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ABSTRACT

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-
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
trichloroethene hydrodechlorination.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Structural characterization of catalysts provides a key to under-
standing the observed catalytic properties with regard to their
surface active sites [1-3]. For supported bimetallic catalysts, it is
generally accepted that catalysis performance, activity, selectivity,
and/or stability, can be enhanced compared to that of the supported
monometallic catalysts due to the synergistic combination of the
two metals (in the nominal form of bimetallic nanoparticles (NPs)
on the support surface) [4-7]. Three common explanations have
been proposed to account for the catalyticenhancement [8-16]: (1)
the geometric effect, in which atomic ensembles act as active sites;
(2) the electronic effect, in which interaction among surrounding
atoms gives rise to electron density dislocation; and (3) the bifunc-
tional effect, in which each metal promotes a different step of the
surface reaction. In principle, these proposed mechanisms should
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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, Modssbauer, 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-
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CIHC=CCI, + 4 H, — H3C-CH3 + 3 HCI

Scheme 1. TCE HDC overall reaction.

felt and co-workers conducted comprehensive XAS studies on
various supported bimetallic catalysts prepared through conven-
tional metal salt impregnation techniques [20-24]. Toshima and
co-workers as well as other researchers performed the early
work on XAS of bimetallic NPs in colloidal (i.e., unsupported)
and immobilized (i.e., supported) forms [25-36]. There has been
increasing use of XAS to characterize bimetallic NPs in recent
years, revealing several possibilities for the two metals to be dis-
tributed 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-
tures [2,49].

Through this study, we analyzed the nanostructure of
palladium-decorated gold NPs (abbreviated here as Pd-on-Au NPs
or Pd/Au NPs) prepared in aqueous suspension. We previously
showed that Pd/Au NPs were at least one order of magnitude
more active than Pd NPs, Pd-on-alumina (Pd/Al,03), and Pd
black on a per-Pd-atom basis for the room-temperature, aqueous-
phase hydrodechlorination (HDC) of trichloroethene (TCE) [50-54],
which converts TCE to ethane as shown in Scheme 1.

Pd/Au and Pd catalysts both exhibited >97% selectivity to ethane
for TCE HDC reactions [51]. The presumptive nanostructure of the
catalyst was a one-atom-thick Pd shell on 4-nm Au NPs, with max-
imum activity found for NPs partially covered by Pd atoms (with
~60-70% Pd surface coverage). Based on batch kinetic studies and
characterization results, we proposed that geometric and elec-
tric effects could explain the catalytic enhancement [51]. Through
careful XAS measurement and analysis of Pd/Au NPs with 60% Pd
coverage and comparison with Au NPs and Pd NPs, we confirmed
the core-shell bimetallic structure in this work. By studying the
effect of heat treatment, we found the Pd shell to be in the form
of Pd ensembles on the Au NP surface. At ambient temperature, a
portion of the Pd surface atoms remained metallic in the Pd/Au NPs
while most of the surface atoms were oxidized in Pd NPs, suggest-
ing that zero-valent Pd contributes to the higher catalytic activity
of Pd/Au NPs.

2. Experimental
2.1. Preparation of NP catalysts

Nanoparticles, including Au NPs, Pd/Au NPs, and Pd NPs, were
prepared as previously reported [51]. For Au NPs, a gold salt solu-
tion was prepared by diluting 1 mL HAuCl, solution (0.236 M;
AuCl3 99.99%, Sigma-Aldrich; AuCl; was dissolved in water at room
temperature) in 80 mL Nanopure water (>18.0 MQ2-cm, Barnstead
NANOpure Diamond). A second solution was prepared by dis-
solving 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%,
Sigma-Aldrich) in 20 mL Nanopure water. Both solutions were
heated to 60 °C and kept at 60 °C for at least 5 min. The second solu-
tion was then added to the gold salt solution. The overall fluid was
kept stirring vigorously, and was heated to boil for 20 min before
the heat source was removed. The color of the heated overall fluid
changed with time—from light yellow to reddish, brown, and finally
dark brown. Au NPs in the final fluid were about 4-nm in diameter
according to transmission electron microscopy (TEM), and the con-
centration was calculated to be 1.07 x 1014 NP/mL, assuming 100%
reduction of Au salts.

