the micro-
emulsion containing Pt4� ions generated the Pd–Cl bond
due to the oxidation of Pd clusters.33 By increasing the to-
tal amount of hydrazine to 79.2 � 10�5 mol at 6.8 h
((Pdnuclei–Austack-1)–Pdsurf NPs), the magnitude of the
Pd–Cl bond is decreased, and a new broad peak attrib-
uted to a Pd–M bond is formed. The FEFF7 software pack-
age was used to fit the Pd–Pd and Pd–Au bonds, as
shown in Table 1. After further addition of the Au precur-
sor (NAu/NPd � 0.862) at 8.6 h (Pdnuclei–Austack-2 NPs), the
magnitude of the broad peak of the Pd–M bond de-
creases, whereas the magnitude of the Pd–Cl bond in-
creases. Upon addition of the reducing agent to 96.8 �

10�5 mol at 10.4 h ((Pdnuclei–Austack-2)–Pdsurf NPs), the
magnitude of not only the Pd–Pd bond but also the
Pd–Au bond is increased, and the peak corresponding to
the Pd–Cl is eliminated. After equilibrium is reached at
14.7 h, further Au precursor is added to make equal the
atomic ratio between the Pd and Au atoms (Pdnuclei–
Austack-3 NPs). A similar phenomenon is observed in the
first and second additions of the Au precursors. After ad-
dition of reducing agent to 110 � 10�5 mol at 16.5 h ((Pd-

nuclei–Austack-3)–Pdsurf NPs), the contribution from Pd–Cl
bonding completely disappears.

The FT k3-weighted EXAFS spectra (�k � 3.39–13.25
Å�1) obtained at the Au LIII-edge of the bimetallic Pd–Au
microemulsion system are shown in Figure 4. It is found
that the feature of the Fourier transform spectra of the
Au absorber for various atomic ratios NAu/NPd (for the NPs
obtained during all the RTMs, i.e., Pdnuclei–Austack-1,
Pdnuclei–Austack-2, and Pdnuclei–Austack-3) exhibits two
bonds between 1.5 and 3.5 Å in length, the magnitude
of which is increasing with the Au stacking. After fitting
of the k3-weighted EXAFS data by using the FEFF7 soft-
ware package, the two bonds are evaluated as the Au–Pd
and Au–Au bonds, respectively. As can be seen in Fig-
ure 4, the Au–Cl bond is not found during all the
RTMs, and the figure shows only the Au–metal bonds
after the addition of the Au precursors, indicating
that all of the AuCl4

� ions are reduced completely
via RTM. The structural parameters (coordination
number N, bond distance R, Debye–Waller factor �2,
and inner potential shift �E0) derived from the Au
LIII-edge EXAFS data analysis of Pd–Au bimetallic sys-
tem are shown in Table 2. The results of Pd K-edge

Figure 3. FT-EXAFS spectra obtained at the Pd K-edge at
various stages in the formation of bimetallic Pd–Au NPs with
various atomic stackings and reference Pd foil: (a) Pdnuclei,
(b) (Pdnuclei–Austack-1), (c) (Pdnuclei–Austack-1)–Pdsurf, (d)
(Pdnuclei–Austack-2), (e) (Pdnuclei–Austack-2)–Pdsurf, (f) (Pdnuclei–
Austack-3), and (g) (Pdnuclei–Austack-3)–Pdsurf NPs.

Figure 4. FT-EXAFS spectra obtained at the Au LIII-edge at
various stages of bimetallic Pd–Au NPs formation in sodium
bis(2-ethylhexyl)sulfosuccinate (AOT) reverse micelles at
various NAu/NPd ratios, as a function of reducing agent dos-
age, and reference compounds HAuCl4 and Au foil.
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FT-EXAFS data analysis disclosed that Pd ions are
completely reduced in all the HRRs, and the Au LIII-
edge FT-EXAFS data results revealed that Au ions are
completely reduced during all the RTMs.

The k3-weighted EXAFS oscillations at the Pd K-edge
recorded for (Pdnuclei–Austack-1)–Pdsurf, (Pdnuclei–
Austack-2)–Pdsurf, and (Pdnuclei–Austack-3)–Pdsurf NPs
formed during HRRs, and at the Au LIII-edge recorded
for Pdnuclei–Austack-1, Pdnuclei–Austack-2, and Pdnuclei–
Austack-3 NPs formed during RTMs, are shown in Fig-
ures 5 and 6, respectively. The EXAFS oscillation fre-
quencies and the features of the curves at both the Pd
K-edge and the Au LIII-edge of each state are different
from those of Pd and Au foils, especially in the high-k re-
gion, indicating the existence of a correlation between
Pd and Au. All these observations indicate that the me-
tallic ions are reduced and the Pd–Au bimetallic clus-
ters are formed in each state.

The reliability of the XAS data obtained at all the
stages in the formation of Pd–Au bimetallic clusters is
checked by comparing the FEFF7 theoretical fit with the
back-transformed experimental EXAFS data obtained
at the Pd K-edge and the Au LIII-edge. However, we
have shown the fitting data only for the bimetallic
Pd–Au clusters with various atomic stackings, i.e.,
(Pdnuclei–Austack-1)–Pdsurf, (Pdnuclei–Austack-2)–Pdsurf,
and (Pdnuclei–Austack-3)–Pdsurf NPs formed at the three
atomic ratios (NAu/NPd) 0.633, 0.862, and 0.997, respec-
tively. The two-shell theoretical fit matches closely with
the back-transformed experimental data (shown as
open circles and solid squares, respectively, in Figures

2S and 3S in the Supporting Information), indicating
satisfactory fitting for not only the Pd–Au and Pd–Pd
bonds but also the Au–Pd and Au–Au bonds.

