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ABSTRACT: The use of AuPd nanoparticles in catalysis is widespread, with the activity being
attributed to their precise structural properties. We demonstrate the restructuring of AuPd
nanoparticles under CO oxidation conditions using a combined XAFS/DRIFTS approach. The
fresh catalyst exhibits PdO islands at the surface of the nanoparticles, which are reduced under
reaction conditions, a process observed via both DRIFTS and Pd K-edge XAFS measurements.
From the EXAFS analysis alone the nanoparticles were observed to have a Au rich core with an
outer region of intimately mixed Au and Pd atoms. This structure was found to remain mostly
unaltered throughout reaction. However, the DRIFTS spectra showed that although Au was
present on the surface during the initial stages of reaction the surface rearranged just before
light-off, and contained only Pd atoms thereafter. This study highlights the advantage of this
combined approach, where both the surface structure and local environment of the constituent metals can be probed
simultaneously, allowing a complete picture of the restructuring of these bimetallic particles to be obtained under reaction
conditions.

■ INTRODUCTION

The addition of Pd to Au to produce bimetallic catalysts is
advantageous for many catalytic processes. The industrial
production of vinyl acetate1,2 is one example, with many other
reactions, such as glycerol oxidation,3 the formation of H2O2
from H2 and O2

4 and the oxidation of alcohols to aldehydes
currently being investigated.5

Monometallic Au catalysts are well-known for their high
activity for the oxidation of CO at low temperatures,6 although
it has been previously stated that there is limited understanding
of this high activity.7 The effect which particle size, support
interaction and the oxidation state of Au have on the activity of
Au catalysts for the oxidation of CO are not well understood.7

However, it has recently been shown that the active site for CO
oxidation over Au/TiO2 catalysts is at the Au-support interface,
with O2 dissociation occurring when adsorbed on a dual Ti Au
site.8 In the case of bimetallic catalysts, the addition of Pd can
provide increased activity compared to a monometallic Au
catalyst for some reactions, such as glucose oxidation and the
direct synthesis of H2O2.

9,10 For CO oxidation, the addition of
Pd is reported to aid O2 dissociation and can (in some cases)
produce catalysts that are more stable and more active at low
temperature than their Au and Pd monometallic counterparts.11

In addition to the already complex activity of monometallic Au
catalysts, the addition of a secondary metal poses even greater

challenges in determining accurate structure−function relation-
ships. Bimetallic catalysts are known to restructure under
reaction conditions.12 In the case of model Au−Pd alloy
surfaces, increasing CO pressures leads to the segregation of Pd
atoms to the surface due to the stronger binding energy of CO
to Pd than to Au.13 In such cases, studying the catalyst under
operando conditions becomes essential.
CO adsorption measured by DRIFTS (diffuse reflectance

infrared Fourier transform spectroscopy) is a useful technique
to characterize the surface of supported metal catalysts and has
also been employed to study AuPd bimetallic catalysts;11,14−16

When combined with XAFS (X-ray absorption fine structure),
not only can the surface species be probed, but the oxidation
and local coordination of both metals can also be studied
providing valuable insights into the reactive species. The
combination of XAFS and DRIFTS, first developed by Evans
and Newton,17 has been used to study CO and NO cycling
over Rh and Pd automotive emission catalysts and methane
oxidation over Pt/Al2O3.

18 Recently XAFS/DRIFTS has also
been used to study CO oxidation over Pd/Al2O3.

19 In the
present study, for the first time we have combined the use of
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XAFS and DRIFTS to probe the restructuring of AuPd
bimetallic particles under relevant reaction conditions. This
work highlights the changeable nature of catalyst structures and
the need for advanced combined spectroscopic techniques to
link accurately structure to reactivity.