Pd/Au NPs were prepared with Au NPs modeled as “magic clus-
ters” with 7 complete shells of gold atoms and an additional Pd
shell of different coverages [51]. The magic cluster model describes

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 wL H,PdCly solution (0.00240 M),
which was prepared by dissolving PdCl;, (99.99%, Sigma-Aldrich)
in 0.005 M HCl,qy with moderate stirring, was mixed with 2 mL as-
synthesized Au NP suspension (1.07 x 10'* 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 H,PdCl, 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 x 10'4 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 Image] 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 5mL
isopropanol (99.9%, Fisher) under ultrasonication for 5min. 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 30min and then stirred for 2h. 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 5wt.% Au, 5wt.% Au with 0.75wt.% Pd, and 1wt.%
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 (111) 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 0.5eV 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 (~101° photons detected per second)
using a mixture of nitrogen and helium in the incident X-ray
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detector and a mixture of ~20% argon in nitrogen in the trans-
mission X-ray detector. A gold or palladium foil spectrum was
acquired simultaneously with each measurement for energy cal-
ibration.

The NP/C samples were pressed into a cylindrical holder with
a thickness chosen to give a total absorbance (ux) at the Au
Ly (11.918keV) and Pd K (24.350keV) edges of ca. 2.0, and an
edge step (Aux) of ca. 0.5. Samples were analyzed as-prepared
in air, He, or H; at RT. Separate samples were reduced at 100°C,
250°C, or 300°C for 30min in 4% Hy/He followed by He purge

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 H; molecules. All spectra were obtained
at RT.

Experimental phase shifts and back-scattering amplitudes were
obtained from reference compounds: Pd(NH3)4(NOs3), (Aldrich)
for Pd-0, Pd foil for Pd-Pd, and Au foil for Au-Au. Experimen-
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Fig. 1. Representative TEM images and particle size histograms of (a and b) Au NPs, (c and d) 0.6 ML Pd/Au NPs, and (e and f) Pd NPs. A population of 150 nanoparticles was

analyzed for each NP sample.
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tal data of Pd and Au foil were used to determine the best fit of
Debye-Waller factors (DWF) and amplitude reduction factors (S,)
for phase shifts and back-scattering amplitudes in the FEFF fitting
[60]. Along with the bond distance for Au and Pd foil, these values
were used for determining the Au-Pd and Pd-Au FEFF phase shifts
and back-scattering amplitudes. Standard procedures based on the
WINXAS97 software [60] were used to extract the data [61]. The
coordination parameters were obtained by a least-square fit in k-
and R-space of the nearest-neighbor, k2-weighted Fourier trans-
form (FT) data (k: photoelectron wave number). The data fitted
equally well with both k! and k3 weightings. For the bimetallic
Pd/Au sample, the EXAFS fitting was verified that, within error, the
data from both Pd and Au edges led to the same bond distances, the
same DWF’s, and self-consistent coordination numbers for Pd-Au
and Au-Pd bonds [62].

