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Model bimetallic Pd–Au/HOPG catalysts have been investigated in the CO oxidation

reaction using a combination of NAP XPS and MS techniques. The samples have shown

catalytic activity at temperatures above 150 �C. The redistribution of Au and Pd on the

surface depending on the reaction conditions has been demonstrated using NAP XPS.

The Pd enrichment of the bimetallic particles’ surface under reaction gas mixture has

been shown. Apparently, CO adsorption induces Pd segregation on the surface. Heating

the sample under reaction conditions above 150 �C decomposes the Pd–CO state due

to CO desorption and reaction and simultaneous Pd–Au alloy formation on the surface

takes place. Cooling back down to RT results in reversible Pd segregation due to Pd–

CO formation and the sample becomes inactive. It has been shown that in situ studies

are necessary for investigation of the active sites in Pd–Au bimetallic systems.
1. Introduction

The ability of a second metal to improve the catalytic performance of supported
monometallic particles has led to great interest in bimetallic catalysts.1–5 Dilution
of the metal particle surface with the second metal allows the formation of active
sites with a specic geometry (ensemble effect) and/or modication of the elec-
tronic property of an active metal (ligand effect). As a consequence, catalytic
activity of the bimetallic catalyst can become much higher than the activities of
monometallic ones – the synergistic effect appears in this case. However, despite
a large number of investigations of various bimetallic catalysts published in the
last decade, the reasons for the synergistic effects observed for the specic cata-
lytic systems are still under discussion in many cases.
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One of the most evident explanations of such uncertainties, which has been
supported by many researchers, is the exibility of the surface composition of
bimetallic particles.1–3,6–12 Indeed, not only the ratio of the introduced metals, but
also the temperature of calcination and inuence of the reaction mixture will
change the surface composition. A remarkable example of the dynamical
restructuring at the nanoscale was reported in a recent in situ TEM and XPS study
of methanol oxidation over gold–silver alloy catalysts.13 The authors demon-
strated a direct dependence of oxidation activity on the changing surface silver
concentration under the inuence of reaction conditions.

The Pd–Au bimetallic systems used as catalysts for a number of reactions, such
as vinyl acetate synthesis,6 low temperature CO oxidation,7,8 NO reduction,9 direct
formation of hydrogen peroxide fromH2 + O2mixture,10 etc., are also not free from
this uncertainty. Even for such a simple reaction as CO oxidation, the catalytic
results are controversial. An enhancement of catalytic activity in low-temperature
CO oxidation was observed for the Au/SnO2 and Au/TiO2 systems aer their
doping with Pd.14,15 On the other hand, all Pd–Au/SiO2 catalysts were catalytically
less active than Au/SiO2.7 A similar result was reported for the Pd–Au/Al2O3

catalysts.15 These data seem to indicate the inuence of the support on the
catalytic properties of bimetallic catalysts.

At the same time, some extremely controversial results on dependencies of
catalytic activity in CO oxidation on the Pd/Au ratio were reported in two papers
from different authors for similar samples – Pd–Au particles supported on silica,
which is the most inert support. Indeed, if the catalysts with enhanced Au loading
(Pd/Au # 1) exhibit lower activity than pure palladium in both papers,7,16 then
increasing the Pd content above Pd/Au > 1 either improves considerably the
catalytic activity7 or does not change it.16 One more paper reported higher low-
temperature activity (T < 100 �C) of the Pd–Au/SiO2 catalysts compared with
a monometallic Pd/SiO2 sample; the latter becomes more active than bimetallic
ones at higher temperatures (T > 120 �C).17 Again, the reported differences in
catalytic data can be explained by variation of the surface composition of Pd–Au
particles under the inuence of the reaction conditions. This proposal is based on
the well-known fact that the surface of bimetallic Pd–Au particles can be enriched
with gold at T > 200 �C (ref. 1) or with palladium in the presence of CO at T #

150 �C.18,19 It is evident that to determine the exact surface composition of
bimetallic particles in the presence of the reaction mixture in situ physical
methods have to be applied. Understanding this aspect, the authors of the cited
papers performed in situ investigations of bimetallic Pd–Au catalysts with envi-
ronmental TEM, polarization modulation infrared absorption spectroscopy (PM
IRAS), diffusion reectance infrared Fourier transform spectroscopy (DRIFTS),
near ambient pressure XPS (NAP XPS), etc.

