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Abstract:

Bimetallic catalysts are often more active and/or selective than their monometallic counterparts.
The behaviour of such catalysts is frequently strongly dependent on the molar ratio of the two
elements as well as nanoparticle size and the interaction with the support material. X-ray
photoelectron spectroscopy (XPS) is an excellent surface analytical technique for probing the
electronic properties of catalytic systems. When a mixture of pure and alloyed particles is present,
it is more difficult to extract information from XPS given that it is a spatial averaging technique.
Recently, the technique of medium energy ion scattering (MEIS) has been exploited to investigate
the depth-dependent composition of nanoparticles on planar surfaces. Herein, we combine the two
techniques to investigate the nature of Cu and Au nanoparticles deposited onto ultrathin CeO;
films on Si(111) examining their morphology and chemical composition as a function of annealing
temperature for samples that have been maintained in an ultrahigh vacuum environment and
exposed to air. The Cu/Au/Ce0Q,/Si(111) is chosen as a model system in order to provide insight
into how the catalytic properties of Cu/Au/CeO; depend on the presence of discrete Cu and Au

particles versus fully intermixed Cu/Au systems.
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Introduction

There are many applications exploiting metallic nanoparticles on high surface area oxide supports
including heterogeneous catalysts, photocatalysts and electrocatalysts.[1] Ceria (CeO,) has a
number of advantages as an oxide support including its ability to enhance metal dispersion;
displaying a greater resistance to thermal sintering than other oxide supports and due to its ability
to operate as an oxygen reservoir, thereby influencing surface chemical processes occurring on
ceria-based materials.[2-4] Unlike supports such as SiO,, when a metal atom interacts with CeO,
charge transfer processes can occur resulting in the formation of Ce®* surface species.[5, 6]
Bimetallic particles often outperform their monometallic counterparts in terms of activity and/or
selectivity. For example, adding a second element can overcome the intrinsically low activity of
gold. Conversely, the addition of a relatively inert element such as gold to a more reactive metal
can allow the establishment of control over selectivity towards a particular catalytic route.[7] Cu/Au
systems have been used for a number of applications in catalysis and electroreduction.
Experimental [8] and theoretical [9, 10] studies have shown that the ordering and composition of
Cu/Au nanoparticles is strongly dependent on temperature and surrounding environment. Cu/Au
nanoparticles supported on CeO; have been used in the hydrogenation of cinnamaldehyde,[11]
CO oxidation,[12-14] the oxygen-enhanced water gas shift reaction,[15] the photocatalytic
oxidation of benzyl alcohol[16] and in the steam reforming of methanol.[17] Our interest in
Cu/Au/CeO, stems from the development of catalysts for the “hydrogen-free” selective
hydrogenation of furfural by Keane and co-workers.[18] In this catalytic system, hydrogen
produced by the dehydrogenation of 2-butanol is fully utilised in the selective conversion of furfural
to furfuryl alcohol. In this application, it is believed to be desirable to maintain separate Cu and Au
particles on the oxide surface. However, Cu and Au have a very strong tendency to intermix
forming solid solutions over the whole compositional range,[19, 20] so a motivation for the current
work is to investigate the thermal behaviour of Cu/Au/CeO; model catalysts prepared by deposition
of Cu and Au nanoparticles onto planar ceria surfaces.

The surface composition of bimetallic systems is commonly different to the bulk composition and
depends on a number of parameters such as the relative surface energies of the two elements;
atomic size; temperature and the environment to which the sample is exposed. In the phase
diagram of bulk Cu/Au mixtures, only a few ordered phases are known, notably for specific Cu:Au
ratios.[21, 22] For most bulk compositions, a gold-rich surface layer is favoured.[23] Nevertheless,
both intermixed [24-29] and ordered surface terminations [25, 26] can be prepared when subjecting
Cu/Au(111) systems to specific thermal treatments.

The technique of medium energy ion scattering (MEIS) possesses near monolayer depth
resolution and has been established as a technique for the characterisation of the depth dependent

composition of bimetallic layers on single crystal surfaces under the influence of adsorbates. [30,



31] A number of groups have aimed to refine the technique to investigate the depth dependent
composition of nanoparticles on flat oxide surfaces.[32-35]

In this article MEIS, atomic force microscopy (AFM) and X-ray photoelectron spectroscopy (XPS)
are used to characterise the temperature dependence of the composition profile of Cu/Au particles

on CeO:; thin films grown on Si(111).