2.3. Trichloroethene hydrodechlorination (TCE HDC) rate
determination

NP suspensions were tested in batch reactors for TCE HDC reac-
tions, performed according to the previous studies [51]. Nanopure
water and a magnetic stir bar were sealed in a screw-cap bottle
(250 mL, Alltech) with PTFE-sealed threads and a PTFE-silicone sep-
tum. The initial water volume was controlled to make the final
liquid volume 173 mL after addition of the nanoparticle suspension.
Hydrogen gas was bubbled into the bottle for 15 min to displace
dissolved oxygen and to fill the headspace with a hydrogen atmo-
sphere (1atm). Then 7 pL TCE (99.5%, Sigma-Aldrich) and 0.2 pL
pentane (99.7%, Burdick and Jackson), as the internal standard, were
injected into the sealed bottle. The overall solution was stirred
for at least 3 h to reach equilibrium. The initial TCE concentration
in water was 50.9 ppm, far below the saturation concentration of
1200 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
stirred at 600 rpm. The reaction was monitored through headspace
gas chromatography (GC) using an Agilent Technologies 6890N GC
with a flame ionization detector (FID) and a 60/80 Carbopack B/1%
SP-1000 packed column (Supelco 12487, Sigma-Aldrich). Gas sam-
ples were taken from the headspace (gas phase) of the reactor,
and then injected into GC to determine quantities of TCE and other
compounds (>97% selectivity to ethane [51]). Reaction rates were
determined from change of TCE concentrations in the headspace.
All the reactions were performed at room temperature; reactions
were performed with NP suspensions and not with either NP/C or
heat-treated NP/C samples.

3. Results and discussion
3.1. TEM analysis

TEM images provided particle size information for the
monometallic Au, 0.6 ML Pd/Au, and monometallic Pd NPs (Fig. 1).
The mean particle sizes (and relative standard deviations) were
similar 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.

3.2. XAS analysis

The XANES spectra of Au NP/C at the Au edge in air, He, or Hy
(Fig. 2) were almost identical to that of Au foil (reference compound
for Au-Aubond), indicating that the Au NPs were metallic with little
oxidized Au. The k2-weighted Fourier transform of EXAFS data for
Au NP/C (Fig. 3) also gave no evidence for the presence of Au-O
bonds (bond distance of 2.03 A). The XANES spectra did not change
after RT treatment in air, He, or H; or after reduction at 250°C.
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Fig. 2. XANES spectra of Au foil (red) at RT and Au NP/C in air (blue), He (pink), and
H, (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 (Na,_ay) 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 A,
slightly less than that of Au foil (2.88 A), which is typical of NPs. The
Au-Aubond distance and coordination number did not change after
RT treatment in air, He, or H, or after reduction at 250°C (Table 1).

The EXAFS of Pd NPs indicated partial oxidation in air at RT and
in Hy up to 100 °C. Fits of the oxidized catalysts gave a Pd-Pd coor-
dination number (Npg_pq =8.1) at a bond distance R=2.79A and a
Pd-0 coordination number (Npg_g = 1.3) at R=2.05 A. Since PdO has
Np4_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(cisaconstant 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
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 Npg_pgq = 9.3 was 4.4 nm, in good agreement
with the TEM-derived value of 4.1 nm. The Pd-Pd bond distance
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Fig. 3. Fourier transform (k2 weighted, Ak=2.6-12.6 A-1) of Au L;; edge EXAFS data
for AuNP/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 (Ak: 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; Ey: threshold absorption edge energy).

Sample Edge Treatment Scattering path N (£10%) R(A)(£0.02A) DWEF (x103 A2) Eo (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 H, RT Au-Au 10.2 2.86 1.0 -3.8

