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a b s t r a c t

Bimetallic palladium-decorated gold nanoparticle (Pd/Au NP) catalysts are significantly more active than
palladium-only catalysts, but the mechanism for enhancement is not completely clear for most reac-
tions, like the aqueous-phase hydrodechlorination of trichloroethene. In this study, we conducted X-ray
absorption spectroscopy on carbon-supported Pd/Au NPs to obtain information about the local atomic
environment (i.e., oxidation states, coordination numbers, and bond distances) of the two metals under
different treatment conditions. The as-synthesized NPs were confirmed to have a Pd-shell/Au-core nanos-
AS
ANES
XAFS
ydrodechlorination
richloroethene

tructure, in which the Pd was found as surface ensembles. Upon exposure to room temperature in air, a
portion of the Pd, but not the Au, was oxidized. In comparison, nearly the entire surface of monometallic
Pd NPs was oxidized, suggesting that Au in Pd/Au NPs imparts oxidation resistance to Pd atoms. The sur-
face Pd was found randomly distributed, presumably as a PdAu surface alloy, after reduction at 300 ◦C.
X-ray absorption spectroscopy provides direct evidence for the Pd-shell/Au-core structure of Pd/Au NPs,
and suggests that metallic Pd in the Pd/Au NPs is a source for higher catalytic activity for aqueous-phase

hlori
trichloroethene hydrodec

. Introduction

Structural characterization of catalysts provides a key to under-
tanding the observed catalytic properties with regard to their
urface active sites [1–3]. For supported bimetallic catalysts, it is
enerally accepted that catalysis performance, activity, selectivity,
nd/or stability, can be enhanced compared to that of the supported
onometallic catalysts due to the synergistic combination of the

wo metals (in the nominal form of bimetallic nanoparticles (NPs)
n the support surface) [4–7]. Three common explanations have
een proposed to account for the catalytic enhancement [8–16]: (1)
he geometric effect, in which atomic ensembles act as active sites;

2) the electronic effect, in which interaction among surrounding
toms gives rise to electron density dislocation; and (3) the bifunc-
ional effect, in which each metal promotes a different step of the
urface reaction. In principle, these proposed mechanisms should

∗ Corresponding author at: Department of Chemical and Biomolecular Engineer-
ng, Rice University, 6100 S. Main Street, Houston, TX 77005, USA.
el.: +1 713 348 3511; fax: +1 713 348 5478.
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920-5861/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2010.08.010
nation.
© 2010 Elsevier B.V. All rights reserved.

also apply to unsupported bimetallic NPs, but this class of catalysts
has been much less studied [1–3].

Many spectroscopic and microscopic methods, such as electron
microscopy, scanning probe microscopy, X-ray diffraction, energy
disperse X-ray microanalysis, ultraviolet-visible, infrared, surface-
enhanced Raman, X-ray photoelectron, Mössbauer, and nuclear
magnetic resonance, have been used to determine the structure
of bimetallic NPs [1–3]. X-ray absorption spectroscopy (XAS) is a
powerful technique to acquire detailed structural and electronic
information on metallic NPs [17–19]. There are two regions of
interest in an X-ray absorption spectrum: the X-ray absorption
near-edge structure (XANES) and extended X-ray absorption fine
structure (EXAFS) regions. When the incident photon energy is
near the absorption edge of a chemical element, the XANES region
can provide information about oxidation state, electron distri-
bution, and site symmetry of the absorbing atom. The EXAFS
region, where oscillatory absorption occurs at higher incident pho-

ton energy due to interference of the ejected photoelectron with
electron waves back-scattered from surrounding atoms, provides
structural information about neighboring atoms to the absorb-
ing one. XAS, especially in the EXAFS region, has been applied
for characterization of bimetallic nanoparticles for decades. Sin-

dx.doi.org/10.1016/j.cattod.2010.08.010
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:mswong@rice.edu
dx.doi.org/10.1016/j.cattod.2010.08.010
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Scheme 1. TCE HDC overall reaction.

elt and co-workers conducted comprehensive XAS studies on
arious supported bimetallic catalysts prepared through conven-
ional metal salt impregnation techniques [20–24]. Toshima and
o-workers as well as other researchers performed the early
ork on XAS of bimetallic NPs in colloidal (i.e., unsupported)

nd immobilized (i.e., supported) forms [25–36]. There has been
ncreasing use of XAS to characterize bimetallic NPs in recent
ears, revealing several possibilities for the two metals to be dis-
ributed within a NP, for example, alloy [34,37–41], core–shell
26,37,39–46], cluster-in-cluster [28,47,48], and multi-shell struc-
ures [2,49].