Architecture and Formation of Bimetallic Pd–Au Bimetallic

Nanoparticles in AOT Reverse Microemulsions. In this section we
will discuss the structural details that are obtained
fromthe XAS parameters obtained at the Pd K-edge
and the Au LIII-edge, shown in Tables 1 and 2, respec-
tively. A schematic representation of the architecture of
Pd–Au bimetallic NPs formed at various stages is shown
in Scheme 1.

HRR-1. The coordination number NPd–Cl of the K2PdCl4
emulsion is found to be 4.00 in the absence of reducing
agent. After the addition of 22 � 10�5 mol of N2H5OH
at 2.3 h, NPd–Cl is decreased to 1.86, and contribution
from Pd coordination begins to appear (NPd–Pd, 6.61),
indicating the formation of Pd nuclei through the HRR
enhanced by an intermicellar exchange process.42 The
reduction of metal ions within the cores of reverse
micelles can result in the growth of nano-sized metal
particles.30–33 This particle growth within the cores of
the reverse micelles depends strongly on the exchange
of the reactants between micelles. As can be seen,
further increasing the hydrazine dosage to 44 � 10�5

mol at 4.5 h leads to a complete absence of Pd–Cl
coordination and an increase in Pd–Pd coordination,
indicating the growth of Pdnuclei clusters (see HRR-1,
Scheme 1). 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 particle size.26

TABLE 1. Structural Parameters Derived from the Pd K-Edge EXAFS Data Analysis at Various Stages in the Formation of
Pd–Au Bimetallic Clusters with Various Atomic Stackings and the Reference Pd Foila

reaction
state

amount of
N2H5OH (mol) time (h)

atomic ratio
(NAu/NPd) shell N Rj (Å)

�2

(�10�3 Å2) �E0 (eV) R factor

0 0 0 Pd–Cl 4.00 (0.13) 2.320 (0.003) 4.8 (0.3) 4.5 (0.3) 0.0089

22 � 10�5 2.3 0 Pd–Cl 1.86 (0.12) 2.329 (0.003) 8.9 (0.1) 6.9 (0.4) 0.0021
Pd–Pd 6.61 (0.08) 2.743 (0.002) 7.8 (0.1) �1.1 (0.1)

Pdnuclei 44 � 10�5 4.5 0 Pd–Pd 8.90 (0.06) 2.742 (0.001) 6.8 (0.3) �1.4 (0.3) 0.0022

Pdnuclei–Austack-1 5.5 0.633 Pd–Cl 2.84 (0.13) 2.314 (0.003) 4.8 (0.2) 1.2 (0.5) 0.0036
NPs Pd–Pd 2.17 (0.08) 2.742 (0.002) 8.4 (0.1) �4.1 (0.3)

Pd–Au 0.21 (0.08) 2.757 (0.003) 0.0 (0.2) 13.0 (0.8)

(Pdnuclei–Austack 1)– 79.2 � 10�5 6.8 Pd–Pd 6.37 (0.11) 2.749 (0.004) 7.5 (0.3) �3.9 (0.2) 0.0196
Pdsurf NPs Pd–Au 0.87 (0.07) 2.755 (0.002) 5.6 (0.3) 0.1 (0.3)

Pdnuclei–Austack-2 8.6 0.862 Pd–Cl 2.53 (0.13) 2.313 (0.003) 5.3 (0.3) 0.1 (0.6) 0.0033
NPs Pd–Pd 2.59 (0.06) 2.742 (0.002) 5.9 (0.2) �5.1 (0.2)

Pd–Au 0.24 (0.09) 2.757 (0.002) 0.0 (0.2) 12.1 (0.5)

(Pdnuclei–Austack-2)– 96.8 � 10�5 10.4 Pd–Pd 6.46 (0.07) 2.749 (0.002) 6.3 (0.1) �2.8 (0.3) 0.0083
Pdsurf NPs Pd–Au 1.06 (0.08) 2.755 (0.004) 4.3 (0.2) 0.9 (0.2)

Pdnuclei–Austack-3 14.7 0.997 Pd–Cl 1.96 (0.14) 2.310 (0.003) 4.1 (0.3) �0.3 (0.5) 0.0083
NPs Pd–Pd 1.81 (0.07) 2.742 (0.002) 4.4 (0.1) �7.4 (0.3)

Pd–Au 0.21 (0.09) 2.757 (0.002) 0.0 (0.3) 3.3 (0.6)

(Pdnuclei–Austack-3)– 110 � 10�5 16.5 Pd–Pd 5.67 (0.06) 2.741 (0.002) 5.4 (0.2) �3.3 (0.2) 0.0081
Pdsurf NPs Pd–Au 1.09 (0.08) 2.755 (0.002) 4.4 (0.2) �2.6 (0.1)

(Pdnuclei–Austack-1)– 110 � 10�5 1.000 Pd–Pd 1.91 (0.13) 2.744 (0.003) 4.4 (0.3) �3.9 (0.2) 0.0292
(Pd–Aualloy)surf NPs Pd–Au 4.12 (0.07) 2.794 (0.002) 5.5 (0.2) �7.6 (0.6)

Pd foil Pd–Pd 12.00 (0.12) 2.748 (0.004) 6.4 (0.5) 2.5 (0.3) 0.0043

aN, coordination number; Rj, coordination distance; �2, Debye–Waller factor; �E0, inner potential correction.
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The Pd–Pd coordination number of Pdnuclei clusters is
found to be 8.9, indicating that the diameter of Pd
clusters is between 1.5 and 2.0 nm.

