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ARTICLE INFO ABSTRACT

Keywords: The interaction of Au and Pd in bimetallic systems is important in a number of areas of technology, especially
Model catalysts catalysis. In order to investigate the segregation behaviour in such systems, the interaction of Pd and Au was
Nanoparticles investigated by surface science methods. In two separate sets of experiments, Au was deposited onto a Pd(111)
Core-shell single crystal, and Pd and Au were sequentially deposited onto TiO,(110), all in ultra-high vacuum using metal
%uc;fg ;lg;) Vs vapour deposition. Heating Au on Pd/TiO»(110) to 773 K resulted in the loss of the Au signal in the LEIS, whilst
Pd(111) still remaining present in the XPS, due to segregation of Pd to the surface and the formation of a Au-Pd core-

shell structure. It is likely that this is due to alloying of Au with the Pd and surface dominance of that alloy by Pd.
The Au:Pd XPS peak area ratio is found to substantially decrease on annealing Au/Pd(111) above 773 K,
corresponding with a large increase in the CO sticking probability to that for clean Pd(111). This further
indicates that Au diffuses into the bulk of Pd on annealing to temperatures above 773 K. It therefore appears

that Au prefers to be in the bulk in these systems, reflecting the exothermicity of alloy formation.

1. Introduction

Alloyed/bi-metallic catalysts have applications in a wide range of
processes, due to their increased activity, stability and selectivity
compared to their component metals [1]. The activity of a bimetallic
catalyst depends on several factors, including the distribution of
electron density over the particle, the positions of the component
species on the catalyst and changes in geometry caused by the
interactions of the two metals [2].

Au-Pd catalysts are used in a number of applications. There has
recently been a large amount of interest in their use in the synthesis of
hydrogen peroxide from H, and O, [3]. Hutchings investigated the
synthesis of hydrogen peroxide by the oxidation of hydrogen [4].
Supported Au was found to be very selective when anchored to the right
support; however, adding Pd leads to a huge improvement in catalytic
activity. Au-Pd bimetallic catalysts are also used for the industrial
production of vinyl acetate monomer via the acetoxylation of ethylene
[5-7]. The addition of Au to Pd significantly enhances its selectivity,
activity and stability [8]. The details of this promotional effect are not
completely understood, but it is thought that the role of the gold is to
isolate single Pd sites that facilitate the coupling of the necessary
surface species to give the desired reaction, whilst inhibiting the
formation of undesirable by-products (CO, CO, and surface carbon)
[9]. Further work has been carried out by Tysoe et al. on the role of Au

in this reaction [10], finding that the rate-determining step of the
reaction is dependent on the coverage of Au on a Pd(111) surface.
Reaction-kinetics measurements showed this increase in reaction rate
on the alloy compared to clean Pd(111) was due to an increase in the
overall heat of reaction, which lead to the destabilisation of the
reactants whilst at the same time stabilising the desired products
[11]. Au-Pd alloys have also been shown to have good activity for the
hydrodesulphurisation of thiophene [12]. This was thought to be due to
the formation of Au,Pd, clusters which inhibited the formation of
palladium sulphide.

Bimetallic catalysts have been found to restructure under reaction
conditions [13]. XPS studies by Hutchings et al. found that AuPd
bimetallic catalysts supported on a range of oxides were rich in Pd at
the surface after H>O, reactivity testing [4]. This was also observed by
Catlow et al., who used XAFS/DRIFTS to observed a Pd shell and a Au-
rich core following CO-oxidation [14]. Goodman et al. carried out a
series of studies of CO oxidation on Au/Pd(100) single crystal model
catalysts, finding that higher pressures of CO induced greater segrega-
tion of Pd to the surface [15—-17] due to the stronger binding energy of
CO to Pd than to Au. This was also shown by a DFT study by Guesmi
and Zhu, finding that Pd will enrich the surface of an Au-Pd
nanocluster in the presence of CO [18,19]. Conversely, Au has been
found to enrich the surface under ideal UHV conditions as segregation
of Au to the surface of a Pd-Au bimetallic particle has been found to be
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thermodynamically favourable [20].

In this paper, we have investigated the interactions between Au and
Pd under ultra-high vacuum conditions using x-ray photoelectron
spectroscopy (XPS), low energy ion scattering (LEIS) spectroscopy
and molecular beam studies. The top layer sensitivity of LEIS
combined with the information regarding the chemical state of the
surface that XPS provides allows us to follow the formation of the
reported core-shell structures.