Through this study, we analyzed the nanostructure of
alladium-decorated gold NPs (abbreviated here as Pd-on-Au NPs
r Pd/Au NPs) prepared in aqueous suspension. We previously
howed that Pd/Au NPs were at least one order of magnitude
ore active than Pd NPs, Pd-on-alumina (Pd/Al2O3), and Pd

lack on a per-Pd-atom basis for the room-temperature, aqueous-
hase hydrodechlorination (HDC) of trichloroethene (TCE) [50–54],
hich converts TCE to ethane as shown in Scheme 1.

Pd/Au and Pd catalysts both exhibited >97% selectivity to ethane
or TCE HDC reactions [51]. The presumptive nanostructure of the
atalyst was a one-atom-thick Pd shell on 4-nm Au NPs, with max-
mum activity found for NPs partially covered by Pd atoms (with
60–70% Pd surface coverage). Based on batch kinetic studies and

haracterization results, we proposed that geometric and elec-
ric effects could explain the catalytic enhancement [51]. Through
areful XAS measurement and analysis of Pd/Au NPs with 60% Pd
overage and comparison with Au NPs and Pd NPs, we confirmed
he core-shell bimetallic structure in this work. By studying the
ffect of heat treatment, we found the Pd shell to be in the form
f Pd ensembles on the Au NP surface. At ambient temperature, a
ortion of the Pd surface atoms remained metallic in the Pd/Au NPs
hile most of the surface atoms were oxidized in Pd NPs, suggest-

ng that zero-valent Pd contributes to the higher catalytic activity
f Pd/Au NPs.

. Experimental

.1. Preparation of NP catalysts

Nanoparticles, including Au NPs, Pd/Au NPs, and Pd NPs, were
repared as previously reported [51]. For Au NPs, a gold salt solu-
ion was prepared by diluting 1 mL HAuCl4 solution (0.236 M;
uCl3 99.99%, Sigma–Aldrich; AuCl3 was dissolved in water at room

emperature) in 80 mL Nanopure water (>18.0 M�-cm, Barnstead
ANOpure Diamond). A second solution was prepared by dis-

olving 0.04 g trisodium citrate (>99.5%, Fisher), 0.05 g tannic acid
>99.5%, Sigma–Aldrich), and 0.018 g potassium carbonate (>99.5%,
igma–Aldrich) in 20 mL Nanopure water. Both solutions were
eated to 60 ◦C and kept at 60 ◦C for at least 5 min. The second solu-
ion was then added to the gold salt solution. The overall fluid was
ept stirring vigorously, and was heated to boil for 20 min before
he heat source was removed. The color of the heated overall fluid
hanged with time—from light yellow to reddish, brown, and finally
ark brown. Au NPs in the final fluid were about 4-nm in diameter
ccording to transmission electron microscopy (TEM), and the con-

entration was calculated to be 1.07 × 1014 NP/mL, assuming 100%
eduction of Au salts.

Pd/Au NPs were prepared with Au NPs modeled as “magic clus-
ers” with 7 complete shells of gold atoms and an additional Pd
hell of different coverages [51]. The magic cluster model describes
ay 160 (2011) 96–102 97