RTM-1. After the addition of a AuCl4
� emulsion to the

microemulsion containing Pd clusters, the NPd–Cl, NPd–Pd,
and NPd–Au are found to be 2.84, 2.17, and 0.21, respec-
tively (NAu/NPd � 0.633). The decrease in NPd–Pd coordina-
tion and increase in NPd–Cl coordination suggests the sac-
rificial oxidation of Pd clusters upon interaction with
Au3� ions, and the appearance of NPd–Au indicates the
deposition of Au on the Pd surface via a redox transmet-
alation process to form Pdnuclei–Austack-1 NPs with a first
Au stacking (RTM-1, Scheme 1). As two kinds of chemi-
cal species, PdCl4

2� and Pd–Au clusters, with three kinds
of chemical bonds, Pd–Cl, Pd–Pd, and Pd–Au, dispersed in
the solution a three-shell model are used to fit the k3-
weighted EXAFS data of the Pd K-edge, the real coordina-
tion number is underestimated due to the fact that all
the coordination numbers of the Pd–Cl, Pd–Pd, and

Pd–Au are averaged out, since XAS is an averaging tech-
nique. This implies not only that the coordination number
of the Pd–Au bond should be larger than 0.21 but also
that the coordination number of the Pd–Cl bond should
be larger than 2.84 at this stage. The higher coordination
of the Pd–Cl bond indicates that most of the Pd clusters
are dissolved and form PdCl4

2� species. At this stage, we
strongly believe that the electrons required for the reduc-
tion of Au3� ions come mainly from the oxidation of Pd
clusters and not from the oxidation of hydrazine. Most of
the hydrazine is consumed during the Pd cluster for-
mation. The amount of residual hydrazine present
in the system is 3 � 10�5 mol, corresponding to a
molar ratio of [N2H5OH]/[Au3�] of 0.07:1, far below
the amount required to reduce Au3� ions.43 Besides,
due to the instability of hydrazine, the amount of re-
sidual hydrazine should be much less than 3 � 10�5

mol. Hence, we believe that residual hydrazine, if
present, is not sufficient to reduce Au3� ions. The

TABLE 2. Structural Parameters Derived from the Au LIII-Edge EXAFS Data Analysis at Various Stages in the Formation of
Pd–Au Bimetallic Clusters with Various Atomic Stackings and the Reference Au Foila

reaction
state

amount of
N2H5OH (mol)

time
(h)

atomic ratio
(NAu/NPd) shell N Rj (Å)

�2

(�10�3 Å2) �E0 (eV) R factor

Pdnuclei–Austack-1 6.0 0.633 Au–Pd 1.05 (0.12) 2.755 (0.002) 11.3 (0.7) �4.6 (0.8) 0.0154
NPs Au–Au 7.95 (0.12) 2.855 (0.003) 8.7 (0.3) 2.7 (0.2)

(Pdnuclei–Austack-1)– 79.2 � 10�5 7.3 Au–Pd 1.37 (0.14) 2.755 (0.003) 10.2 (0.8) �4.6 (0.7) 0.0196
Pdsurf NPs Au–Au 8.17 (0.14) 2.855 (0.004) 9.5 (0.4) 2.9 (0.5)

Pdnuclei–Austack-2 11.7 0.862 Au–Pd 1.25 (0.11) 2.755 (0.002) 14.8 (0.5) �4.6 (0.7) 0.0083
NPs Au–Au 8.45 (0.09) 2.855 (0.003) 8.2 (0.3) 2.0 (0.2)

Pdnuclei–Austack-3 17.8 0.997 Au–Pd 1.10 (0.09) 2.755 (0.001) 14.7 (0.6) �4.6 (0.7) 0.0081
NPs Au–Au 9.20 (0.10) 2.856 (0.004) 8.4 (0.2) 2.1 (0.2)

(Pdnuclei–Austack-1)– 110 � 10�5 1.000 Au–Pd 4.12 (0.15) 2.794 (0.003) 0.5 (0.2) 7.4 (0.5) 0.0292
(PdAu)alloy NPs Au–Au 6.41 (0.09) 2.822 (0.004) 3.1 (0.3) 10.8 (0.3)

Au foil Au–Au 12.00 (0.15) 2.865 (0.005) 8.4 (0.5) 1.1 (0.4) 0.0120

aNotation as in Table 1.

Figure 5. k3-weighted EXAFS spectra recorded for Pd–Au bi-
metallic clusters with various atomic stackings at the Pd
K-edge.

Figure 6. k3-weighted EXAFS spectra recorded for Pd–Au bi-
metallic clusters with various atomic stackings at the Au LIII-
edge.
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standard reduction potential of the reaction AuCl4
�

� 3e�
¡ Au � 4Cl� (1.008 V vs SHE) is greater than

that of PdCl4
2� � 2e�

¡ Pd � 4Cl� (0.591 V vs
SHE).44 Hence, the AuCl4

� ions in the solutions can
be reduced only via the RTM between Pd0 clusters
and Au3� ions, and the electron required for the re-
duction is contributed from the oxidation of Pd0 to
Pd2�. The direct reduction of Au3� ions to Au0 by
the oxidation of Pd0 to Pd2� without any ligand ex-
change effect can be further seen in the FT k3-
weighted EXAFS spectral features at the Au LIII-
edge and the Pd K-edge of the Pd–Au bimetallic
NPs which are formed by mixing equal numbers of
moles of Pd clusters and AuCl4