Au H, 100°C Au-Au 9.8 2.86 1.0 -39

Au H, 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 13 2.05 2.0 1.5

Pd H, 100°C Pd-Pd 7.4 2.81 2.5 2.1

Pd-0 1.2 2.03 2.0 03

Pd H, 300°C Pd-Pd 9.3 2.80 25 1.9

0.6 ML Pd/Au NP/C Au Air RT Au-Au 9.7 2.85 1.0 24

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 13 2.80 1.0 3.6

Au H, RT Au-Au 9.7 2.85 1.0 2.2

Au-Pd 1.3 2.81 1.0 4.0

Au H, 100°C Au-Au 9.6 2.84 1.0 2.2

Au-Pd 13 2.79 1.0 3.9

Au H, 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 33 2.78 1.0 -3.0

Pd-0 0.9 2.04 1.0 1.5

Pd-Au 3.8 2.80 1.0 -2.1

Pd H, RT Pd-Pd 2.8 2.77 1.0 -4.4

Pd-0 0.6 2.04 1.0 2.0

Pd-Au 4.2 2.78 1.0 -2.6

Pd H, 100°C Pd-Pd 33 2.78 1.0 -4.0

Pd-0 0.8 2.04 1.0 1.9

Pd-Au 4.0 2.80 1.0 -1.8

Pd H, 300°C Pd-Pd 2.0 2.76 1.0 -3.7

Pd-Au 6.9 2.79 1.0 -3.2

was 2.80 A, which was larger than that in Pd foil (e.g., 2.75 A), and
similar to that in Pd-H [66]. These spectra were obtained in He
after H, desorption at 200 °C without a change in the bond distance.
Under the same conditions, supported Pd-H prepared by conven-
tional methods is not stable, decomposing to metallic Pd with a
bond distance of 2.75 A [66]. The reason for these differences is not
understood.

At the Au edge for the Pd/Au NPs, Nay_ay Was 9.7 at R=2.85A,
which was very similar to that in the monometallic Au NPs, con-
sistent with the Au core of Pd/Au NPs being similarly sized to
monometallic Au NPs. Unlike the Au NPs, however, the EXAFS
indicated the presence of a second scatter, i.e., from Au-Pd with
Nau_pqa=1.3 at 2.80A. There was negligible difference in the Au
XANES or EXAFS for the 0.6 ML Pd/Au NP/C structure after con-
tacting with air, He, or H, at RT (Table 1). However, upon reduction
at 250°C, there was a slight increase in the Au-Pd coordination
number to 1.6. There was no evidence of oxidized Au in the Pd/Au
NPs.

EXAFS of the Pd edge for 0.6 ML Pd/Au NP/C in air at RT and
in H, up to 100°C showed a significant peak near 1.5 A (the uncor-
rected distance for Pd-O bond) and metallic peaks between 1.8 and
3.0A (Fig. 4). The EXAFS fits indicated that Pd has three coordi-
nation environments: metallic Pd (Npg_pg =3.3 at 2.78 A), metallic
Au (Npg_py =4.0 at 2.80A), and oxidized Pd?* (Npg_g=0.8 at 2.04 A)
(Table 1). Within the error of the EXAFS measurements, the bond
distances of Au-Pd (Ra,_pq) and Pd-Au (Rpg_ay) Were identical, ca.
2.80A.

From the Pd-O coordination numbers, the fraction of oxidized
atoms in the 0.6 ML Pd/Au NPs was estimated to be about 20%
(~0.8/4.0) in air or after treatment in H, at 100 °C. Assuming nearly
all the Pd atoms were located on the Au NP surface as Pd surface
atoms, then most of the Pd atoms (~80%) were in the metallic form.
Reduction at 300 °C led to complete reduction of Pd and an increase

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, Nay_ay =9.7
and Np,_pq = 1.5, with the sum as the total Au coordination number
of 11.2. The elemental composition was 5wt.% Au and 0.75 wt.% Pd.
At RT in air or H, at 100°C, 80% (or 0.6 wt.% Pd) was metallic. The
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 Nay_aypuik Would be 9.2 (=11.2 x 82%),

7t o Pd-Au

0.005

Magnitude FT[k?* Chi(k)]

RIA]

Fig. 4. Fourier transform magnitude components (k? weighted, Ak=2.8-10.5A-1)
of Pd K edge EXAFS data for 0.6 ML Pd/Au NP/C: in air at RT (solid line), after reduced
in H, at 300°C (dotted line).
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(a) bulk alloy

(b) as-synthesized

O Au
@ Pd

(c) surface alloy

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 H, at 300°C.