In this paper, NAP XPS and mass spectrometry were used to study in situ the
active site formation in bimetallic Pd–Au catalysts for CO oxidation. To reach the
goal, two different Pd–Au/HOPG (highly oriented pyrolytic graphite) model
bimetallic catalysts were prepared by a special procedure via sequential high-
vacuum physical vapor deposition (PVD) of gold and then palladium, and char-
acterized by XPS and scanning tunneling microscopy (STM) before and aer in
situ characterization (see Experimental section). Application of model samples is
a very useful approach to reveal a correlation of electronic properties and
256 | Faraday Discuss., 2018, 208, 255–268 This journal is © The Royal Society of Chemistry 2018
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morphology of bimetallic particles produced under reaction conditions with their
catalytic performance.20–24
2. Experimental
2.1. Pd–Au/HOPG catalyst preparation and characterization

Preparation of the samples and their primary characterization was done in
a SPECS photoelectron spectrometer (Germany) equipped with hemispherical
analyzer PHOIBOS-150-MCD-9, ellipsoidal monochromator FOCUS500, and X-ray
source XR 50M with double Al/Ag anode.

Commercially available HOPG (7 � 7 mm, approximately 1 mm thickness, SPI
supplies, Grade SPI-2) was used as a support for the bimetallic Pd–Au catalysts.
Before loading into the spectrometer, each sample of HOPG was cleaned by
removing the upper layers with Scotch tape. Then it was loaded into the SPECS
spectrometer and annealed at 700 �C under ultra-high vacuum (UHV) conditions
for 3 h to remove surface contaminations. Then the cleaned and annealed HOPG
surface was etched smoothly with argon ions (t ¼ 3–4 s, P(Ar) ¼ 3 � 10�6 mbar
and accelerating voltage of 0.5 kV) using an IQE 11/35 ion gun to create the
surface defects serving as an anchor for the deposited gold particles. Deposition
of gold on the defective HOPG surface was carried out in the preparation chamber
of the SPECS spectrometer using an Omicron EFM3 electron beam evaporator.
Before subsequent deposition of palladium, the Au/HOPG matrix was heated at
300 �C in UHV to anneal the defects and nally to stabilize the gold particles
against sintering. We developed this procedure earlier and tested it on the Ag/
HOPG samples.20 The same procedure was applied for the preparation of the
pure Pd/HOPG surface used as a blank sample in this work.

Two samples with alloyed bimetallic Pd–Au nanoparticles supported on HOPG
surface with different Pd/Au ratios were prepared by PVD of Pd on the stabilized
Au/HOPG matrixes followed by heating in UHV up to 400 �C in order to form Pd–
Au alloyed particles.25 In all stages of the preparation procedure the samples were
investigated by XPS, using regular SPECS and synchrotron-based RGBL (Russian–
German beam line) photoelectron spectrometers located in BIC (Novosibirsk,
Russia) and in Helmholtz Centrum of Berlin (Germany).25

STM measurements of the prepared Pd–Au/HOPG samples (fresh, annealed,
and RM-activated) were carried out using an UHV 7000 VT microscope (RHK
Technology, USA) operating in constant current mode. The STM tips used in the
experiments were cut Pt–Ir tips. The standard samples like Si (111) single crystal
with 7 � 7 reconstruction and clean HOPG were used for scanner calibration.
2.2. NAP XPS experiments