Experimental Section
X-ray photoelectron spectroscopy (XPS)

XPS measurements were collected in an ultrahigh vacuum (UHV) chamber housing a Scienta
ESCA-300 spectrometer equipped with a monochromatic Al Ka (1486.6 eV) rotating anode and an
unmonochromated Al Ka anode. The detection system consisted of a large hemispherical analyser
coupled to a multichannel plate/video camera. The instrument was calibrated daily to the Au 4f and
Ag 3d photoelectron lines. The binding energy scale is referenced to the signals of Si 0/IV of
Si/SiO, at 99.8 eV and 103.3 eV respectively. Peak fitting was carried out using CasaXPS software
version 2.3.17.

Medium Energy lon Scattering

MEIS analysis was carried out at the MEIS facility at the University of Huddersfield, UK using a
beam of nominally 100 keV He* ions entering a UHV scattering chamber that houses a 3-axis
target goniometer and a rotatable electrostatic energy analyser. As a sectional toroidal type, the
analyser enables the simultaneous collection of a range of energies (1.5% of pass energy) and
angles (27°) of backscattered ions through the use of a 2D detector located behind a set of
channel plate multipliers that records both energy and angle of scattered ions. The overall 2D
energy and angle spectrum is composed of individual tiles (one for each pass energy) that are
linked together by software. The Si(111) sample was aligned such that the [101] direction was
coincident with the ion beam incident at 35.3° off normal which leads to channelling within the Si
lattice, while the centre of the analyser was aligned with the [121] direction resulting in a central
backscattering angle of 125.3°. Thus, the plane of scattering contains the [121] surface direction.
Energy spectra were extracted from the 2D spectrum for the three scattering angles of 119.3°,
125.3° and 131.3°. Large scattering angles were chosen to ensure maximum energy separation
between the different scattered peaks in the spectra. MEIS energy spectra were analysed using

the PowerMEIS simulation code discussed below.



PowerMEIS

All MEIS spectra were analysed with the PowerMEIS-3 (PM3) software. [34, 36, 37]This software
uses a Monte Carlo algorithm that performs simulations of the interaction of ions (and also
electrons [37]) with matter including multiple scattering (MS) and reliable scattering cross-sections.
PM3 describes the sample by voxels organized in a matrix format, which may represent any
complex structure consisting of a number of compounds. Here we considered different type of
matrices describing discrete, alloy and core-shell spherical particles as well as thin films. In
addition, each matrix has a weight to allow for a statistical mixture of structures. For enhanced
computational efficiency PM3 uses a variation on the trajectory reversal approach to connect
incoming and outgoing ion trajectories. These trajectories are constructed by first simulating two
sets of trajectories: one set starting from the beam direction, and one set starting from the
analyser. The position, energy, and path travelled by the ions during these trajectories are stored.
The contribution of a specific incoming and outgoing trajectory combination from an atom A at
position X,y,z is proportional to the differential elastic scattering cross section of atom A at the
scattering angle between the incoming and (time-reversed) outgoing ion trajectory and the
concentration of atom A at x,y,z. Simply V-shaped trajectories (straight-line in and out) can be also
selected and provided the same results for the present study. The main physical inputs are the
scattering cross-section, calculated from the Moliere potential, the electronic stopping power, from
the SRIM 97 [38] and energy-loss straggling from the Chu model.[39] Since neutralized ions
cannot be measured by our MEIS analyser, we included the neutralization correction from the
Marion equation[40] in the simulations. PM3 assumes an amorphous target, i.e. the contribution

from different atoms are added incoherently. Further details can be found elsewhere. [32, 41]
Atomic Force Microscopy

AFM measurements were carried out using a Bruker MultiMode 8 AFM. To minimise surface
damage, all images were acquired via tapping mode using a Bruker RTESPA-300 probe (nominal

frequency 300 kHz, nominal spring constant 40 N m™).
Preparation of model catalysts

Ceria films of a thickness of approx. 2 nm were prepared on Si(111) by the following procedure
which is based on that of Zheng et al. who deposited thin ceria films on nickel.[42] Cerium nitrate
hexahydrate (0.43 g) was dissolved in 70 ml of ethanol with stirring, 30 ml of collodion solution
(cellulose nitrate 4-8% in ethanol/diethyl ether) was then added to control the viscosity. All
reagents were purchased from Sigma Aldrich and used without further treatments. This solution
was then diluted by a factor of ten while maintaining the ethanol:collodion ratio. Si(111) wafers
were cleaned by immersion in a basic piranha solution for 30 mins, followed by a thorough rinse
with deionised water. Finally, wafers were dried in flowing N2(g). The clean Si(111) wafers were

then dipped three times (for 100 s on each occasion) into the cerium containing solution and dried
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for 1 hour before being calcined in air up to a temperature of 775 K at a ramp rate of 5 K min'* and
held at 775 K for 20 minutes.