atom stacking by the way of a central atom surrounded with closed
shells of identical atoms, which is the same arrangement as the
face-centered cubic (FCC) system [51,55–57]. In this work, Pd/Au
NPs with a 60% Pd surface coverage (= 0.6 monolayer = 0.6 ML) were
chosen as a representative sample because of the highest activity.
To prepare 0.6 ML Pd/Au NPs, 57 �L H2PdCl4 solution (0.00240 M),
which was prepared by dissolving PdCl2 (99.99%, Sigma–Aldrich)
in 0.005 M HCl(aq) with moderate stirring, was mixed with 2 mL as-
synthesized Au NP suspension (1.07 × 1014 NP/mL). The fluid was
then bubbled with hydrogen gas (99.99%, Matheson) for 2 min, and
left to age overnight at room temperature (RT, 22 ± 2 ◦C). Hydro-
gen gas served as a reducing agent for Pd salts; as we previously
reported [51], Pd(0) atoms would be deposited on the surface of Au
NPs rather than forming Pd particles because the activation energy
for heterogeneous nucleation is less than that for homogeneous
nucleation [58].

For Pd NPs, the preparation was the same as Au NPs, except
that the gold salt solution was replaced by the palladium salt
solution, which was prepared by diluting 12 mL H2PdCl4 solution
(0.00240 M) in 68 mL Nanopure water. The color of the heated over-
all fluid also changed with time, from light yellow to brown. Pd
NPs in the final fluid were about 4-nm in diameter according to
TEM, and the concentration was calculated to be 1.22 × 1014 NP/mL,
assuming 100% reduction of Pd salts.

2.2. Catalyst characterization

2.2.1. Transmission electron microscopy (TEM)
Size distributions of the NP samples were determined by analy-

sis of imaging with a JEOL 2010 transmission electron microscope.
TEM samples were prepared by depositing NP suspension on a 200-
mesh carbon/formvar TEM grid and air-dried at RT. Size distribution
measurements were conducted with the ImageJ program [59]; 150
particles were counted for each sample.

2.2.2. X-ray absorption spectroscopy (XAS)
NPs were immobilized on carbon powder for XAS experiments.

0.2 g carbon powder (Vulcan XC-72, Cabot) was dispersed in 5 mL
isopropanol (99.9%, Fisher) under ultrasonication for 5 min. A
given NP suspension (Au NPs, 0.6 ML Pd/Au NPs, or Pd NPs) was
added to the carbon powder dispersion, and resulting mixture
was ultrasonicated for 30 min and then stirred for 2 h. After-
ward, the mixture was freeze-dried at −50 ◦C with a vacuum
pressure 0.066 mbar (Labconco FreeZone 4.5 L console freeze
dry system) to generate NP-containing carbon powders (NP/C).
This low-temperature freeze-drying process for NP immobiliza-
tion increased the metal loadings in the final solid, allowing
for better XAS signal-to-noise ratios without heat effects that
would damage the bimetallic nanostructure. The final solid com-
positions for Au NP/C, 0.6 ML Pd/Au NP/C, and Pd NP/C were
respectively 5 wt.% Au, 5 wt.% Au with 0.75 wt.% Pd, and 1 wt.%
Pd, estimated from mass balance with the assumption that all
Pd and Au contents in the system were deposited on the carbon
support.

X-ray absorption measurements were carried out on the
insertion-device beamline 10-ID-B of the Materials Research Col-
laborative Access Team (MRCAT) at the Advanced Photon Source
at Argonne National Laboratory. A cryogenically cooled double-
crystal Si (1 1 1) monochromator was used in conjunction with
an uncoated glass mirror to minimize the presence of harmon-
ics. The monochromator was scanned continuously during the

measurements with data points integrated over 0.5 eV for 0.07 s
per data point. Measurements were made in transmission mode
with the ionization chambers optimized for the maximum cur-
rent with linear response (∼1010 photons detected per second)
using a mixture of nitrogen and helium in the incident X-ray
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etector and a mixture of ∼20% argon in nitrogen in the trans-
ission X-ray detector. A gold or palladium foil spectrum was

cquired simultaneously with each measurement for energy cal-
bration.