In situ experiments were carried out with an NAP XPS system at the ISISS beam
line at BESSY II/HZB (Berlin, Germany).26 The Pd–Au/HOPG and Pd/HOPG
samples were placed between a stainless steel backplate and a lid (with 6 mm
hole) and mounted onto a sapphire sample holder. The samples were heated up
from the back side using the infrared laser and the temperature was measured
with a K-type thermocouple. The CO : O2 ¼ 2 : 1 mixture was introduced into the
high-pressure cell up to 0.25 mbar by the mass-ow controllers (MFC). Before
loading in CO + O2 reaction mixture, all Pd–Au/HOPG samples were heated up to
This journal is © The Royal Society of Chemistry 2018 Faraday Discuss., 2018, 208, 255–268 | 257
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300 �C under UHV in order to remove the contaminations from the surface. The
experiments during the CO oxidation reaction were performed as follows: the
CO + O2 ow (CO : O2 ¼ 2 : 1; P ¼ 0.25 mbar) was owed into the gas cell at RT,
then the samples were heated step by step up to 250 �C (RT–100–150–200–230–
250 �C), while XPS and MS spectra were measured at each temperature. It should
be noted that all XPS lines from gold, palladium and carbon (Au 4f, Pd 3d and C
1s) at each temperature were measured three times at different values of kinetic
energy: 300, 450 and 600 eV, providing a variation of depth of electron emission.
To estimate the depth of analysis for these different kinetic energies we used the
average values of inelastic mean free paths (IMFP) of electrons in metallic gold
and palladium �5.9, 7.6 and 9.2 Å, respectively.27

To determine the positions of the peaks in the Au 4f and Pd 3d spectra, XPS
peaks were calibrated against the C 1s spectra (binding energies (BE) ¼ 284.5 eV)
taken at the same primary excitation energies as Au 4f and Pd 3d. Spectral analysis
and data processing were performed with the XPS Peak 4.1 program.28 For the
quantitative analysis the integral intensities of the Au 4f, Pd 3d and C 1s lines were
corrected using ionization cross-section data taken from Yeh and Lindau29 and
also were normalized with respect to current and photon ux. For the peak tting
of the Pd 3d signal, the Au 4d5/2 peak was subtracted from the spectra because of
their overlapping. The shape and intensity of Au 4d5/2 were calculated from the
less intensive Au 4d3/2 peak measured for the pure Au/HOPG sample.
3. Results and discussion

Table 1 shows atomic ratios for two bimetallic Pd–Au/HOPG samples calculated
from XPS data taken at each step of the preparation procedure. The main
difference in the samples was the amount of gold deposited during the initial step
– Au/C atomic ratios were 0.024 and 0.009, whereas the amount of the Pd
sequentially deposited was approximately the same (Pd/C� 0.1) for both samples.
According to this, these samples will hereaer be called PdAuhigh and PdAulow,
respectively. Heating the initial monometallic Au/HOPG matrixes at 300 �C in
UHV decreases slightly the Au/C atomic ratios (Table 1) due to formation and
stabilization of 3D gold nanoparticles.20 Final annealing of bimetallic Pd–Au/
HOPG samples at 400 �C in UHV increases the Au/Pd atomic ratios compared
with values measured directly aer Pd deposition (Table 1) indicating the Pd–Au
alloy formation.25

STM images of the prepared PdAuhigh and PdAulow catalysts are shown in
Fig. 1. The PdAuhigh and PdAulow samples are characterized as 3D particles with
a rather narrow particle size distribution at the mean particle sizes of 7.8 and
Table 1 Atomic ratios of elements calculated from XPS data (SPECS)

Sample

Au
deposition

Heating in
UHV

Pd
deposition

Annealing at 400 �C
(alloy formation)

Aer in
situ experiments

Au/C Au/C Pd/C Au/Pd Au/Pd

PdAuhigh 0.024 0.019 0.011 1.61 2
PdAulow 0.009 0.006 0.010 0.37 0.65

258 | Faraday Discuss., 2018, 208, 255–268 This journal is © The Royal Society of Chemistry 2018
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Fig. 1 STM images (200� 200 nm) and the particle size distributions of Pd–Au/HOPG: (a)
PdAuhigh; (b) PdAulow. Tunneling parameters: (a) 0.49 nA, �490 mV; (b) 0.52 nA,
�1500 mV.
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5.0 nm, respectively. The mean particle size (hdi) was determined according to the
equation:

hdi ¼

X

i

ðdi �NiÞ
X

i

Ni

;

where Ni is the number of particles with a diameter of di.
NAP XPS investigation of the alloyed Pd–Au/HOPG catalysts in CO oxidation