Copper and gold were deposited in UHV via metal vapour deposition via conventional filament
evaporation sources consisting of copper wire (5N purity, 0.1 mm diameter) or gold wire (5N, 0.2
mm) wound around a tantalum filament (5N, 0.25 mm). Sample heating was carried out in UHV
with the temperature of the heating stage on which the sample was mounted monitored by a K-
type thermocouple. Coverages in copper and gold are reported in monolayers (ML), where we

define 1 ML as 1 x 10*® atoms cm.

Results and Discussion:

Many previous studies of gold or copper nanoparticle growth have been carried out on well-defined
ceria surfaces, e.g. CeO2(111). In a MEIS experiment, when ions are backscattered from surface
atoms, the peak position in the energy spectrum is governed by conservation of energy and
momentum in the elastic collision. When ions are backscattered from subsurface atoms, the
incident ions are subject to additional inelastic energy losses dependent on the pathlength of the
ion within the sample. Consequently, a thick CeO: film would result in a broad Ce-related peak in
the MEIS spectrum, which would swamp the signal from copper nanoparticles dispersed on the
ceria surface. PowerMEIS analysis requires the fitting of the peak shapes which is facilitated by a
flat background. For this reason, thin ceria films were required grown on a substrate with a low

atomic mass, such as Si used in this work.

CeO: film on Si(111)

A representative AFM image of an ultrathin CeO: film grown on Si(111) is shown in Figures 1la.
Disc-shaped ceria particles are observed with an average diameter of ~23 nm (range 5-50 nm).
The line profile in Figure 1b shows that the variation in height across the particles is in the range of
1-3 nm. Figure 1c shows the Ce 3d region of the XP spectrum of an analogous CeO: film on
Si(111). The attenuation of the Si 2p signal as a result of ceria deposition allows an estimate of the
CeO:; film thickness. Assuming that the film is flat, the 58% attenuation of the Si 2p peak (see table
1) equates to a CeO:; film thickness of approximately 1.8 nm. Assuming that the film adopts the
fluorite structure of bulk CeO; (lattice parameter 0.541 nm) and that the surface terminates in {111}
planes (interlayer spacing 0.313 nm), this corresponds to an average thickness of between 5 and 6

layers.
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Figure 1. Characteristic AFM image of a) 255 nm x 255 nm of a CeO: film grown on Si(111); b) line profile
showing the height variation along line 1 in Figure 1b); c) XP spectrum of the Ce 3d region showing the fitting
of the peaks to Ce(lll) and Ce(lV) of a CeO:2 film grown on Si(111); Ce(IV) components are shown in blue,
Ce(lll) components are shown in orange; peaks are labelled according to the nhomenclature introduced by
Burroughs et al. [43]; d) MEIS spectrum showing the intensity of scattered ions as a function of ion energy at
a scattering angle of 125.3° of a CeOz film grown on Si(111) and in the inset the MEIS derived Ce depth
profile indicating an on average 2.5 nm Ce film thickness.

Table 1. Raw XPS areas (hormalised counts and %Ce(IV)) from the preparation of a ~1.6 ML Cu on ~1.0 ML
Au on a CeO2/Si(111) sample.

system Cu 2psp Ce 3d % Ce(IlV) | Si2p Au 4f
Si(111) - - - 13.6 -
Ce02/Si(111) - 101.1 91.2 5.7 -
Au/Ce02/Si(111) - 91.1 88.6 5.2 8.2
Cu/Au/Ce02/Si(111) 13.3 83.6 83.2 4.6 8.0




The Ce 3d region was fitted to quantify the relative amounts of Ce(IV) and Ce(lll) oxidation states
in the thin film. The as-deposited film was found to be almost exclusively constituted of Ce(IV),
consistent with the formation of near-stoichiometric CeO; films. More details of the fitting procedure
used for the Ce 3d region can be found in the Supplementary Information (SI1).