Table 2

Results of catalytic testing for nanoparticle catalysts in aqueous-phase trichloroethene hydrodechlorination (initial [TCE](q) = 50.9 ppm, H, 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

Estimated Pd dispersion (%

Calculated amount of Initial TOF (mol-TCE/mol-Pd/s)

(wt.%) surface Pd atoms) surface Pd charged (nmol)
Au NPs 0 n/a 0 0
0.6 ML Pd/Au NPs 12.8 1002 60 1.44
Pd NPs 100 27° 47 0.15

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

and the coordination number of Au with other Pd atoms Nay_pd puik
would be 2.0 (=11.2 x 18%). Since the measured Na,_a, Was greater
than Nay_aypulk and the measured Nay,_pg was less than Nay,_pd pulk:
the Pd/Au NPs were concluded to have a Au-rich core (and a Pd-rich
surface). The total absence of a small amount of Pd atoms within
the Au core could not be ascertained.

From the Pd edge, Npg_a, =3.8 and Npy_pq =3.3, giving a total
Pd coordination number of 7.1. For a NP of Pd-Au uniform com-
position, the coordination number of Pd with Au atoms Npg_ay bulk
would be 5.8 (=7.1 x 82%) and the coordination number of Pd with
other Pd atoms Npq_pg puixk Would be 1.3 (=7.1 x 18%) (Fig. 5a). Since
the measured Npg_a, was less than Npg_ay puik and the measured
Npq_pg Was greater than Npg_pq puik. the NPs have a Pd-rich surface
(Fig. 5b).

All the oxidized Pd atoms in the carbon-supported Pd/Au NPs
were reduced in Hy at 300°C. The metallic composition was re-
calculated to be 78% and 22% for Au and Pd, respectively. The total
Au coordination number was 10.9, but the total Pd coordination
number increased from 7.1 to 8.9. The coordination numbers for a
NP of PdAu bulk composition were calculated as Nay_aypulk = 8.5,
Nau-pd,butk =2-4, Npd_au bulk = 6.9, and Npg_pd bulk = 2.0. Nau-au EXAFS
fit of 9.3 was greater than Npy_aypulk and Npy_pg of 1.6 was less
than Npy_pgd puik- The Au EXAFS suggested there was some mixing
of the Pd atoms with the Au; however, the core remained Aurich. By
contrast, at the Pd edge, Npq_a, was equal to Npg_ay puik and Npg_pq
was equal to Npg_pqg puik, Suggesting that the NP surface underwent
restructuring to give a composition similar to the bulk composition,
i.e.,, a random and uniform composition (Fig. 5c). The difference
in the state of Pd atoms before and after high-temperature treat-
ment clearly showed the Pd atoms were located on the surface in
the as-synthesized Pd/Au NPs [50,51]. On the other hand, hydro-
gen chemisorption and FT-IR spectroscopy with CO as the probe
molecule [67,68] can indeed provide direct measurements of sur-
face Pd atoms for comparison to EXAFS results. Such studies are
currently underway.

3.3. TCE HDC catalytic activity comparison

Reaction rates of TCE HDC were determined as initial turnover
frequency (TOF, mole of reacted TCE per surface Pd atom per sec-
ond), with the implicit assumption of first-order dependence in
TCE and zero-order in H; [50,51,69,70]. The kinetics is, in reality,

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 H,. 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
10x 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
toloss 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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were found to be consistent with a core-shell model in which Pd
atoms were located on the surface of a Au-rich core. Whereas the
Pd/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%
of its Pd atoms as surface atoms and nearly all of these were oxi-
dized. Since the oxidized surface of the monometallic Pd NPs is not
reduced under the mild reaction conditions, the metallic Pd atoms
of the Pd/Au NPs are suggested to be active sites for the room-
temperature, water-phase reaction of TCE HDC. Heat treatment of
carbon-supported NPs at 300°C was sufficient to break apart the
Pd-rich surface ensembles into a randomly distributed composi-
tion at the NP surface. Au NPs appear to have a unique ability to
stabilize surface Pd atoms in metallic form, possibly leading to a
set of highly active sites that is not present in monometallic Pd NPs
under ambient-temperature reaction conditions.
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