(CO : O2 ¼ 2 : 1, P ¼ 0.25 mbar) was performed using the ISISS station at the
Berlin synchrotron radiation source BESSY II (HZB).26 Fig. 2 shows CO2 mass-
spectrometric signal (m/z ¼ 44), as well as the Au/Pd atomic ratios calculated
from Au 4f and Pd 3d spectra, measured in the course of sample heating followed
by cooling (from room temperature up to 250 �C and then down to RT). Although
the Au 4f, Pd 3d and C 1s spectra for each temperature were measured three times
with different excitation energies (see Experimental section), the Au/Pd ratios
presented in this gure were calculated from the XPS spectra measured at
a kinetic energy of 300 eV (surface location).

One can see that no catalytic activity is observed for bimetallic samples at T #

150 �C, whereas the intensity of CO2 is increased at higher temperatures achieving
the maximum at 250 �C. Reference experiments with pure HOPG did not show any
catalytic activity towards the CO oxidation reaction under the same reaction
conditions in the whole range of temperatures. Heating the sample also increases
the Au/Pd atomic ratios for both samples (Fig. 2). Contrary to this observation, no
This journal is © The Royal Society of Chemistry 2018 Faraday Discuss., 2018, 208, 255–268 | 259
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Fig. 2 CO2 MS signal (m/z¼ 44) in the gas phase and Au/Pd atomic ratios calculated from
Au 4f and Pd 3d spectra acquired from Pd–Au/HOPG samples in CO + O2 gas mixture
depending on temperature.
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variation of the Au/Pd atomic ratio was observed in the reference experiments, when
Pd–Au/HOPG samples were heated up to 300 �C in UHV. It should be noted that the
heating in UHV up to 200 �C did not change the Au/Pd atomic ratio.25 All these data
indicate a transformation of the surface composition/structure of bimetallic parti-
cles under the inuence of reaction mixture. Cooling the sample leads to a decrease
in the Au/Pd atomic ratio indicating the reversible character of this transformation.
Furthermore, these results suggest that variation of bimetallic particle sizes is
hardly the reason for the observed variations of the Au/Pd atomic ratio.

STM data measured for the Pd–Au/HOPG catalysts before and aer NAP XPS
experiments prove this suggestion. Indeed, Fig. 3 shows that for the PdAulow
Fig. 3 Particle size distributions in PdAulow sample: (a) freshly prepared; (b) after NAP XPS
experiments. The mean particle size is (a) 5.0 nm; (b) 5.1 nm.
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catalyst both the particle size distributions and the mean particle size remained
almost the same – compare the mean particle size of 5.1 nm for the treated
catalysts with 5.0 nm for the fresh sample. This, together with the XPS data, which
show similarity in the Au/Pd atomic ratio values for the freshly prepared and
treated samples (Table 1, last two columns), leads us to a conclusion about the
stability of the prepared bimetallic Pd–Au particles as a whole under reaction
conditions. Then we can suggest that most of the changes in the XPS spectra are
due to a redistribution of metals inside the bimetallic particles. Reversible vari-
ation in the Pd/Au atomic ratio during the heating–cooling cycle also indicates
that the active state of the catalysts is produced only under reaction conditions (T
> 150 �C). As a consequence, only the application of in situ techniques is necessary
to provide progress in understanding the state of the active surface in Pd–Au
particles.