■ EXPERIMENTAL SECTION
Synthesis. A standard sol-immobilization method with temper-

ature control was used in the preparation of supported AuPd bimetallic
nanoparticles.20 HAuCl4·3H2O (1.8 × 10−4 M, 99.9%, Alpha-Aesar)
and K2PdCl4 (3.3 × 10−4 M, 99.9%, Alpha-Aesar) precursors was used
to prepare solutions with the desired gold and palladium
concentrations, to which a solution of poly(vinyl alcohol) (PVA, 1
wt % solution, Aldrich, Mw = 9000−10 000 g mol−1, 80% hydrolyzed,
PVA/metal (w/w) = 1.2) was added. NaBH4 solution (0.1 M, > 96%,
Aldrich, NaBH4/metal (mol/mol) = 5) was added dropwise during
stirring to form a sol. After the complete reduction of gold and
palladium species (30 min), the colloidal solution was immobilized on
to γ-Al2O3 (Degussa, AEROXIDE, AluC) under vigorous stirring
conditions. The amount of support material required was calculated so
as to have a final metal loading of ∼2.5 wt % of each metal. The
mixture was acidified to pH 1−2 by sulfuric acid before it was stirred
for 60 min. The slurry was filtered, washed thoroughly with distilled
water, and dried overnight. The catalyst was dried at 120 °C for 8 h,
then calcined at 300 °C for 8 h.
TEM-EDX. The sample was prepared for TEM and energy-

dispersive X-ray analysis (EDX) by dispersing the catalyst powder in
high-purity ethanol using ultrasonication. 40 μL of the suspension was
dropped on to a holey carbon film supported by a 300 mesh copper
grid before the solvent was evaporated. The samples were then
examined using a JEOL JEM 2100 EM model.
XAFS-DRIFTS Measurements. XAFS measurements were

performed at the Pd K-edge and Au L3-edge on the B18 beamline
at the Diamond Light Source, Didcot, UK. Measurements were
performed in transmission mode using a QEXAFS setup with fast-
scanning Si (311) and (111) double crystal monochromators for the
respective Pd and Au edges. The time resolution of the spectra
reported herein was 90s/spectrum (kmax = 14.8). A DaVinci arm fitted
with Praying Mantis Optics was used to refocus the IR beam outside
the FTIR spectrometer so that the X-ray beam could be transmitted
through the DRIFTS cell.
The samples were placed in the Harrick X-ray transmission DRIFTS

cell attached to the end of the DaVinci arm. The arm has motorized
stages able to move vertically and horizontally by 48 mm, enabling
ease of alignment of the DRIFTS cell in the X-ray beam. The cell is
fitted with glassy carbon windows for exit and entry of the X-ray beam
and ZnSe windows for collection of DRIFTS spectra. The XAFS/
DRIFTS cell which has been described in detail elsewhere,21 has an X-
ray path length of 3.17 mm placed 1.04 mm below the surface of the
catalyst. DRIFTS spectra were collected with an Agilent Carey 680
FTIR spectrometer taking 64 scans with a resolution of 4 cm−1 using
the liquid nitrogen cooled MCT detector.
The sample was first heated to 130 °C and held for 10 min under a

flow of He to remove adsorbed water from the sample. After which,
the sample was cooled to room temperature where a series of 5 XAFS
spectra and an infrared spectrum were recorded. The sample was then
ramped at 3°/min to 350 °C and then cooled to room temperature
under a constant flow of 12.5 mL/min CO in He (10%) and 12.5 mL/
min O2 in He (10%). During reaction and cooling both XAFS at the
Pd K-edge and DRIFTS spectra were collected continuously, with
spectra obtained every 90s and 30s, respectively. The reaction was
then repeated at the Au L3-edge using a fresh sample, for both the Au
and Pd experiments the appropriate foil was placed between It and Iref.
The outlet gas was monitored using a MKS mass spectrometer.
EXAFS (Extended X-ray Absorption Fine Structure) Analysis.

All XAFS spectra were acquired concurrently with the appropriate foil
placed between It and Iref. XAFS data processing was performed using
IFEFFIT22 with the Horae package23 (Athena and Artemis). The
amplitude reduction factor, S0

2 was derived from EXAFS data analysis

of the Pd foil and Au foil reference spectra, (with known coordination
numbers which were fixed during analysis). The values obtained were
0.85 and 0.83 for Pd and Au. Respectively. These values were used as
fixed input parameters in the fits. The increase with temperature of the
σ2 value, the mean-square relative displacement of absorber and
backscatter atoms, was estimated based on the method described
elsewhere for the change in the σ2 value with increasing temperature.24

The same rate of change in σ2 with temperature was applied to the
spectra collected during the CO oxidation experiment but starting
from the σ2 values determined from the fits of the spectra collected at
25 °C at the Pd K-edge and Au L3-edge. This is described in more
detail in the Supporting Information.