The NP/C samples were pressed into a cylindrical holder with
thickness chosen to give a total absorbance (�x) at the Au
III (11.918 keV) and Pd K (24.350 keV) edges of ca. 2.0, and an
dge step (��x) of ca. 0.5. Samples were analyzed as-prepared
n air, He, or H2 at RT. Separate samples were reduced at 100 ◦C,
50 ◦C, or 300 ◦C for 30 min in 4% H2/He followed by He purge

ig. 1. Representative TEM images and particle size histograms of (a and b) Au NPs, (c an
nalyzed for each NP sample.
ay 160 (2011) 96–102

at 200 ◦C in a continuous-flow reactor cell (glass tube, length 18
in., diameter 0.75 in.) fitted at both ends with polyimide win-
dows and stainless steel valves to isolate the reactor from the
atmosphere. Purging of the reduced catalysts in He at 200 ◦C was
sufficient to decompose any Pd–H that might have been present
and to desorb chemisorbed H2 molecules. All spectra were obtained

at RT.

Experimental phase shifts and back-scattering amplitudes were
obtained from reference compounds: Pd(NH3)4(NO3)2 (Aldrich)
for Pd–O, Pd foil for Pd–Pd, and Au foil for Au–Au. Experimen-

d d) 0.6 ML Pd/Au NPs, and (e and f) Pd NPs. A population of 150 nanoparticles was
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surface Pd atoms were oxidized in the monometallic Pd NPs.
Upon reduction at 300 ◦C, the Pd NPs were fully reduced and

the estimated size from NPd–Pd = 9.3 was 4.4 nm, in good agreement
with the TEM-derived value of 4.1 nm. The Pd–Pd bond distance
Y.-L. Fang et al. / Cataly

al data of Pd and Au foil were used to determine the best fit of
ebye–Waller factors (DWF) and amplitude reduction factors (So)

or phase shifts and back-scattering amplitudes in the FEFF fitting
60]. Along with the bond distance for Au and Pd foil, these values
ere used for determining the Au–Pd and Pd–Au FEFF phase shifts

nd back-scattering amplitudes. Standard procedures based on the
INXAS97 software [60] were used to extract the data [61]. The

oordination parameters were obtained by a least-square fit in k-
nd R-space of the nearest-neighbor, k2-weighted Fourier trans-
orm (FT) data (k: photoelectron wave number). The data fitted
qually well with both k1 and k3 weightings. For the bimetallic
d/Au sample, the EXAFS fitting was verified that, within error, the
ata from both Pd and Au edges led to the same bond distances, the
ame DWF’s, and self-consistent coordination numbers for Pd–Au
nd Au–Pd bonds [62].

.3. Trichloroethene hydrodechlorination (TCE HDC) rate
etermination

NP suspensions were tested in batch reactors for TCE HDC reac-
ions, performed according to the previous studies [51]. Nanopure
ater and a magnetic stir bar were sealed in a screw-cap bottle

250 mL, Alltech) with PTFE-sealed threads and a PTFE-silicone sep-
um. The initial water volume was controlled to make the final
iquid volume 173 mL after addition of the nanoparticle suspension.
ydrogen gas was bubbled into the bottle for 15 min to displace
issolved oxygen and to fill the headspace with a hydrogen atmo-
phere (1 atm). Then 7 �L TCE (99.5%, Sigma–Aldrich) and 0.2 �L
entane (99.7%, Burdick and Jackson), as the internal standard, were

njected into the sealed bottle. The overall solution was stirred
or at least 3 h to reach equilibrium. The initial TCE concentration
n water was 50.9 ppm, far below the saturation concentration of
200 ppm in water at 25 ◦C. Afterward, at time t = 0, NP suspension
Au NPs, Pd/Au NPs, or Pd NPs) was injected into the reaction bottle
tirred at 600 rpm. The reaction was monitored through headspace
as chromatography (GC) using an Agilent Technologies 6890N GC
ith a flame ionization detector (FID) and a 60/80 Carbopack B/1%

P-1000 packed column (Supelco 12487, Sigma–Aldrich). Gas sam-
les were taken from the headspace (gas phase) of the reactor,
nd then injected into GC to determine quantities of TCE and other
ompounds (>97% selectivity to ethane [51]). Reaction rates were
etermined from change of TCE concentrations in the headspace.
ll the reactions were performed at room temperature; reactions
ere performed with NP suspensions and not with either NP/C or
eat-treated NP/C samples.