Fig. 4 shows the Au 4f spectra (le), as well as Au 4f7/2 binding energies and Au/
C atomic ratios (right), for the PdAulow sample measured in situ in reaction
mixture (CO : O2 ¼ 2 : 1, P ¼ 0.25 mbar) at various temperatures. One can see the
shi of the Au 4f7/2 peak position to lower binding energy together with the Au/C
atomic ratio increasing with rising temperature. Back cooling of the sample
changes the spectral characteristics reversibly. The shi to lower binding energies
is an indicator of the alloy formation,1,17,30 whereas the heating-induced increase
in the Au/Pd atomic ratio points to surface segregation of gold and/or Pd diffusion
into the bulk of the bimetallic particles under reaction conditions.25

A much more complex picture is observed for the Pd 3d region, which was
corrected by subtracting the Au 4d5/2 signal from the experimentally measured
spectra (see Experimental section). Fig. 5 shows the corresponding Pd 3d5/2
spectra with their deconvolution on several components depending on the
sample temperature. Deconvolution of the original spectra was based on litera-
ture data where different Pd species were identied under different
conditions.1,7,25,30–36
Fig. 4 Au 4f spectra (left) and variation of Au 4f7/2 binding energy and Au/C atomic ratio
(right) with temperature taken for PdAulow sample under the reaction mixture (spectra
were measured at 300 eV kinetic energy).

This journal is © The Royal Society of Chemistry 2018 Faraday Discuss., 2018, 208, 255–268 | 261
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Fig. 5 Pd 3d5/2 spectra (left) and fraction of different Pd states (right) depending on the
temperature taken for PdAulow sample under the reaction mixture (spectra measured at
300 eV kinetic energy).
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For example, the Pd 3d5/2 peaks at binding energies (BE) of �335.0 eV and
�335.6 eV were attributed to Pd in AuPd alloy1,7,25,30 and metallic Pd,1,30–32,
respectively. There are also some papers34–36 where the Pd 3d5/2 species with BE of
about 336 eV was attributed to the CO-induced components of palladium due to
adsorption of CO on bridge or on-top Pd sites. Moreover, Strømsheim et al.35 used
a combination of NAP XPS and QMS for investigation of CO oxidation over
Pd3Au(100) single crystal to show the presence of two different Pd states with
similar Pd 3d5/2 binding energy values (the difference was only 0.2 eV) corre-
sponding to Pd–COads species and to oxidized Pd–O species. Finally, our recent
papers25,37 identied the Pd 3d5/2 peak at 337.2 eV as small Pd clusters attached to
some defective sites on the HOPG surface.33 It should be mentioned that all the
spectral parameters (BE, FWHM, G/L ratio) for XPS peak tting in Fig. 5 were xed
at all experimental conditions and presented in Table 2. The Pd 3d spectra were
tted with a 3d5/2–3d3/2 doublet separation of 5.25 eV and with area ratios of 3 : 2.

All these components are found in our Pd 3d5/2 spectra, but their contribution
depends on reaction temperature. Pd–CO state (BE ¼ 336.0 eV) dominates on the
particle surface at T # 150 �C, but decreases at higher temperatures when the
sample becomes active for CO oxidation. Cooling the sample back to RT returns
the intensity of this signal to the initial level. The Pd 3d5/2 component with the
Table 2 Fitting parameters for different states of Pd 3d spectra for the bimetallic PdAulow
sample

State
Pd 3d5/2 binding
energy (eV) FWHM (eV) G/L

Pdalloy 335.0 � 0.1 0.7 20
Pdmetallic 335.6 � 0.1 0.7 20
Pd–CO 336.0 � 0.1 1.0 35
Pdcluster 337.2 � 0.1 1.9 45