� precursor, NAu/NPd

� 1 (see Figure 4S, Supporting Information). Two
peaks corresponding to the Pd–Cl and Pd–M coordi-
nation in the Pd K-edge spectra and the Au–M coor-
dination in the Au LIII-edge spectra are observed af-
ter the addition of an equal number of moles of
AuCl4

� precursor to the Pd clusters (Figure 4S, Sup-
porting Information). In our previous study regard-
ing the formation of bimetallic Ag–Pd NPs, the
PdCl4

2� ions were directly reduced by monometal-
lic Ag NPs via the RTM, and the electron required for
the reduction was contributed from the direct oxida-
tion of Ag0 to Ag�.32 We also studied the formation
mechanism of both monometallic Pt31 and bimetal-
lic Pd–Pt NPs33 in AOT reverse micelles. It was found
that the reduction of PtCl6

2� is not a direct one,
and it involves three steps. The electrons obtained
from the oxidation of Pd0 to PdCl4

2� species cannot
be used to produce a Pt layer on the Pd clusters di-
rectly,33 indicating that the PtCl6

2� species are not
appropriate candidates for producing Pdcore–Ptshell-
type NPs via the RTM. However, in the present study,
the reduction of AuCl4

� species is a direct one, sug-
gesting that AuCl4

� is a good candidate for control-
ling the shell layer and further modifying the elec-

tronic structure and alloying extent of the bimetallic
NPs.

HRR-2. After the first RTM, the dosage of N2H5OH is in-
creased to 79.2 � 10�5 mol at 6.8 h. At this stage, there
is a complete absence of Pd–Cl coordination, and
NPd–Pd and NPd–Au are found to be increased to 6.37
and 0.87, respectively. Also, NAu–Pd and NAu–Au are
found to be 1.37 and 8.17, respectively. These results
suggest that PdCl4

2� species are completely reduced
back to Pd0 and deposited on the Pdnuclei–Austack-1 NPs,
thereby producing (Pdnuclei–Austack-1)–Pdsurf NPs
(HRR-2, Scheme 1). One can control the surface compo-
sition of Pd and Au on the NPs by properly adjusting
the molar ratio of Au3� ions and Pd2� ions in the solu-
tion before performing HRRs.

RTM-2. Later, when AuCl4
� is added with an NAu/NPd

stoichiometric ratio of 0.862 at 8.6 h to the solution con-
taining (Pdnuclei–Austack-1)–Pdsurf NPs obtained from
HRR-2, NPd–Pd and NPd–Au are decreased to 2.59 and
0.24, respectively, and NPd–Cl is increased to 2.53. These
results indicate that surface Pd atoms from (Pdnuclei–
Austack-1)–Pdsurf stacked NPs are dissolved again and
transformed to the PdCl4

2� species. The Au3� ions are
reduced to Au0 to form Pdnuclei–Austack-2 with a second
Au stacking (RTM-2, Scheme 1). The increase in coordi-
nation NAu–Au at this stage to 8.45 indicates that the
thickness of Au stacking can be controlled by properly
employing the Au precursor solution.

HRR-3. The PdCl4
2� species generated in the above

step are further reduced to Pd0 after increasing the dos-
age of N2H5OH to 96.8 � 10�5 mol at 10.4 h. NPd–Pd

and NPd–Au are increased to 6.46 and 1.06, respectively,
and the absence of Pd–Cl coordination is observed.
These results suggest that the Pd0 clusters are depos-
ited on the surface of Pdnuclei–Austack-2 NPs to produce
(Pdnuclei–Austack-2)–Pdsurf NPs.

RTM-3. When Au precursor solution is again intro-
duced into the microemulsion system containing
(Pdnuclei–Austack-2)–Pdsurf NPs formed in the step HRR-3,

Scheme 1. Schematic of the architecture of Pd–Au bimetallic NPs in AOT reverse microemulsions.
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with an NAu/NPd stoichiometric ratio of 0.997 at 14.7 h,
NPd–Cl, NPd–Pd, and NPd–Au are found to be 1.96, 1.81,
and 0.21, respectively, and NAu–Au is increased to 9.20,
which corresponds to the formation of Pdnuclei–Austack-3

NPs. This observation is similar to what is observed dur-
ing the formation of Pdnuclei–Austack-1 and Pdnuclei–
Austack-2 NPs, i.e., the occurrence of a replacement reac-
tion between the shell Pd0 clusters and added Au3�

ions, except that the increased NAu–Au value suggests
the increased thickness of Au stacking.

HRR-4. Finally, the dosage of N2H5OH is increased to
110.5 � 10�5 mol at 16.5 h in the microemulsion sys-
tem containing Pdnuclei–Austack-3 NPs formed in the step
HRR-3. NPd–Au and NPd–Pd are found to be 5.67 and
1.09, respectively. The complete absence of Pd–Cl coor-
dination indicates that all PdCl4

2� species are com-
pletely reduced to form (Pdnuclei–Austack-3)–Pdsurf NPs.