. Results and discussion

.1. TEM analysis

TEM images provided particle size information for the
onometallic Au, 0.6 ML Pd/Au, and monometallic Pd NPs (Fig. 1).

he mean particle sizes (and relative standard deviations) were
imilar and estimated to be 4.1 nm (24%), 4.2 nm (17%), and 4.1 nm
15%) for Au NPs, 0.6 ML Pd/Au NPs, and Pd NPs, respectively.

.2. XAS analysis

The XANES spectra of Au NP/C at the Au edge in air, He, or H2
Fig. 2) were almost identical to that of Au foil (reference compound

or Au–Au bond), indicating that the Au NPs were metallic with little
xidized Au. The k2-weighted Fourier transform of EXAFS data for
u NP/C (Fig. 3) also gave no evidence for the presence of Au–O
onds (bond distance of 2.03 Å). The XANES spectra did not change
fter RT treatment in air, He, or H2 or after reduction at 250 ◦C.
Fig. 2. XANES spectra of Au foil (red) at RT and Au NP/C in air (blue), He (pink), and
H2 (green) at RT. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Table 1 shows the results of EXAFS fitting. The Au–Au coordina-
tion number (NAu–Au) of Au NP/C was about 10, and was estimated
to correspond to approximately 5.5 nm particles [63]. This particle
size was slightly larger than the 4.1 nm average diameter measured
from TEM, which might be attributed to EXAFS being more sensi-
tive to larger particles. The bond distance in the Au NPs was 2.86 Å,
slightly less than that of Au foil (2.88 Å), which is typical of NPs. The
Au–Au bond distance and coordination number did not change after
RT treatment in air, He, or H2 or after reduction at 250 ◦C (Table 1).

The EXAFS of Pd NPs indicated partial oxidation in air at RT and
in H2 up to 100 ◦C. Fits of the oxidized catalysts gave a Pd–Pd coor-
dination number (NPd–Pd = 8.1) at a bond distance R = 2.79 Å and a
Pd–O coordination number (NPd–O = 1.3) at R = 2.05 Å. Since PdO has
NPd–O = 4, one can estimate the oxidized fraction from the coordi-
nation number. Approximately, one-third of the Pd atoms in a Pd
NP were oxidized in air at RT, i.e., 1.3/4 = 0.33, which is similar to
the estimated dispersion of about 0.27 (calculated from dispersion
D = c/d (c is a constant 1.1 for Pd; d is the average particle size 4.1 nm
from TEM)) [64,65]. These values suggested that nearly all of the
Fig. 3. Fourier transform (k2 weighted, �k = 2.6–12.6 Å−1) of Au LIII edge EXAFS data
for Au NP/C and 0.6 ML Pd/Au NP/C, both after reduction at 250 ◦C: magnitude (solid
thick) and imaginary components (solid thin) for Au NP/C; magnitude (dotted thick)
and imaginary components (dotted thin) for Pd/Au NP/C (�k: data length of k used
for fitting).
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Table 1
EXAFS fit parameters (N: coordination number; R: bond distance; DWF: Debye–Waller factor; E0: threshold absorption edge energy).

Sample Edge Treatment Scattering path N (±10%) R (Å) (±0.02 Å) DWF (×103 Å2) E0 (eV)

Au NP/C Au Air RT Au–Au 10.2 2.86 1.0 −3.8
Au He RT Au–Au 10.2 2.86 1.0 −3.7
Au H2 RT Au–Au 10.2 2.86 1.0 −3.8
Au H2 100 ◦C Au–Au 9.8 2.86 1.0 −3.9
Au H2 250 ◦C Au–Au 10.2 2.86 1.0 −3.7