2. Experimental

The Pd(111) single crystal work was carried out in a home-built
UHV stainless-steel chamber capable of performing XPS and molecular
beam experiments. The system comprises of a main stainless-steel
chamber separated from a side chamber by a gate valve. The pressure
in the chamber is kept constant in the order of 107'° mbar by a
combination of a turbomolecular pump, rotary pump and a titanium
sublimation pump. The sticking measurements were determined using
a mass spectrometer to determine the difference in mass 28 signal
between a 100% reflected CO beam and that when the beam hits the
single crystal sample [21]. This signal is then followed as the surface
becomes saturated with CO at which point the signal returns to that for
a 100% reflected beam. Effectively the crystal acts as a pump for CO if
the sticking probability is significant. The molecular beam system and
methodology have been described in detail elsewhere [21].

The Pd(111) crystal was cleaned by flashing to 1200 K, sputtering
with Ar* at 700 K, flashing again to 1200 K and finally annealing in O,
whilst the sample cooled to 800 K. This temperature was maintained
until all O, had been pumped away, upon which a final flashing to
1200 K was carried out.

The palladium sample used was a Pd(111) single crystal. The
sample was mounted on and heated resistively by two tungsten wires
which passed through grooves in the edges of the crystals. The
temperature was measured using a chromel-alumel thermocouple
which was attached directly to the sample via a small hole drilled in
the side.

Carbon monoxide (Argo Ltd, 99.5%) was dosed on to the Pd(111)
sample for the molecular beam experiments.

The TiO»(110) experiments were performed in a UHV system built
by Omicron Vacuum Physik that has been described in detail elsewhere
[22]. Tt is capable of performing X-ray photoelectron spectroscopy
(XPS), low energy ion scattering (LEIS/ISS) and low energy electron
diffraction (LEED). The system comprises three separate chambers
pumped by a combination of four turbomolecular pumps, three
titanium sublimation pumps and two ion pumps, resulting in a base
pressure of < 1x107° mbar.

The TiO, sample was cleaned by Ar* bombardment at 1keV,
followed by annealing in UHV, typically at 773 K. Surface cleanliness
was monitored by XPS and LEIS, and gas purity was analysed using a
quadrupole mass spectrometer. XPS spectra were recorded at room
temperature (~300 K) using an Al Ka photon source, a detection angle
of 90° and an analyser pass energy of 50 eV unless stated otherwise. All
XPS data was analysed with CasaXPS [23] and binding energies were
calibrated to the O(1s) peak at 530.4 eV [24]. LEIS spectra were
recorded at room temperature using helium gas, a primary energy of
1000 eV and a scattering angle of 135°.

The titanium dioxide sample used was a TiO»(110) single crystal
(Pi-Kem Ltd). The sample was mounted on a standard Omicron
molybdenum plate via spot-welded Ta strips. A thermocouple was
attached to the sample plate holder for temperature measurement.

Palladium and gold were deposited at room temperature via metal
vapour deposition (MVD). The source of Pd was a Pd wire (0.125 mm,
Goodfellow, 99.95%) tightly wrapped around a W filament (0.25 mm,
Advent, 99.95%). The source of Au was a Au bead (from foil,
Goodfellow, 99.99%) formed on a W coil. These were resistively heated
by passing a current of 3 A through the coil in UHV.

61

Surface Science 656 (2017) 60—65

2.5 ‘

—@— Thick film
° ‘ —@— Thin film x 10
, 0 ® 8- i ~ i
} \
~ ! \
° 15 [ \ \ i
g \
° | \
[ y
s o °
X 1 AN \
E: e\
e L
0.5 - \ 1
i
0 | | | | |
400 500 600 700 800 900
Temperature/K

Fig. 1. Au4f/Pd3d XPS peak area ratio vs annealing temperature for thick and thin films
of Au on Pd(111).

3. Results
3.1. Au on Pd(111) single crystals

Two different amounts of Au were dosed onto the Pd(111) surface
(7.5+1.0 and 1.3 + 0.4 ML, taking 400 s and 50 s dosing time respec-
tively) and the sample was heated to increasing temperatures for 5 min
at a time. Molecular beam experiments were carried out at room
temperature.