Pd and Au Atomic Distribution and Alloying Extent in

(Pdnuclei–Austack)–Pdsurf Stacked Bimetallic Nanoparticles. The
atomic distribution and alloying extent of Pd and Au
in (Pdnuclei–Austack)–Pdsurf stacked bimetallic NPs are
obtained by employing our previously developed XAS
methodology.20 In the case of (Pdnuclei–Austack-1)–Pdsurf

stacked Pd–Au bimetallic NPs formed during the sec-
ond HRR, NAu–Au and NAu–Pd are determined as 8.17 and
1.37, respectively, giving the total coordination num-
ber of Au and Pd around Au, A (� �NAu-i � NAu–Au �
NAu–Pd), as 9.54. Similarly, NPd–Pd and NPd–Au are deter-
mined as 6.37 and 0.87, respectively, providing the to-
tal coordination number of Pd and Au around Pd, B
(� �NPd-i � NPd–Pd � NPd–Au), as 7.24. From these val-
ues, the structural parameters Pobserved (� NAu–Pd/
�NAu-i) and Robserved (� NPd–Au/�NPd-i) are calculated
as 0.14 and 0.12, respectively. The Pobserved and Robserved

values can be used to describe the atomic distribution
of Au and Pd, respectively, in Pd–Au bimetallic NPs. The
alloying extent of Au (JAu) and Pd (JPd) can be esti-
mated from the Pobserved and Robserved values by em-
ploying eqs 2 and 3, respectively.

JAu )
Pobserved

Prandom
× 100 (%) (2)

JPd )
Robserved

Rrandom
× 100 (%) (3)

Prandom and Rrandom can be taken as 0.5 if the atomic ra-

tio of Au to Pd is 1:1. However, at HRR-2, the atomic ra-

tio of Au to Pd is calculated as 0.633:1. From this ratio,

Prandom and Rrandom can be taken as 0.61 and 0.39, re-

spectively. By substituting these values into eqs 2 and 3,

JAu and JPd are calculated as 22.9% and 30.8%, respec-

tively. The higher JPd value indicates a higher degree of

alloying around Pd atoms and less segregation of Pd.

In contrast, the lower JAu value suggests a lower degree

of alloying around Au atoms and more segregation of

Au. The JAu and JPd values, along with other structural pa-

rameters, for NPs obtained at different reaction states,

i.e., (Pdnuclei–Austack-1)–Pdsurf, (Pdnuclei–Austack-2)–Pdsurf,

and (Pdnuclei–Austack-3)–Pdsurf NPs, are listed in Table 3.

The similarity in JAu and JPd values obtained for different

reaction states indicates that the Pd–Au bimetallic NPs

produced at these reaction states are similar in structure.

For a homogeneous bimetallic Pcore–Rshell cluster
(NP/NR � 1), for which the core of the cluster is com-
posed of NP atoms of P and the surface is made of NR at-
oms of R, the total coordination (NP-P � NP-R) is equal to
12 for the P atom and less than 12 for the R atom.45 If the
total coordination number (NP-P � NP-R) is much lower
than 12, most of the P atoms are dispersed on the clus-
ter surface. It is very interesting that the total coordina-
tion number of Au, A (� �NAu-i � NAu–Au � NAu–Pd),
gradually increases with the increase in NAu/NPd, indicat-
ing that most of the Au atoms are occupied in the core re-
gion and only a few Au atoms are dispersed on the clus-
ter surface. However, the total coordination number of
Pd, B (� �NPd-i � NPd–Pd � NPd–Au) is decreased to 6.76
for (Pdnuclei–Austack-3)–Pdsurf NPs, indicating that most of
the Pd atoms are dispersed on the cluster surface. This re-
sult is consistent with the UV–vis absorption spectral fea-
tures shown in Figure 7. As can be seen from Figure 7, the
surface plasmon absorption band of the (Pdnuclei–Austack-

3)–Pdsurf NPs is much lower than that of the pure Au clus-
ters and closer to that of the pure Pd clusters, indicating
that the surface of the Pd–Au bimetallic NPs obtained in
this work has more Pd atoms than the inner core. Both
XAS and UV–vis observations show that the Pd–Au bime-
tallic NPs follow (Pdnuclei–Austack)–Pdsurf stacking, and
only a few Au atoms are dispersed on the catalyst surface.

A HRTEM image of (Pdnuclei–Austack-3)–Pdsurf NPs is
shown in Figure 8. The image shows that the size distri-
bution of the clusters is monodisperse. The particle
size of clusters obtained from the TEM image, about
2.5–3.0 nm, is slightly larger than that obtained from
XAS analysis (ca. 2.5 nm). This may happen due to the
aggregation of particles caused by the drying process

TABLE 3. Structural Coordination Number Parameters and Alloying Extent of Au and Pd for Different Atomic Ratios,
NAu/NPd, of Pd–Au Bimetallic Clusters with Various Atomic Stackings

system
molar ratio

(NAu/NPd) A (� �NAu-i) B (� �NPd-i) Pobserved Robserved Prandom Rrandom JAu (%) JPd (%)

(Pdnuclei–Austack-1)–
Pdsurf NPs

0.633 9.54 7.24 0.14 0.12 0.61 0.39 22.9 30.8

(Pdnuclei–Austack-2)–
Pdsurf NPs

0.862 9.70 7.52 0.13 0.14 0.54 0.46 24.1 30.4

(Pdnuclei–Austack-3)–
Pdsurf NPs

0.997 10.30 6.76 0.11 0.16 0.50 0.50 22.0 32.0
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before HRTEM analysis. Our previous studies on Pt for-
mation in AOT reverse micelles too indicated that the
particle size obtained from TEM is larger than that ob-
tained from XAS analysis.31