Pd NP/C Pd Air RT Pd–Pd 8.1 2.79 2.5 2.8
Pd–O 1.3 2.05 2.0 1.5

Pd H2 100 ◦C Pd–Pd 7.4 2.81 2.5 2.1
Pd–O 1.2 2.03 2.0 0.3

Pd H2 300 ◦C Pd–Pd 9.3 2.80 2.5 1.9

0.6 ML Pd/Au NP/C Au Air RT Au–Au 9.7 2.85 1.0 2.4
Au–Pd 1.5 2.80 1.0 3.0

Au He RT Au–Au 9.8 2.85 1.0 2.3
Au–Pd 1.3 2.80 1.0 3.6

Au H2 RT Au–Au 9.7 2.85 1.0 2.2
Au–Pd 1.3 2.81 1.0 4.0

Au H2 100 ◦C Au–Au 9.6 2.84 1.0 2.2
Au–Pd 1.3 2.79 1.0 3.9

Au H2 250 ◦C Au–Au 9.3 2.85 1.0 2.8
Au–Pd 1.6 2.83 1.0 4.8

Pd Air RT Pd–Pd 3.3 2.78 1.0 −3.0
Pd–O 0.9 2.04 1.0 1.5
Pd–Au 3.8 2.80 1.0 −2.1

Pd H2 RT Pd–Pd 2.8 2.77 1.0 −4.4
Pd–O 0.6 2.04 1.0 2.0
Pd–Au 4.2 2.78 1.0 −2.6

Pd H2 100 ◦C Pd–Pd 3.3 2.78 1.0 −4.0
Pd–O 0.8 2.04 1.0 1.9
Pd–Au 4.0 2.80 1.0 −1.8
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molar composition of the reduced metal was thus calculated as 82%
and 18% for Au and Pd, respectively. If the Pd/Au NPs had a random,
uniform distribution of Pd and Au atoms, the coordination number
of Au with other Au atoms NAu–Au,bulk would be 9.2 (= 11.2 × 82%),
Pd H2 300 ◦C Pd–Pd
Pd–Au

as 2.80 Å, which was larger than that in Pd foil (e.g., 2.75 Å), and
imilar to that in Pd–H [66]. These spectra were obtained in He
fter H2 desorption at 200 ◦C without a change in the bond distance.
nder the same conditions, supported Pd–H prepared by conven-

ional methods is not stable, decomposing to metallic Pd with a
ond distance of 2.75 Å [66]. The reason for these differences is not
nderstood.

At the Au edge for the Pd/Au NPs, NAu–Au was 9.7 at R = 2.85 Å,
hich was very similar to that in the monometallic Au NPs, con-

istent with the Au core of Pd/Au NPs being similarly sized to
onometallic Au NPs. Unlike the Au NPs, however, the EXAFS

ndicated the presence of a second scatter, i.e., from Au–Pd with
Au–Pd = 1.3 at 2.80 Å. There was negligible difference in the Au
ANES or EXAFS for the 0.6 ML Pd/Au NP/C structure after con-

acting with air, He, or H2 at RT (Table 1). However, upon reduction
t 250 ◦C, there was a slight increase in the Au–Pd coordination
umber to 1.6. There was no evidence of oxidized Au in the Pd/Au
Ps.

EXAFS of the Pd edge for 0.6 ML Pd/Au NP/C in air at RT and
n H2 up to 100 ◦C showed a significant peak near 1.5 Å (the uncor-
ected distance for Pd–O bond) and metallic peaks between 1.8 and
.0 Å (Fig. 4). The EXAFS fits indicated that Pd has three coordi-
ation environments: metallic Pd (NPd–Pd = 3.3 at 2.78 Å), metallic
u (NPd–Au = 4.0 at 2.80 Å), and oxidized Pd2+ (NPd–O = 0.8 at 2.04 Å)

Table 1). Within the error of the EXAFS measurements, the bond
istances of Au–Pd (RAu–Pd) and Pd–Au (RPd–Au) were identical, ca.
.80 Å.

From the Pd–O coordination numbers, the fraction of oxidized

toms in the 0.6 ML Pd/Au NPs was estimated to be about 20%
∼0.8/4.0) in air or after treatment in H2 at 100 ◦C. Assuming nearly
ll the Pd atoms were located on the Au NP surface as Pd surface
toms, then most of the Pd atoms (∼80%) were in the metallic form.
eduction at 300 ◦C led to complete reduction of Pd and an increase
2.0 2.76 1.0 −3.7
6.9 2.79 1.0 −3.2

in the Pd–Au coordination number to 6.9, but a decrease in the
Pd–Pd coordination number to 2.0.