■ RESULTS
TEM-EDX. One of the TEM images and the derived

histogram for the 100 particles measured are shown in Figure 1.

The average size of the AuPd particles was found to be 4.1 ±
1.3 nm. EDX point measurements were taken over 10 particles
chosen at random; each particle was found to contain both Au
and Pd.

XANES. The X-ray absorption near edge structure (XANES)
spectra (Figure 2) collected during the Pd K-edge experiment
shows that the Pd environment of the initial catalyst is broadly
consistent with PdO, as discussed below.25 The Pd is reduced
by 152 °C, shown in blue in Figure 2, then appears to start to
reoxidize from 263 °C after light-off, shown in red in Figure 2.
On cooling the catalyst is once again reduced and remains in

Figure 1. Particle size histogram from the TEM analysis and a
representative image.

Figure 2. Normalized XANES Spectra at the Pd K-edge during CO
oxidation, ramping from RT to 350 °C then cooling to RT. The Pd/
TiO2 reference is shown in green, the spectra recorded at 150 and 263
°C are shown in blue and red, respectively.
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this state even under O2 at room temperature demonstrating
that the catalyst is stable in its reduced form.
Evidence of the initial reduction is shown by the shift of the

edge position by 1 eV to lower energy and a reduction in
intensity of the first feature after the edge, at 24368 eV; both
changes are consistent with reduction to Pd metal. The XANES
spectrum of a Pd/TiO2 catalyst with approximately 1.4 nm
particles, similar in size to those of the AuPd/Al2O3 studied
here is shown in green in Figure 2 for comparison. After light-
off, at 263 °C shown in the mass spectrum in Figure 3, the

XANES features begin to change and by 344 °C the edge has
shifted by 0.5 eV toward the initial 25 °C spectrum and the
intensity of the feature at 24368 eV increases, consistent with
oxidation. This apparent “reoxidation” is discussed in the
EXAFS Analysis section below. The reduction observed on
cooling is evidenced by the shift of the edge by 1.6 eV to lower
energy, from the initial 25 °C spectrum and again a decrease in
intensity of the feature at 24368 eV.
When the experiment was repeated on a fresh sample at the

Au L3-edge, little change in the XANES spectra was observed
during reaction, as can be seen in Figure 4. However, some
conclusions about the extent of alloying can be inferred.

A weak white line is observed at 11923 eV that is typical for
nanoparticles and is due to electron transition from the 2p to
the unoccupied 5d orbitals. In bulk Au systems, this transition
is due to overlap of the s, p, and d bands resulting in a slight
depletion of the 5d orbitals.26 Compared to the Au/TiO2
reference spectrum of 2.8 nm Au particles, the white line in the
AuPd/Al2O3 catalyst is weaker which can be due to smaller
particles.27 However, as the AuPd particles are larger it is
probably due to filling of the Au d-band by electron transfer
from the Pd atoms.28 Further evidence of alloying is the greater
intensity of the feature at 11934 eV compared to the Au only
reference catalyst; this increase in intensity has previously been
observed for AuPd bimetallic systems.28

EXAFS Analysis. The EXAFS analysis confirms the
reduction of PdO to Pd0 observed in the XANES spectra,
followed by a segregation of Pd from the core to the surface at
higher temperatures, indicating the restructuring of the catalyst
to form a Pd rich shell.
Figure 5 shows the nonphase-corrected Fourier transform of

the k2 weighted Pd K-edge EXAFS data (plus imaginary
components of the data and scattering paths) of the sample at
25, 152, and 324 °C. The latter is a merge of several spectra
recorded between 303 and 344 °C, in order to improve data
quality. The EXAFS fitting parameters are shown in Table 1.
For the spectrum taken at room temperature under reaction
gases, the data are fitted well using three paths of PdO, Pd−O
and two Pd−Pd paths, in addition to a Pd−Au and a Pd−Pd
path consistent with Pd metal. These paths are named
O(PdO), Pd(PdO), Pd2(PdO), Au, and Pd(Pd) respectively
in Table 1. This latter scattering path has a distance of 2.86 Å,
which is slightly longer than expected for Pd0. However, similar
R values have been obtained for AuPd nanostructures where
the long Pd−Pd distance was attributed to surface relaxation,
and so can be a sign that the Pd atoms are mostly at the
surface.29 Another possible cause for this longer RPd−Pd distance
is that the Pd−Pd distance of Pd0 and that of PdO at 3.07 Å
cannot be easily resolved; in fact, these two scattering paths are
out of phase with each other as can be seen in Figure 5A.
On heating the sample to 150 °C, the contributions from