In order to check the applicability of the present de-
sign methodology, a bimetallic (Pd–Au)alloy cluster with a
(Pdnuclei–Austack-1)–(Pd–Aualloy)surf stacking was synthe-
sized. At first the Au3� ions with NAu/NPd � 1 were added
to the preformed Pdnuclei cluster. The RTM between Pdnu-

clei clusters and the Au3� ions generated Pdnuclei–Austack-1

NPs, leaving PdCl4
2� and residual AuCl4

� species. The
general idea in adding excess Au precursor to the Pdnu-

clei clusters is to control the insufficient amount of the
electron donated by the surface Pd atoms of the Pdnuclei

clusters required for the reduction of Au precursor. In the
corresponding k3-weighted EXAFS spectra at the Au LIII-
edge and at the Pd K-edge, two peaks were observed, cor-
responding to the coordination of Pd–Cl and Pd–M (in
Pd K-edge EXAFS spectra) and the coordination of Au–Cl
and Au–M (in Au LIII-edge EXAFS spectra) (see Figure 4S,
Supporting Information). Later, in order to make a (Pd–
Au)alloy layer on the surface of Pdnuclei–Austack-1 NPs, HRR
was performed by adding 110 � 10�5 mol of N2H5OH
into the microemulsion system to allow the co-reduction
of both the Pd2� and Au3� ions. At this stage, the Pd–M
bond at the Pd K-edge and the Au–M bond at the Au LIII-
edge were split into two peaks, located between 2.0 and
3.0 Å, and both the Pd–Cl and Au–Cl bonds disappeared.
These results indicate that the cluster possesses an atomic
distribution in the shell region different from that of the
(Pdnuclei–Austack)–Pdsurf stacked bimetallic NPs. The fitting
of the (Pdnuclei–Austack-1)–(Pd–Aualloy)surf NPs at the Pd
K-edge and the Au LIII-edge, as shown in Tables 1 and 2,
respectively, indicates that the two peaks at the Pd
K-edge correspond to the Pd–Pd and Pd–Au bonds, and
the two peaks at the Au LIII-edge correspond to the
Au–Pd and Au–Au bonds. Here, too, the Pd–Pd and
Pd–Au bonds at the Pd K-edge, and the Au–Pd and
Au–Au bonds at the Au LIII-edge, are reliable as realized
from the close matching of the two-shell theoretical fit

with that of the back-transformed experimental spectra
(see Figure 5S, Supporting Information). The composition
of the designed (Pdnuclei–Austack-1)–(Pd–Aualloy)surf NPs is
calculated from XAS by measuring the edge jump at both
the Pd K-edge and the Au LIII-edge, and NAu/NPd is found
to be 1.00. NAu–Au and NAu–Pd are found to be 6.41 and
4.12, respectively and the total coordination number, A
(� NAu-i), is 10.53. NPd–Pd and NPd–Au are found to be 1.91
and 4.12, respectively, and the total coordination num-
ber, B (� NPd-i), is 6.03. By using eqs 2 and 3, JAu and JPd

are calculated as 78.0% and 136%, respectively. The JAu

and JPd values of (Pdnuclei–Austack-1)–(Pd–Aualloy)surf NPs
show an increasing trend when compared to the JAu and
JPd values of (Pdnuclei–Austack-1 to 3)–Pdsurf NPs. We believe
that the co-reduction of Pd2� and Au3� ions generates a
higher population of alloyed Pd and Au and thereby in-
creases JAu and JPd. That JPd � 100% and JAu � 100% in-
dicates that the “Au” atoms prefer “Au” rather than “Pd”
and the “Pd” atoms prefer “Au” rather than “Pd”, and as an
average result, the atomic distribution of the Pd atoms is
better than that of the Au atoms. The UV–vis spectra
shown in Figure 7 show that the surface plasmon absorp-
tion band of the (Pdnuclei–Austack-1)–(Pd–Aualloy)surf NPs is
slightly higher than that of the Pd–Au bimetallic clusters,
indicating that the surface is made of a Pd–Au alloy layer.
This observation indicates that (Pdnuclei–Austack-1)–
(PdAualloy)surf NPs can be successfully built by modifying
the surface of Pdnuclei–Austack-1 stacked bimetallic NPs
and further supports the possibility of controlling the sur-
face composition of Pd and Au in the cluster. In the result-
ant cluster, Au atoms are rich in the core region, alloyed
Pd–Au atoms are preferentially located on the surface
with a higher atomic distribution of Pd, and Pd atoms act
as nuclei to form (Pdnuclei–Austack-1)–(Pd–Aualloy)surf NPs.
The effective control of the RTMs and HRRs can really of-
fer the design and construction of bimetallic clusters with
controlled properties in microemulsions. The present
XAS methodology can be easily extended to control the
alloying extent, atomic distribution, atomic stacking, and
electronic structure of other bimetallic NP systems.

Figure 7. UV–vis spectra of pure Au, Pd, (Pdnuclei–Austack-3)–
Pdsurf, and (Pdnuclei–Austack-1)–(Pd–Aualloy)surf NPs.

Figure 8. HRTEM image of the (Pdnuclei–Austack-3)–Pdsurf NPs
in AOT reverse microemulsions.
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CONCLUSION
We have successfully designed and controlled the

nucleation and growth of Pd–Au bimetallic NPs with a
(Pdnuclei–Austack)–Pdsurf stacking within AOT reverse mi-
croemulsions as monitored by in situ XAS. The overall
architecture of Pd–Au bimetallic NPs was reasonably ex-
plained on the basis of the in situ XAS observations.
We have demonstrated that, by properly employing
the redox transmetalation reaction with a controlled
amount of Au precursor solution, the Au stacking in
Pd–Au bimetallic NPs can be tuned. In addition, we
demonstrated that the surface of Pdnuclei–Austack-1 NPs
can be modified by either Pd or Pd–Aualloy, by employ-
ing appropriate hydrazine reduction and redox trans-
metalation reactions, to generate (Pdnuclei–Austack-1)–
Pdsurf and (Pdnuclei–Austack-1)–(Pd–Aualloy)surf stacked