262 | Faraday Discuss., 2018, 208, 255–268 This journal is © The Royal Society of Chemistry 2018
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lowest binding energy (BE ¼ 335.1 eV), which exhibits maximum intensity in the
temperature range of 230–250 �C, but is practically absent at room temperature,
can be attributed to the Pdalloy state. Indeed, its development with temperature
correlates with the shi of the Au 4f7/2 peak to lower binding energy (Fig. 4). The
lower binding energies for Pd 3d5/2 and Au 4f7/2 signals, which have been observed
in a number of papers,7,17,30 are the sign of the charge transfer from palladium to
gold in the Pd–Au particles and redistribution of the Pd s-, p- and d-electrons.
Metallic palladium state (BE ¼ 335.6 eV), which is seen in the spectra within
the whole temperature range, but with a higher intensity at T $ 200 �C, can be
presented not only as part of the bimetallic particles, but also as monometallic Pd
particles not alloying with gold during the sample preparation. In both cases, the
increase in intensity of this component with temperature (Fig. 5) allows us to
suggest that part of the metallic palladium is located at the surface and trans-
forms to Pd–CO state at low temperatures. It should also be noted that the
intensity of the Pd 3d5/2 signal at �336.0 eV revealed aer sample heating up to
200 �C cannot be assigned to the Pd–CO state and most probably is due to
oxidized Pd–O species.35 Unfortunately, C 1s and O 1s spectra cannot be applied to
prove this assignment due to overlapping of the C 1s signals from COads and
HOPG, as well as O 1s signal from Pd–O with Pd 4d region. Furthermore, oxygen
adsorbed on the HOPG surface will contribute to the total O 1s spectrum.20,38 Pd
3d5/2 signal with higher binding energies, as well as a similar one in the Au 4f7/2
spectrum (�85 eV), which were previously attributed to Pd and Au atoms deco-
rating the HOPG surface defects,25,37 do not change under the reaction conditions
and will not be taken into account further.

Additional arguments in favor of this picture of Pd states follow from the Pd
3d5/2 spectra of monometallic Pd/HOPG samples presented in Fig. 6. The pure Pd/
HOPG sample was prepared by UHV Pd deposition on the sputtered HOPG
Fig. 6 Pd 3d5/2 spectra (left) and fraction of different Pd states (right) depending on the
temperature taken for pure Pd/HOPG sample under the reaction mixture (spectra
measured at 300 eV kinetic energy).

This journal is © The Royal Society of Chemistry 2018 Faraday Discuss., 2018, 208, 255–268 | 263
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surface followed by heating to 300 �C (see Experimental). The mean particle size
was 3.9 nm.

At room temperature the Pd/HOPG sample is characterized exclusively by a Pd–
CO state (BE ¼ 335.9 eV) which transforms to Pd metal (BE ¼ 335.3 eV) at heating
above 150 �C (Fig. 6). The absence of Pd 3d5/2 signals with lower binding energies
is in line with the impossibility to produce Pd–Au alloy due to the absence of gold
in this sample. Additional Pd 3d5/2 signal at 336.5 eV can be attributed to oxidized
Pd–O species, with the difference in BE values for this species in pure Pd/HOPG
and bimetallic Pd–Au/HOPG samples being explained by possible formation of
bulk oxides in the former sample, but only surface oxide in the latter case due to
dilution of palladium with gold.

To get information about the depth distribution of different Pd states, their
contributions in total Pd 3d5/2 signals measured in situ at various temperatures
were plotted as a dependence on the kinetic energies of the escaped photoelec-
trons (Fig. 7). Variation of kinetic energies from 300 to 600 eV increases the
analysis depth in metal particles from about 6 and 9 Å (see Experimental).

At room temperature the Pd–CO contribution decreases, with a depth of
analysis clearly demonstrating surface location of this species. In the active state
(temperature above 200 �C) the fraction of the Pd–CO signal drops signicantly
indicating desorption of CO from the Pd–Au particle surface. As a consequence,
this signal exhibits the lowest surface contribution (kinetic energy of 300 eV)
compared with other palladium states. Furthermore, this signal increases slightly
its contribution with the depth of analysis conrming that other species, but not
Pd–CO, are responsible for this Pd 3d5/2 signal at these conditions. According to
binding energy position, the most probable candidate is oxidized Pd–O species28

located in subsurface layers of bimetallic Pd–Au or pure Pd particles.
In accordance with the surface location of Pd–CO species, the contribution of