PdO disappear, and the spectra can be fitted using only the
Pd−Pd and Pd−Au scattering paths, consistent with the
reduction of the PdO. During this reduction step, the
coordination to metallic Pd increases from 5 to 7 and the
coordination to Au increases from 2 to 4. As the temperature
increases further to 263 °C, a contribution from a low z-
number element is again observed, which was assumed from
the XANES spectra to be reoxidation of the Pd to PdO.
However, as no contribution from a Pd distance at ∼3 Å was
observed, it is assumed that this contribution is not due to PdO
but from either adsorbed O or C. Another possibility would be
the formation of a PdCx phase previously observed by in situ
XRD and XAFS/DRIFTS measurements during CO adsorption
on Pd.30 On cooling, as the production of CO2 decreases
(Table S2 in the Supporting Information), the contribution
from this O or C was removed after which, no further change in
coordination numbers were observed. Further evidence of
restructuring of the AuPd NPs can be derived from the changes
in Pd−Pd and Pd−Au coordination. From 205 °C a decrease in
Pd−Pd coordination and an increase in Pd−Au coordination is
observed which may indicate the segregation of Pd from the
core to the surface of the particles, as the surface atoms have a
lower number of neighbors.31

Figure 3. Mass spectrometry data for the combined XAFS DRIFTS
experiments. Masses 4, 28, 32, and 44 represent He, CO, O2, and CO2,
respectively. Mass 28 has been corrected for the contribution from
CO2.

Figure 4. Normalized XANES Spectra at the Au L3-edge during CO
oxidation, ramping from RT to 350 °C then cooling to RT. The
XANES spectrum of Au NP’s supported on TiO2 are shown as a
reference for reduced Au, these are of similar size (2.8 nm) to the Au
NP’s in the PdAu/Al2O3 sample.
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EXAFS analysis from the Au experiment also provides
evidence of restructuring, with Au atoms segregating toward the
core on heating. Determination of the short-range order
parameter for each metal and evaluation of the generalized
Ramsauer−Townsend (GRT) effect32 indicates that by 150 °C
an alloy-like structure exists, whereas on increasing temperature
and then on cooling the nanoparticles have evolved to a more
core−shell structure. This could be imagined as a gradual
segregation of the Pd atoms to the surface and the Au atoms to
the core throughout the reaction. The EXAFS data (Figure 6)

and fitting parameters for the Au experiment are shown in
Table 2 and Table S4 in the Supporting Information.
The segregation of Au from the surface to the core is implied

from the increase in Au coordination from 6 to 8 on increasing
temperature to 150 °C. In contrast, the Au−Pd coordination is
much smaller and little change is observed throughout the
reaction. A strong indication of a Au-rich core, Pd shell
structure comes from comparison of the total Au-metal and Pd-
metal coordination numbers. Above 150 °C the total
coordination of gold to metal atoms (Au and Pd) is slightly

Figure 5. Pd K-edge EXAFS data taken at (A) RT, (B) 152, and (C) 324 °C, showing the magnitude and imaginary components of the k2 weighted
Fourier transform data and fits and the imaginary components of each scattering path used in the fits.

Table 1. EXAFS Fitting Parameters for the Pd K-Edge for Spectra Collected Approximately Every 50 °C during the
Temperature Ramp under CO Oxidation Conditionsa