NPs, respectively. We believe that the surface composi-
tion of Pd and Au in Pd–Au bimetallic NPs can be con-
trolled by properly employing hydrazine, Pd, and Au
precursor solutions. This is of considerable importance,
since the sizeable (Pd–Aualloy)surf may impart superior
catalytic properties to (Pdnuclei–Austack-1)–(Pd–Aualloy-

)surf NPs when compared to the Pdnuclei–Austack-1 and
(Pdnuclei–Austack-1)–Pdsurf stacked NPs. The Pd–Au NPs
with variable Au stacking and sizeable surface Pd and
Au populations may be found useful for catalytic appli-
cations. Our ongoing work is aimed at modifying the
Pdsurf layer of (Pdnuclei–Austack-1)–Pdsurf stacked bime-
tallic Pd–Au NPs systematically with the other possible
metals, to generate other bimetallic systems for inter-
esting applications, and investigating their structures
by the described XAS methodology.

EXPERIMENTAL SECTION
Synthesis of Nanoparticles in AOT Reverse Micelles. Pdnuclei Nanoparticles

via Hydrazine Reduction Reaction 1 (HRR-1). The monometallic Pdnuclei

clusters, used as both templates and seeds in further reactions,
were prepared in the microemulsion solution containing
n-heptane as the continuous oil component, water, and surfac-
tant. The surfactant used was 1 M sodium bis(2-
ethylhexyl)sulfosuccinate (AOT) (99%). The n-heptane and the
surfactant were thoroughly mixed, and an aqueous solution of
0.82 mL of 0.5 M K2PdCl4 was subsequently added to form a well-
defined microemulsion phase with Pd complex in the water
pool. The volume ratio of an aqueous phase to an organic phase
was kept at 1:10. An important parameter characterizing the mi-
croemulsion, i.e., the water-to-surfactant molar ratio, W0 {(water)/
(surfactant)}, was equal to 5.5 in the present experiment. This mi-
croemulsion solution was placed in the liquid cell, which was
carefully designed governing the edge jump, for the in situ XAS
measurement. A microemulsion of the same composition of oil,
water, and the surfactant that contained the reducing agent was
also prepared. The reducing agent solution was composed of 1
M hydrazine (N2H5OH). To control the particle size of the Pd clus-
ters, an appropriate amount of reducing agent containing micro-
emulsion was then gradually added to the microemulsion con-
taining Pd complex using a microsyringe each hour, starting
from 1 and going to 4.5 h, whereby the Pd complex was re-
duced to Pd0 clusters.

(Pdnuclei–Austack-1) Nanoparticles via Redox Transmetalation Reaction 1 (RTM-
1). To the microemulsion containing Pdnuclei clusters was intro-
duced the Au precursor solution, i.e., the HAuCl4 emulsion, which
was prepared by using a procedure similar to that used for the
preparation of the K2PdCl4 microemulsion, at 5.5 h with a NAu/NPd

ratio kept at 0.633 to allow the first RTM between Pdnuclei clusters
and the added Au3� ions. In this reaction, part of the Pd from the
preformed Pdnuclei clusters was oxidized to Pd2�, and Au3� ions
were reduced on Pdnuclei clusters, producing Pd–Au bimetallic NPs
with a first atomic stacking (Pdnuclei–Austack-1).

(Pdnuclei–Austack-1)–Pdsurf Nanoparticles via Hydrazine Reduction Reaction 2
(HRR-2). To the solution obtained in step RTM-1, containing
Pdnuclei–Austack-1 NPs and Pd2� ions, the dosage of hydrazine
was increased to 79.2 � 10�5 mol at 6.8 h in order to perform a
HRR. The Pd2� ions in the microemulsion solution were reduced
back to Pd on the surface of the Pdnuclei–Austack-1 NPs, and
(Pdnuclei–Austack-1)–Pdsurf stacked NPs were formed.

(Pdnuclei–Austack-2) Nanoparticles via Redox Transmetalation Reaction 2 (RTM-
2). Au3� ions with an NAu/NPd ratio of 0.862 were added at 8.6 h
into the solution obtained in step HRR-2, containing the
(Pdnuclei–Austack-1)–Pdsurf NPs. The Pdnuclei–Austack-2 NPs were
produced via the RTM between Pdsurf particles and Au3� ions.
The thickness of the Austack layer of the Pdnuclei–Austack-2 NPs was
increased.

(Pdnuclei–Austack-2)–Pdsurf Nanoparticles via Hydrazine Reduction Reaction 3
(HRR-3). Again we re-reduced the Pd2� ions on the surface of
Pdnuclei–Austack-2 NPs formed in step RTM-2 by adding 96.8 �
10�5 mol of N2H5OH at 10.4 h to generate (Pdnuclei–Austack-2)–
Pdsurf NPs.

(Pdnuclei–Austack-3) Nanoparticles via Redox Transmetalation Reaction 3 (RTM-
3). To generate a third stacking of the Au layer, Au3� ions were
added with an NAu/NPd ratio of 0.997 at 14.7 h to the solution ob-
tained in step HRR-3, causing the RTM between the Pdsurf par-
ticles and Au3� ions to take place to form Pdnuclei–Austack-3 NPs
with an increase in Au layer thickness.

(Pdnuclei–Austack-3)–Pdsurf Nanoparticles via Hydrazine Reduction Reaction 4
(HRR-4). We further re-reduced the Pd2� ions on the surface of
Pdnuclei–Austack-3 NPs formed at RTM-3 by adding 110 � 10�5

mol of N2H5OH at 16.5 h to generate (Pdnuclei–Austack-3)–Pdsurf

NPs.
The cycle of hydrazine reduction–redox transmetalation re-

actions can be continued to generate NPs with various atomic
stackings. Meanwhile, the surface composition of NPs can be ma-
nipulated by carrying out the HRRs in the microemulsion solu-
tion containing a proper ratio of Pd2�and Au3� ions which can
be added.