two other Pd species (Pd–Au alloy and Pd metal), which are quite small under
reaction mixture in freshly prepared samples at RT, grows as analysis depth rises,
suggesting their higher concentrations in the subsurface layers of Pd–Au parti-
cles. Desorption of CO at temperatures above 200 �C increases mostly the
Fig. 7 Dependences of fractions of different Pd states (Pd(I)) on depth of analysis calcu-
lated for various temperatures.
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contribution of alloy (about ten times) indicating incorporation of Pd atoms,
which were connected earlier with CO molecules, leading to an alloy structure. As
a consequence, the concentration of Pdalloy is higher on the surface of metallic
particles than in deeper layers. The contribution of metallic palladium does not
depend on the kinetic energy of photoelectrons indicating homogeneous distri-
bution of this species on the depth of metallic particles. Cooling back to room
temperature returns in principle the depth of analysis dependencies to the initial
state showing the reversibility of the temperature-induced changes in surface
compositions of bimetallic Pd–Au particles. Again, the particle surface is covered
by Pd atoms bonded with adsorbed CO (Pd–CO species), whereas the contribution
of Pdalloy species becomes smaller, increasing in the particle bulk. It should be
noted that aer back cooling down to RT in the CO + O2 reaction mixture, the
contribution of alloy becomes higher than that of Pd metal if compared with the
initial sample. This fact conrms a signicant redistribution of palladium and
gold not only in the surface, but also in the bulk of bimetallic particles.

The results obtained in the current work demonstrate that the Pd–Au/HOPG
model catalysts are active in the CO oxidation reaction at temperatures above
150 �C. The reaction mixture in the temperature range from RT to 150 �C causes
palladium segregation on the surface of bimetallic Pd–Au particles due to CO
adsorption on Pd atoms. The relatively high strength of the Pd–COads bondmakes
the catalyst inactive in this temperature range. Several experimental and theo-
retical studies conrm the surface segregation of a more reactive alloy component
– Pd in the PdAu alloyed catalysts induced by a stronger chemical bond with the
adsorbate.8,19,34,36,39 In the active state (above 150 �C) decomposition of this state
due to CO desorption occurs simultaneously with PdAu alloy formation on the
surface. Thus, namely the alloyed surface is responsible for the CO oxidation
reaction over Pd–Au bimetallic catalysts. The reversible redistribution of the
surface composition observed aer cooling down to RT moves the catalysts back
to the inactive state and indicates that the active site formation occurs only under
reaction conditions.

The conclusion that the alloy structure provides the catalytic activity in CO
oxidation is in line with the Goodman’s mechanism8,40, which suggests that gold
atoms are responsible for the CO adsorption and contiguous Pd sites – for the O2

dissociation with a further spillover of Oads to Au and/or to Pd isolated sites with
further CO oxidation. However, according to this mechanism, CO oxidation
should occur at relatively low temperatures when weak interaction between CO
and Au can provide a reasonable amount of adsorbed CO molecules. But signif-
icant segregation of Pd atoms due to formation of Pd–CO bonds can destroy the
alloy structure and block the metal surface completely deactivating the catalysts.
We think that such a situation was realized for the samples studied here; the
initial Au/Pd ratios at the surface under reaction mixture were quite high – 0.69
and 0.28 for the PdAuhigh and PdAulow, respectively. In this case, the mechanism
of the CO oxidation reaction could be closer to that occurring onmonometallic Pd
samples due to a deciency of Au atoms on the upper surface layer. In full
agreement with this consideration, the activity in CO oxidation in the low
temperature region was absent for both of the PdAu/HOPG catalysts, the activity
being observed only at temperatures above 150 �C. The use of bimetallic model
PdAu/HOPG samples with a higher Au/Pd ratio would probably lead to increasing
activity within a temperature region <150 �C.
This journal is © The Royal Society of Chemistry 2018 Faraday Discuss., 2018, 208, 255–268 | 265
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This point of view can be supported by literature data. Venezia et al. studied
the Pd–Au/SiO2 catalysts in the CO oxidation reaction using a plug–ow reac-
tion.16 They showed that the palladium-rich catalysts (10Au90Pd and 25Au75Pd)
behave quite similarly in comparison with monometallic Pd catalysts. Addition-
ally, a signicant reduction of activity in CO oxidation reaction with increasing
the Au fraction (50Au50Pd and 90Au10Pd) has been shown even in the low
temperature range (�400 K). Probably, for the samples with low concentration of
Pd, it is impossible to form contiguous Pd sites on the surface, where the Oads