refined parameter RT 50 °C 101 °C 152 °C 205 °C 263 °C 289 °Cb 324 °Cb

CNPd(Pd) 5(1) 7(1) 8(1) 7(1) 7(1) 5(1) 4.3(4) 3.5(6)
CNO(PdO) 2.4(2) 1.9(3) 1.1(3) 0.6(2) 0.9(2) 1.3(3)
CNPd(PdO) 8(3) 8(2) 5(3)
CNPd2(PdO) 4(1)
CNAu 2(2) 3(2) 3(2) 4(1) 4(1) 5(1) 5(1) 5(1)
RPd(Pd) 2.86(4) 2.84(4) 2.79(3) 2.74(1) 2.75(1) 2.72(2) 2.69(2) 2.67(2)
RO(PdO) 2.04(2) 2.02(3) 1.98(3) 1.94(3) 1.97(2) 1.95(2)
RPd(PdO) 3.07(3) 3.06(4) 3.01(4)
RPd2(PdO) 3.43(3)
RAu 2.83(7) 2.82(7) 2.78(5) 2.75(3) 2.76(3) 2.75(3) 2.72(2) 2.71(2)
E0 9(3) 6(2) 6(3) 2(1) 4(1) 2(1) −2(1) −3(1)
R-factor 0.0035 0.0038 0.027 0.027 0.034 0.026 0.004 0.016

aFitting parameters: S0
2 = 0.85 as determined by the use of a Pd foil standard; Fit range 3 < k < 10, 1.15 < R < 3.85; number of independent points =

11.8. bFitting parameters: 1.15 < R <3.6, 3.0 < k < 8.5, number of independent points = 8.4.

Figure 6. Au L3-edge EXAFS data taken at (A) RT, (B) 150, and (C) 348 °C, showing the magnitude and imaginary components of the k2-weighted
Fourier transform data and fits and the imaginary components of each scattering path used in the fits.
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greater than the total coordination of Pd to metal atoms.
Confirmation of these Au-rich cores comes from the observed
higher Au−Au coordination than the Au−Pd coordination.14

However, as the coordination to Pd is not insignificant a sizable
proportion of the Au atoms must be in contact with the Pd,
therefore we propose that there is a gradient between the Pd
shell and Au core. A more in depth scrutiny of the coordination
numbers can be performed by calculating the Cowley short-
range order parameter, α, as described in references 29a and
b.33,34 The α-values calculated for Au and Pd for the data
collected at 150 °C and on cooling (Table S5 in the Supporting
Information) are consistent with alloy and core−shell type
structures, respectively.34 This is described in greater detail in
the Supporting Information. Further confirmation of the
change from alloy to core−shell structure comes from the
GRT effect. A π phase flip of the backscattering wave at k = 6
Å−1 occurs for elements of atomic number greater than 78 and
results in a peak in the Fourier transform at very low r, too
short to be due to an actual chemical bond. In the case of AuPd
bimetallic particles, the intensity of this peak would increase
with increasing number of bimetallic bonds, because ZAu = 79.
However, a slight decrease in intensity is observed on
increasing temperature for the AuPd NPs, Figure 6, consistent
with a change from an alloy to a more core−shell type
structure.
DRIFTS. Surface adsorbates were monitored during reaction

by DRIFTS; the spectra recorded during the experiment
performed at the Pd K-edge are shown in Figure 7. The
DRIFTS spectra confirm the reduction of PdO to Pd by 150
°C, as observed in the Pd XANES spectra, with the loss of the
bands observed at 2157 and 2137 cm−1 which can be assigned
to CO adsorbed on Pd2+ and Pd+ of PdO.35 As the bands due
to PdO decrease, a shoulder at 2115 cm−1 becomes visible,
which can be tentatively assigned to CO adsorbed on Au0.7,14,36

This band becomes visible at 101 °C and disappears by 175−
200 °C, as shown in Figure S5 in the Supporting Information.
This observation is consistent with the Au EXAFS analysis
which implied a restructuring of the Au atoms toward the core
on increasing temperature. In order to investigate the presence
of CO adsorbed on Au sites in more detail a temperature-
programmed desorption measurement followed by DRIFTS
was performed; the resulting spectra are shown in Figures S6
and S7 of the Supporting Information. As no reaction was
occurring during the increase in temperature, the different CO
adsorption bands could be more easily assigned. A band is
observed at 2109 cm−1 which desorbed by 95 °C, which can be
assigned to CO on Au0. Another band at 2123 cm−1 was also
observed, but this desorbs after only 3 min at room
temperature under flow of He and can be attributed to CO
adsorbed on Auδ+.14