A more complete analysis of metal coordination numbers pro-
vided insights into the Au and Pd distributions in the Pd/Au NPs.
For the sample analyzed after treatment in air at RT, NAu–Au = 9.7
and NAu–Pd = 1.5, with the sum as the total Au coordination number
of 11.2. The elemental composition was 5 wt.% Au and 0.75 wt.% Pd.
At RT in air or H2 at 100 ◦C, 80% (or 0.6 wt.% Pd) was metallic. The
Fig. 4. Fourier transform magnitude components (k2 weighted, �k = 2.8–10.5 Å−1)
of Pd K edge EXAFS data for 0.6 ML Pd/Au NP/C: in air at RT (solid line), after reduced
in H2 at 300 ◦C (dotted line).
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Fig. 5. Idealized cross-sections of (a) a PdAu alloyed NP and core–shell nanostructures of a Pd/Au NP (b) in the as-synthesized form and (c) after reduction in H2 at 300 ◦C.

Table 2
Results of catalytic testing for nanoparticle catalysts in aqueous-phase trichloroethene hydrodechlorination (initial [TCE](aq) = 50.9 ppm, H2 saturated in water and filled in
the headspace (1 atm), stir rate 600 rpm, room temperature 22 ± 2 ◦C).

Nanoparticle catalysts tested Pd weight loading
(wt.%)

Estimated Pd dispersion (%
surface Pd atoms)

Calculated amount of
surface Pd charged (nmol)

Initial TOF (mol-TCE/mol-Pdsurf/s)

Au NPs 0 n/a 0 0
0.6 ML Pd/Au NPs 12.8 100a 60 1.44
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Pd NPs 100 27b

a Pd atoms assumed to be fully accessible on Au NP surface.
b Calculated from dispersion D = c/d (c is a constant 1.1 for Pd; d is the average pa

nd the coordination number of Au with other Pd atoms NAu–Pd,bulk
ould be 2.0 (= 11.2 × 18%). Since the measured NAu–Au was greater

han NAu–Au,bulk and the measured NAu–Pd was less than NAu–Pd,bulk,
he Pd/Au NPs were concluded to have a Au-rich core (and a Pd-rich
urface). The total absence of a small amount of Pd atoms within
he Au core could not be ascertained.

From the Pd edge, NPd–Au = 3.8 and NPd–Pd = 3.3, giving a total
d coordination number of 7.1. For a NP of Pd–Au uniform com-
osition, the coordination number of Pd with Au atoms NPd–Au,bulk
ould be 5.8 (= 7.1 × 82%) and the coordination number of Pd with

ther Pd atoms NPd–Pd,bulk would be 1.3 (= 7.1 × 18%) (Fig. 5a). Since
he measured NPd–Au was less than NPd–Au,bulk and the measured
Pd–Pd was greater than NPd–Pd,bulk, the NPs have a Pd-rich surface

Fig. 5b).
All the oxidized Pd atoms in the carbon-supported Pd/Au NPs

ere reduced in H2 at 300 ◦C. The metallic composition was re-
alculated to be 78% and 22% for Au and Pd, respectively. The total
u coordination number was 10.9, but the total Pd coordination
umber increased from 7.1 to 8.9. The coordination numbers for a
P of PdAu bulk composition were calculated as NAu–Au,bulk = 8.5,
Au–Pd,bulk = 2.4, NPd–Au,bulk = 6.9, and NPd–Pd,bulk = 2.0. NAu–Au EXAFS
t of 9.3 was greater than NAu–Au,bulk and NAu–Pd of 1.6 was less
han NAu–Pd,bulk. The Au EXAFS suggested there was some mixing
f the Pd atoms with the Au; however, the core remained Au rich. By
ontrast, at the Pd edge, NPd–Au was equal to NPd–Au,bulk and NPd–Pd
as equal to NPd–Pd,bulk, suggesting that the NP surface underwent

estructuring to give a composition similar to the bulk composition,
.e., a random and uniform composition (Fig. 5c). The difference
n the state of Pd atoms before and after high-temperature treat-

ent clearly showed the Pd atoms were located on the surface in
he as-synthesized Pd/Au NPs [50,51]. On the other hand, hydro-
en chemisorption and FT-IR spectroscopy with CO as the probe
olecule [67,68] can indeed provide direct measurements of sur-

ace Pd atoms for comparison to EXAFS results. Such studies are
urrently underway.