Fig. 1 shows the effect of annealing on the Au/Pd XPS peak area
ratio for the thick film of Au/Pd(111) and for the thin film of Au/
Pd(111). The ratio for the thick Au film gradually decreases up to
548 K, and then decreases more significantly at higher temperatures.
This result is broadly similar to the thin Au film, with constant ratio at
low temperature followed by a massive decrease at high temperature.
The main difference, however, is that the transition temperature is
somewhat higher than for the higher coverage, occurring at ~ 600 K vs
550 K for the higher gold coverage.

CO sticking was also measured out on the thin film of Au on the
Pd(111) crystal, the results of which are shown in Fig. 2. Au was
deposited for 50 s at room temperature and the surface was then
annealed at increasing temperatures for 5 min at a time. After each
heating cycle, the sample was cooled to 393 K after which CO was
introduced to the surface in the beam. As the sample was heated to
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Fig. 2. Initial sticking probability of CO at 393 K after annealing a Au dosed (50 s) Pd
(111) surface at increasing temperatures for 300 s.
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Fig. 3. LEIS spectra showing the sequential deposition of Pd and Au on the TiO»(110)
surface and subsequent annealing at increasing incremental temperatures.

higher temperatures, the initial sticking probability of CO increased
significantly to that reported for Pd(111) [25,26]. However, clearly the
sticking probability was not zero, as it might be expected to be for Au,
and as it was for the thick film. Thus it appears that some Pd sites were
still available for the thin film, and saturation of the CO adsorption was
at 1/3 of that for the clean Pd surface.

3.2. Au and Pd on TiO»(110) single crystals

The TiO5(110) surface was cleaned via repeated sputtering and
annealing cycles, as described in the experimental section above. Pd
and Au were sequentially deposited on to the clean surface, which was
then annealed at increasing temperatures in increments, from 473 K to
873 K. The resulting LEIS data is shown in Fig. 3. On clean titania, the
O signal can be seen at ~410 eV and the Ti signal can be seen at
~740 eV. After deposition of Pd for 150 s, giving a film of ~1.3 nm
(~5 ML, based on a (111) type film as reported earlier [27]), the Ti
signal is almost completely absent from the spectra, whilst the oxygen
signal has substantially decreased. The Pd signal can be seen at
~880 eV. Au is then deposited for 80 s, giving a film of ~0.1 nm —
the resulting peak can be seen at ~930eV, and the Pd peak is
diminished. On annealing at 473 K for 10 min, the Au signal immedi-
ately decreases, whilst the Pd signal increases. At the same time, the Ti
signal has re-emerged. Fig. 4 shows that the Au:Pd LEIS ratio decreases
by a factor of ~3.7. On annealing to higher temperatures the Ti signal
continues to increase, whereas the Au signal decreases further, until it
completely disappears from the spectrum at 773 K. At temperatures
above 773 K, the Pd signal decreases further, the Ti and O signals
increase, and Au does not reappear in the spectra. Fig. 5 shows the XPS
area ratios — the Au4f:Pd3d ratios do not change drastically on
annealing, although they do tend to decrease.

The raw XPS data are shown in Fig. 6 and are described as follows;
the Ti2p XPS (Fig. 6a) shows a decrease in signal on deposition of the
metals and an increase in signal after annealing. The 2p3,, peak can be
seen at 459 eV and the Ti2p,/» peak is at 464 eV. The Pd3d and Au4f
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Fig. 5. XPS peak area ratios taken from Fig. 6.

spectra (Fig. 6b and c, respectively) show that the metal signals
decrease on annealing. In the Pd3d spectra, the peak at 335 eV is the
Pd3ds,,, and the peak at 340 eV is Pd3ds,,. The peak at 84 eV in the
Au4f spectra is the 4 {7, peak, and the peak at 88 eV is the 4 {5/, peak.
Note that the Au4f;,, peak should be 4/3 times bigger than the 4 {5/,
peak due to spin orbit splitting, however, the 4 f5/, peak is approxi-
mately the same size as the 4 f,, peak, due to the contribution of the
Pd1s peak which occurs at 88 eV. Fig. 7 shows the Cls spectra before
and after depositing Pd on to clean TiO»(110). A small carbon signal
can clearly be seen at ~285 eV after the Pd is deposited.