Infrared bands consistent with linear adsorbed CO on Pd,
bridge-bonded CO on Pd and CO on Pd 3-fold sites were
observed at 2090, 1990, and 1930 cm−1.37 The fact that CO can
adsorb on 3-fold Pd sites is indication that the surface is not a
well-mixed Au−Pd system but is Pd-rich.16 The poor activity of
the catalyst at low temperatures is also indication of the Pd rich
surface, as Au is expected to be active for CO oxidation at room
temperature. However, this activity is proposed to be reliant on
Au edge and corner sites.16,38 The in-activity of our catalyst at
RT could be explained by the occupation of these sites by Pd
atoms. At 125−150 °C as the PdO is reduced, the linear and
bridged CO adsorbed on Pd increase in intensity. After light-
off, at approximately 240 °C, no further surface adsorbates can
be observed in the DRIFTS spectra; this phenomena has
previously been investigated by XPS, where the surface was
heated in the presence of CO and O2. These measurements
showed the abruptness of the switch from adsorbed CO (533
eV) to adsorbed atomic oxygen (530 eV), which occurs at the
temperature of light-off.39 On cooling to 325 °C surface
adsorbed species, namely CO adsorbed on Pd, could again be
observed. During this cooling stage (Figure S8 in the
Supporting Information), no CO adsorbed on Pd2+ or Pd+

was observed, in agreement with the XAFS results which
showed that no reoxidation of the catalyst occurred. On cooling
and under O2 at RT there is no evidence of Au at the surface;
the band for CO adsorbed on Au at 2110 cm−1 is not observed,

Table 2. EXAFS Fitting Parameters for the Au L3-Edge for Spectra Collected Approximately Every 50 °C during the
Temperature Ramp under CO Oxidation Conditionsa

refined param RT 58 °C 94 °C 150 °C 200 °C 228 °C 248 °C 271 °C 300 °C 320 °C 348 °C

CNAu−Au 6 (2) 7(1) 7(1) 8(1) 8(2) 7(1) 7(1) 7(1) 7(1) 6(1) 6(1)
CNAu−Pd 4(3) 4(1) 4(1) 4(1) 4(1) 5(1) 4(1) 4(1) 4(1) 4(1) 4(1)
RAu−Au 2.81(4) 2.80(2) 2.81(2) 2.82(2) 2.79(2) 2.80(3) 2.81(3) 2.81(3) 2.81(3) 2.80(3) 2.79(3)
RAu−Pd 2.79(4) 2.79(3) 2.78(3) 2.78(3) 2.76(3) 2.77(3) 2.76(4) 2.76(3) 2.77(4) 2.76(3) 2.76(3)
E0 3(2) 5(1) 5(2) 5(2) 4(1) 4(2) 4(2) 4(2) 4(2) 4(2) 4(2)
R-factor 0.024 0.0269 0.0307 0.034 0.022 0.042 0.054 0.033 0.041 0.049 0.043

aFitting parameters: S0
2 = 0.83 as determined by the use of a Au foil standard; fit range 3 < k < 8.5, 1.15 < R < 4; number of independent points = 9.8.

Figure 7. DRIFTS spectra taken during the ramp to 350 °C in the Pd
K-edge experiment.
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suggesting that after reaction the surface of the nanoparticles is
covered solely by Pd.

■ CONCLUSIONS
The information obtained from each technique is comple-
mentary and allows us to build a complete picture of the
restructuring of these bimetallic nanoparticles. The reduction of
PdO is observed from the Pd XANES spectra and via the
position of the infrared bands of the adsorbed CO species.
Furthermore, the partitioning of Au atoms from the surface to
the bulk during reaction could only be implied from the EXAFS
analysis but is confirmed from the DRIFTS measurements.
This combination of techniques has allowed us to follow the
restructuring of these bimetallic nanoparticles under reaction
conditions. Figure 8 illustrates this restructuring with images A

and B showing the fresh catalyst at RT containing a Au rich
core with a AuPd alloy layer and a surface containing PdO
islands, and images C and D showing the final state of the
catalyst which we propose maintains the gold rich core and
AuPd alloy layer but has a skin of Pd at the surface. We note
that Figure 8 is meant as an illustration only and not an
accurate representation of the coordination numbers deter-
mined from the EXAFS analysis.
The application of XAFS can greatly help understand the

local structure of bimetallic catalysts under reaction conditions.
However, being an averaging technique, it can sometimes
provide limited information about the surface. When used in
combination with FTIR, an understanding of both the local
structure of the metals as well as the surface species can be
achieved. In the case of CO oxidation over AuPd nanoparticles,
the restructuring of the particles during reaction was observed.
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