forms, and, consequently, no CO oxidation occurs. For example, Qian and co-
authors studied the CO oxidation reaction on similar Pd–Au/SiO2 (ref. 17) cata-
lysts and showed that for the Au–Pd alloyed particles with a high Au/Pd ratio,
isolated Pd atoms dominate on the surface, while for the particles with a low Au/
Pd ratio, the surface is dominated by contiguous Pd sites. They also suggested
that the contiguous Pd sites are responsible for the catalyzing CO oxidation. Using
a combination of analytic-potential and rst-principles DFT calculations Cheng
et al.41 predicted that the Au43Pd12 clusters should have higher activity in the CO
oxidation reaction, while the clusters with a higher or lower Au concentration
should be less active. The non-monotonous dependencies between catalytic
activity in CO oxidation and bimetallic Pd–Au alloy composition were suggested.
In another work19 Delannoy et al. used DRIFTS and ETEM to demonstrate the Pd
segregation under a CO + O2 mixture on bimetallic AuPd/TiO2 catalysts. In this
case Pd segregation correlated with a loss of activity in the CO oxidation reaction,
which was explained by possible replacement of Au in low-coordinated sites by Pd
atoms. Thus it looks like the optimal Au/Pd ratio, enabling the formation of
contiguous Pd sites simultaneously with the Au atoms able to adsorp CO in the
low temperature range, is necessary in order to achieve the highest catalytic
activity of bimetallic Pd–Au/HOPG model catalyst in CO oxidation reaction.

Thus, the catalytic performance of the PdAu bimetallic catalysts in the CO
oxidation reaction could strongly correlate with the initial Au/Pd ratio as well as
with experimental conditions. Obviously, some more systematic studies using in
situ techniques are necessary in order to shed light upon the nature of the active
sites in bimetallic PdAu alloyed systems.

Conclusions

NAP XPS study of alloyed Pd–Au/HOPG catalysts for CO oxidation allows identi-
cation of several surface species, the concentrations of which change under the
inuence of reaction mixture depending on sample temperature. At low
temperatures (T# 150 �C) the reaction mixture destroys the alloy structure due to
surface segregation of palladium leaving gold alone in subsurface layers. The
driving force of the Pd segregation is the strong adsorption of CO and the
formation of Pd–CO bonds. The formation of Pd–CO surface species deactivates
the alloyed particles against CO oxidation – no CO2 formation is observed in this
temperature range. Heating the sample above 150 �C results in desorption of CO
molecules. Pd atoms move back into the alloy structure, and the sample becomes
active in CO oxidation. Some of the Pd atoms are not incorporated into the alloy
structure and exist as Pd metal, probably due to the excess of Pd in the Pd–Au
samples used. Pd 3d5/2 signal with binding energy close to that of Pd–CO
remaining in high temperature range (200–250 �C) probably belongs to oxidic Pd–
266 | Faraday Discuss., 2018, 208, 255–268 This journal is © The Royal Society of Chemistry 2018
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O species located in subsurface layers of bimetallic particles. The same species is
also observed for the monometallic Pd/HOPG sample applied for the reference
experiment. Cooling back down to room temperature causes the loss of catalytic
activity and transformation of bimetallic particles, which again consist of almost
pure gold layers covered with Pd–CO species. This result unambiguously
demonstrates the importance of the application of such in situ techniques as NAP
XPS to understand the nature of catalytically active sites.
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