.3. TCE HDC catalytic activity comparison
Reaction rates of TCE HDC were determined as initial turnover
requency (TOF, mole of reacted TCE per surface Pd atom per sec-
nd), with the implicit assumption of first-order dependence in
CE and zero-order in H2 [50,51,69,70]. The kinetics is, in reality,
47 0.15

size 4.1 nm from TEM) [64,65].

more complicated at higher TCE concentrations for monometallic
Pd catalysts [71]. Nevertheless, initial TOF’s can be used to compare
catalytic activities at a given TCE concentration and at an excess
concentration of H2. In accordance with our previous studies, Au
NPs were found to be inactive, and the Pd-based NPs were active
for the HDC reaction (Table 2). On the basis of an equal amount of
surface Pd atoms charged to the batch reactor, the Pd/Au NPs were
10× more active than Pd NPs [51].

We performed TCE HDC reaction tests with colloidal NP sus-
pensions for consistency with our previous works [50,51,54] rather
than with immobilized NPs on carbon powders, which were used
for XAS measurements. While the freeze-drying immobilization
process is presumed to not affect NP structure due to its low tem-
perature, the carbon support did influence the reaction kinetics due
to loss of available active surface. In-depth analysis of NP/C catalysis
and heat treatment effect on Pd-on-Au NP structure are underway.

Despite the inexact model (in which the TCE HDC reaction is
presumed to be first-order in TCE concentration for all catalysts)
used to quantify reaction rate, the large difference in values indi-
cated a remarkably beneficial effect of Au on Pd activity. Observing
that the TCE HDC activity (on a per-Pd-atom basis) increased with
Pd surface coverage until it reached a maximum at 60–70% sur-
face coverage, we had previously speculated that 2-dimensional
Pd ensembles were formed at the lowest surface coverages before
forming 3-dimensional Pd ensembles, which would have lowered
Pd dispersion and therefore per-Pd-atom activity [51,52,54,72–74].

EXAFS analysis indicated the existence of monolayer-thin Pd
clusters that were resistant to oxidation and mostly metallic under
an ambient-temperature catalytic condition. We speculate that
when Pd atoms are in contact with the metallic Au core, many,
or perhaps all, of these remain metallic in air under conditions that
the surface of Pd NPs is oxidized. Since the mild reaction conditions
are insufficient to reduce these oxidized Pd, the Pd NP catalyst has
low activity. We further speculate that higher Pd surface coverages
in Pd/Au NPs lead to Pd multilayers, which easily get oxidized at an
ambient temperature, contributing to lower activity at the higher
surface coverages.
4. Conclusions

The bimetallic structure of Pd/Au NPs was characterized by TEM
and XAS, and compared with Au NPs and Pd NPs. The Pd/Au NPs
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ere found to be consistent with a core–shell model in which Pd
toms were located on the surface of a Au-rich core. Whereas the
d/Au NPs had nearly all its Pd atoms as surface atoms and only
20% of these were oxidized, the monometallic Pd NPs had 25–35%
f its Pd atoms as surface atoms and nearly all of these were oxi-
ized. Since the oxidized surface of the monometallic Pd NPs is not
educed under the mild reaction conditions, the metallic Pd atoms
f the Pd/Au NPs are suggested to be active sites for the room-
emperature, water-phase reaction of TCE HDC. Heat treatment of
arbon-supported NPs at 300 ◦C was sufficient to break apart the
d-rich surface ensembles into a randomly distributed composi-
ion at the NP surface. Au NPs appear to have a unique ability to
tabilize surface Pd atoms in metallic form, possibly leading to a
et of highly active sites that is not present in monometallic Pd NPs
nder ambient-temperature reaction conditions.
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