In Situ XAS Measurements. The X-ray absorption spectra at the Pd
K-edge and the Au LIII-edge were recorded at beamline BL12B2 at
the Spring-8, Japan, and at beamline BL01C1 at the National Syn-
chrotron Radiation Research Center, Hsinchu, Taiwan. For beamline
BL12B2, the electron storage ring was operated at an energy of 8
GeV and a beam current of 100 mA. A double-crystal Si(111) mono-
chromater was employed for energy selection, with a resolution
�E/E better than 1 � 10�4 at both the Pd K-edge (24352 eV) and
the Au LIII-edge (11917 eV). For beamline BL01C1, the electron stor-
age ring was operated at 1.5 GeV with a beam current of 300 mA.
BL01C1 utilizes the radiation from a superconducting wavelength
shifter (Ec � 7.5 keV). The beamline employs a double-crystal
Si(111) monochromator for energy selection, with a resolution
�E/E better than 2 � 10�4 at both the Pd K-edge and the Au LIII-
edge. Higher harmonics were eliminated by detuning double-
crystal Si(111) by using a Rh-coated mirror at beamline BL12B2 or
a Pt-coated mirror at beamline BL01C1. The formation of Pdnuclei

clusters and corresponding Pd–Au bimetallic clusters with various
atomic stackings in reverse micelles was carried out in a home-
made cell made of poly(tetrafluoroethylene) for in situ XAS study.
Two holes were made in the cell, one on the top and the other on
one side. After the liquid sample was added, the top hole was
sealed with a Teflon rod to avoid exposing the sample to the atmo-
sphere. A hollow Teflon rod with a Kapton film cap at one end
was inserted into the side hole in the in situ cell. The position of
the Teflon rod was adjusted to reach the optimum absorption
thickness (�	x 
 1.0, where �	 is the absorption edge and x is
the thickness of the liquid layer) so that the proper edge-jump step
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could be achieved during the measurements. All of the spectra
were recorded at room temperature in transmission mode. Each re-
action, from the initial state to the thermodynamically equivalent
state, was monitored endlessly by X-ray absorption spectroscopy.
Pd K-edge XAS spectra were recorded for all the hydrazine reduc-
tion reactions (HRR-1 to -4) and redox transmetalation reactions
(RTM-1 to -3), whereas Au LIII-edge XAS spectra were recorded for
all the redox transmetalation reaction steps (RTM-1 to -3) and for
one hydrazine reduction reaction (HRR-2). All reactions were car-
ried out at room temperature. Nitrogen gas was used to purge the
microemulsion system throughout the experiment to prevent the
clusters from being oxidized by air. The incident and transmission
X-ray intensities were respectively detected by ion chambers that
were installed in front of and behind the sample cell. Energy was
scanned from 200 eV below the edge to 1000 eV above the edge.
Standard reference compounds, Pd foil and Au foil for the respec-
tive edges, were measured simultaneously by using the third ion-
ization chamber so that energy calibration could be performed
scan by scan.

XAS Data Analysis. Standard procedures were followed to ana-
lyze the EXAFS data. First, the raw absorption spectrum in the pre-
edge region was fitted to a straight line, and the background above
the edge was fit using a 11-knot cubic spline function calculated
from AUTOBK code. The EXAFS function, �, was obtained by sub-
tracting the post-edge background from the overall absorption
and then normalizing with respect to the edge-jump step. The nor-
malized �(E) was transformed from energy space to k-space. The
�(k) data were weighted by k3 in order to compensate for dampen-
ing of the XAFS amplitude with increasing k. Subsequently, k3-
weighted �(k) data in the k-space ranging from 4.05 to 14.10 Å�1

for the Pd K-edge and from 3.39 to 13.25 Å�1 for the Au LIII-edge
were Fourier transformed to r-space to separate the EXAFS contri-
butions from different coordination shells. A nonlinear least-
squares algorithm was applied to curve-fitting of EXAFS in r-space
between 1.1 and 3.11 Å for the Pd K-edge and between 1.5 and 3.5
Å (without phase correction) for the Au LIII-edge. All the computer
programs were implemented in the UWXAFS 3.0 package,46 with
the backscattering amplitude and the phase shift for the specific
atom pairs being theoretically calculated by using FEFF7 code.47

Palladium and gold foils were employed as references for the
Pd–Pd and Au–Au bonds. Pd–Au and Au–Pd bonds are based on
the face-centered-cubic (fcc) model containing six Pd and six Au at-
oms in symmetric positions. The amplitude reduction factor, S0

2,
for Au and Pd was obtained by analyzing the Au and Pd foils, re-
spectively, and by fixing coordination numbers in the FEFFIT input
file. The S0

2 values are found to be 0.88 and 0.91 for Pd and Au,
respectively.

HRTEM and Spectroscopic Analysis. High-resolution transmission
electron microscopy measurements were carried out using a Phil-
lips/FEI Tecnai 20 G2 S twin transmission electron microscope. The
sample for HRTEM analysis was prepared by placing a drop of the
dispersed solution onto a carbon-coated copper grid and allow-
ing the solvent to be evaporated in a vacuum drybox at room tem-
perature. All the UV absorption spectra were recorded on a Analy-
tik Jena Specord-S 100 UV–vis spectrophotometer.
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