4. Discussion
4.1. Au on Pd(111) single crystals

The experiments on this system were made in order to understand
the behaviour of segregation in the unsupported pure metals system,
and to gain insight into the nature of the surface layers upon annealing.
Increased CO adsorption after annealing to higher temperatures shown
in Fig. 2 can be attributed to loss of surface Au to the bulk of the
sample. This agrees with the XPS data shown in Fig. 1, which shows a
decreasing Au/Pd XPS peak area ratio on annealing. The Au/Pd ratio in
Fig. 1 at 400 K is 0.21 which corresponds to a surface coverage of
around 2/3 of a monolayer of Au and a CO sticking probability of 0.3.
When the sample is annealed to 723 K, the Au/Pd ratio drops to 0.12,
which corresponds to a higher CO sticking probability of ~0.37. When
the Au/Pd ratio is at its lowest, on annealing to 823 K, the CO sticking
probability increases to ~0.51. This value is the same as that found in
the same system for the clean Pd(111) surface [26]. These results agree
with a LEIS study by Tysoe et al. on Au/Pd(111), which found that the
Au coverage on the outermost layer started to decrease on annealing to
600 K and then decreased substantially at 700 K [28]. Tysoe et al.
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Fig. 6. XPS raw data shown for a) Ti2p, b) Pd3d and c) Au4f, taken after depositing Pd and Au on to TiO»(110) and then annealing at increasing incremental temperatures.
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Fig. 7. Cls XPS raw data taken before and after depositing Pd on to clean TiO»(110).

found further evidence for this using CO TPD and RAIRS study on both
Au/Pd(111) [29] and Au/Pd(100) [30]. LEED results showed, however,
that the second-layer gold coverage was always lower than that in the
outermost layer [28]. Auger electron spectroscopy studies carried out
by Baddeley et al. on Au/Pd(111) describe similar results, finding that
annealing results in the formation of random surface AuPd alloys with
increasing Pd content at higher temperatures [31]. This differs some-
what from a LEIS and STM study by Goodman and coworkers, who
demonstrated the preferential segregation of Au on Au/Pd(100) after
sputtering and annealing, and showed that annealing Au3;Pd(100) in
UHYV resulted in a pure outermost layer of Au [32]. The difference
between Goodman's results and the results presented in this paper are
possibly due to the different quantities of Au deposited. In our
experiments, the equilibrium bulk Au concentration is close to zero,
which results in a low equilibrium surface concentration.

4.2. Au and Pd on TiO»(110) single crystals

The disappearance of the Au signal from the LEIS after annealing
suggests several possibilities; the Au may have evaporated from the
surface, or there may be no Au in the surface layers, or considerable

sintering has occurred to leave the vast majority of the surface clean.
However, the Au signal is still very much present in the XPS after
annealing (see Fig. 4¢), so it has obviously not left the surface or left a
large majority uncovered. This agrees with previous work that shows
that Au desorption has an onset temperature of ~1000 K on TiO»(110)
[33]. Taking this into account, it seems most likely that, upon heating,
the Au and Pd form bimetallic particles (as evidenced by the reappear-
ance of the Ti signal in the LEIS and the decline in the metal/Ti ratios
between 523 K and 673 K in Figs. 3, 4 and 5), with a Au-core and a Pd-
shell. This is surprising as, under ideal conditions, Au/Pd clusters are
expected to form Au-shell Pd-core structures [20,34—37] as segregation
of Au to the surface of a Pd-Au bimetallic particle has been found to be
thermodynamically favourable [20]. The surface free energy for Au is
1.63 J m~2, whereas the corresponding value for Pd is 2.04 J m~2[38],
which should favour enrichment of the surface with Au. Pd-core Au-
shell particles were found to be the most stable when analysed using
classic molecular dynamics simulation [34], and, according to these
calculations, can even be formed when annealing other structures, e.g.
Au-core Pd-shell particles. However, Au-core Pd-shell structures have
been observed when kinetics dominate over thermodynamic factors
[39-41] or when the Pd has been oxidised [42]. Davies et al. observed
the formation of Au-core Pd-shell nanoparticles on y-Fe,O3 [2]. They
found that the Au signal disappeared from the LEIS after annealing to
573 K, and observed particles with STM. The formation of these
particles was attributed to the oxidation of the Pd, however they could
not be conclusive about this due to the lack of XPS or similar surface-
sensitive technique. This is unlikely to be a factor in our case, however,
as the Pd 3d XPS shows no signs of oxidation — PdO appears at 336—
336.4 eV whereas the Pd metal signal appears at 335.1eV [43].
However, the LEIS spectra do show an oxygen signal even when the
Ti signal is lost as it is covered by the Pd (Fig. 3). Furthermore, there is
a carbon signal present in the C1s XPS on deposition of the Pd (Fig. 7).
It is possible that the Pd has adsorbed CO from the chamber; CO has a
very high sticking probability on Pd [44,45], as described above, which
will affect the surface free energy of the Pd once it is adsorbed. Guesmi
and Zhu carried out a combined DFT and DRIFTS study, finding that
Pd will enrich the surface of an Au-Pd nanocluster in the presence of
CO [18]. The question of why C is not observed in the LEIS whereas Pd
is observed is answered by Shen et al., who adsorbed CO onto
CusPt(111) and found only O, Cu and Pt peaks in the LEIS [46],
indicating that the orientation of the CO molecule was with the O facing
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away from the surface. Presumably this is also the case here with Pd/
TiO»(110) — the CO binds via the C (hence C is not seen in the LEIS)
and there is not full coverage of CO on the Pd (therefore Pd is still seen
in LEIS spectra). However, it's likely that the presence of CO has a
negligible effect in our case, as our experiments were carried out under
UHV conditions (typically < 1x10~° mbar). Goodman et al. examined
the effect of CO on AuPd(100) alloys at low pressures of CO and found
that a pressure of 107> mbar was required to achieve a notable, but still
small effect [16]. A pressure of 1077 CO was also investigated, with no
notable surface segregation of the Pd.

It's interesting to note that Davies et al. [2] saw the Au signal
disappear from the LEIS at 573 K, whereas the Au signal in Fig. 3 does
not disappear until 773 K. This may be due to the amounts of Pd and
Au deposited onto each surface. Davies evaporated only 10 s of Pd and
Au onto the Fe,03 surface forming only small nanoparticles between 5
and 10 nm in size, whereas we have evaporated a thin film onto the
TiO, surface. A study by Freund found the opposite occurrence — after
co-depositing Pd and Au onto various well-ordered oxide films [e.g.
MgO(100), CeO,(111), Fe304(111)] and annealing to 600 K with
alternating O, and CO treatments, Au was found to segregate to the
surface. Au surface enrichment on annealing has also been described
by several other authors — Goodman et al. used LEIS, XPS and carbon
monoxide TPD to show that annealing a Pd-Au mixture on Mo(110) at
800 K leads to a surface alloy that is 80% Au. The formation of
unexpected core-shell structures has also been found with other
elements - a combined XPS and LEIS study of Pt & Au on
TiO»(110) was carried out by Chen et al. [33]. LEIS showed that
deposition of Au on Pt did not result in core-shell structures with Au on
top, as predicted for the bulk phase. Instead, the clusters were 10—-30%
richer in Pt at the surface compared to the overall composition.

It is notable that, on annealing to 473 K and 523 K, the Pd signal in
the LEIS is larger than when it was first deposited. This is presumably
due to a combination of desorption of background gases, especially CO,
and the inward diffusion of Au. Ovari et al. observed a similar increase
in Au LEIS signal on deposition of Rh on Au-TiO,(110) at room
temperature, suggesting that the enhancement of the Au LEIS peak was
because the Rh atoms moved to subsurface sites [47]. The enhanced
volume of the bimetallic clusters with the Au atoms outside led to the
increase in LEIS intensity.

At 723 K there is a dramatic drop in the Pd and Au LEIS signals,
whilst the Pd 3d and Au 4f XPS peaks are still large. At the same time,
the Ti 2p peaks have not recovered their initial intensities at this
temperature. This suggests that some encapsulation of the particles
may have taken place, known as the SMSI (strong metal-support
interaction) effect. However, the onset of encapsulation by TiOx (where
x ~ 1 [47]) is typically accompanied by the emergence of a shoulder
peak in the Ti 2p spectrum at 455.5 eV, characteristic of Ti** [22],
whereas we do not see the appearance of any Ti** or Ti®" in the XPS
(Fig. 6a). However, this is probably because the amount of TiOy in this
layer is very small compared with that from the support crystal,
masking that signal. Indeed, in our earlier work [47], it was only at
grazing exit that we could clearly identify the Ti** state.

There has been a large amount of work looking at the SMSI effect
on Pd and Au separately, finding that Pd is easily encapsulated by
titania on annealing whereas Au is not [22]. This encapsulation layer
has been found to be a TiO or TiO; 4 overlayer [27,48] and has also
been observed on other systems, including Pt/TiO, [49-52] and Rh/
TiO5 [53]. Although, to the best of our knowledge, there are no studies
examining the SMSI effect on Au-Pd systems, there is some work
examining the Au-Pt and Au-Rh systems on TiO5(110). In particular,
Ovari et al. have looked extensively at Au-Rh thin films and nanopar-
ticles on TiO5(110) [47,54-56], finding that, whilst monometallic Rh
clusters on TiO,(110) are encapsulated at ~750 K by the oxide,
encapsulation is negligible for the bimetallic Rh-Au particles almost
completely covered by Au [47]. This group also looked at the deposition
of Au on Rh nanoparticles that had undergone SMSI and were
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encapsulated by a thin film of TiOx. On annealing to 900 K, this
TiOx layer had been replaced by a Au ultrathin layer [56]. Similar
results have been found with Au-Pt/TiO»(110). Grazing angle XPS by
Park et al. showed that annealing Au-Pt clusters on TiO, (110) to
temperatures greater than 600 K induced encapsulation of the clusters,
but the presence of Au at the cluster surface decreased the extent of
encapsulation compared to pure Pt clusters [33]. This was further
shown with LEIS, where they were able to observe uncovered Pt sites
up to 1000 K [33]. This agreed with experiments later carried out by
Tenney et al., finding that annealing Pt clusters on titania causes the
reduction of the support as the clusters become encapsulated by TiOx,
whilst reduction of the titania does not occur when Pt clusters are
covered by Au [57,58]. This is somewhat contrary to what we see in the
LEIS (Fig. 3) on annealing to 773 K, where the Au has disappeared
from the spectra whilst the Pd still remains visible. It is possible the
formation of a Pd-Ti alloy is a driver for enabling the SMSI effect to
occur, as has been reported for TiOx films grown on Pt surfaces [59]
and on Pd(111) and (100) surfaces [60].

The Au4f:Pd3d XPS ratios shown in Fig. 5 do not change drastically
on annealing, suggesting that the Pd shell around the Au cannot be
thicker than a few nanometres — if it was thicker, the Au signal would
decrease relative to the Pd signal on annealing to higher temperatures,
as the XPS would be unable to penetrate the Pd layer. This suggests
that the AuPd has formed a structure with a Pd shell and an alloyed
Au/Pd core. Wells et al. propose a similar structure based on EXAFS
results — they propose a gold rich core and a AuPd alloy layer, with a
skin of Pd at the surface following CO oxidation conditions [14]. We
note that Wilson et al. made Pd@Au nanoparticles (~15nm in
diameter) supported on SiO» [61]. They found that Pd remains at the
surface after heating to 100 °C, and even after reduction at 300 °C, that
the surface was still dominated by Pd-CO bands in IR, though some
alloying had occurred. In this case the total Pd:Au ratio was low, at a
maximum of ~0.3.

5. Conclusions

Using a combination of XPS and LEIS we have fabricated Pd-Au
bimetallic structures on TiO2(110) under ultra-high vacuum. Au was
deposited onto Pd on TiO,(110) but, after annealing to 773 K, Pd
segregated to the surface to form an Pd-shell Au-core structure, the
core being an alloy with Pd. At the same time, the encapsulation of the
Pd-Au particles by TiOx was observed. The diffusion of Au into the bulk
of Pd has also been observed on a Pd(111) single crystal by an increase
in CO sticking probability to the clean Pd(111) surface value after
annealing to 800 K, and by a decrease in Au/Pd XPS peak area ratio on
annealing to temperatures above 700 K.

Further information

Information concerning the data supporting the research results
presented here, including how to assess that data, can be found in the
Cardiff University data catalogue at http://dx.doi.org/10.17035/d.
2016.0009299603.
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