Figure 1d shows the MEIS spectrum from a ceria film on Si(111) prepared under analogous
conditions. The cerium peak at ~88 keV has a FWHM of ~1.3 keV and is well separated from the
peak caused by gold nanoparticles (expected at ~91 keV). The Ce MEIS peak was converted
directly into a depth profile based on well-known inelastic energy loss rates and the silicon random
level reference. Shown in the inset in Fig. 1d), it indicates a mean depth of the ceria film of 2.5 nm,
close to the value determined by AFM, and an average deposited cerium dose of 1.4x10% atoms

cm?.

Investigation of the effect of variable CeO, film thickness on MEIS spectra.

The distribution of CeO, grown on Si(111) was investigated by MEIS through the PM3 software.
Figure 2a shows the MEIS spectrum after the deposition of 2.4 ML Cu followed by 0.54 ML Au onto
a CeO: film on Si(111). This spectrum confirms that the cerium profile is sufficiently narrow that
both copper and gold signals each appear against a flat background, which is important for the
PM3 analysis of these signals presented later. Three models were used to represent the CeO:
arrangement as can be seen in Figure 2b). According to the MEIS spectrum shown in Figure 2a,
when the CeO: layer is simulated as a continuous thin film the experimental and simulated data
show poor agreement at the cerium tail (arrow in figure 2a) and at the silicon edge (~61 keV). The
cerium tail can be simulated better by adding a second layer of cerium diffusing into the silicon
surface, but the silicon edge continues not to match. To improve further the agreement between
experimental and simulated data, a ceria island model was used. In this case, eight steps were
created with thickness for the ceria islands ranging from 0 to 3 nm. The fraction of each step of this
model can be seen in Figure 2b). In each model the total atomic density (number of atoms per
cm?) was kept constant. This result is in agreement with the AFM images shown in Figure 1 (a-b).
The copper and gold nanoparticles on the ceria film do not significantly affect the Ce-related signal
since most of the ceria surface is not covered by them. A continuous thin film of metal would result
in a shift of the cerium peak to lower energy, such a shift was not observed in the MEIS spectra.
Therefore, the fit to the cerium signal was refined prior to a detailed fitting of the copper and gold
peaks. In addition, consistently the inclusion of copper and gold nanoparticles on the ceria films did

not significantly change its initial profile.
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Figure 2. a) MEIS experimental data and simulations for a sample prepared by dosing copper (2.4 ML)
followed by gold (0.54 ML) without thermal treatment for the three CeO: distribution models and for the
backscattering angle of 131.3°. b) Schematic diagrams showing the three models employed for simulating
the distributions of the CeO: layer morphology and thickness. In the first model a 1.5 nm thick CeO: film was
used. In the second model a Ce in-diffusion layer was added. In the third model, the CeO: film thickness was
allowed to vary between 0 and 3 nm, representing islands of CeO2. Each model has the same number of

atoms per cm?

The thermal behaviour of a typical CeO,/Si(111) layer was investigated by XPS. From the analysis
of the Ce 3d core level, the Ce(IV):Ce(lll) was evaluated as ca. 90%:10% upon preparation. A
change of the cerium oxidation state is seen with annealing, reaching a Ce(lV):Ce(lll) of ca.
22%:78% after annealing to 500 K. The envelope of the O 1s peak, which contains also the signals
of oxygen related to SiO, and the Ce-O-Si interfacial oxygen, varies accordingly. Ce 3d and O 1s
core level spectra with annealing are reported in SI2.

Deposition of Au onto CeQO,/Si(111)

XPS

The metal vapour deposition of gold was carried out on a CeO,/Si(111) sample at 300 K resulting
in a gold coverage of ~1 ML. XP spectra of the Ce 3d and Au 4f regions are displayed in Figures
3a and 3b. For these XPS experiments, the non-monochromated Al ka source was used. The
fitting of the Ce 3d region shown in figure 3a reveals that gold deposition results in a small
decrease in Ce(IV):Ce(lll) composition from ~91% Ce(IV) to ~89% (Table 1). This is consistent
with a reduction of the ceria surface during the nucleation of gold particles. The reduction of CeO-
by the deposition of metallic nanoparticle has been reported previously for a range of metals.[6, 44,
45] The Au 4f7» peak is recorded at 84.6 eV, as reported in figure 3b, a value in good agreement
with that expected for metallic gold, 84.0 eV. [6, 46]
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Figure 3. XP spectra displaying a) the Ce 3d region and b) the Au 4f region of the CeO2/Si(111) surface, i)
prior to and ii) after the deposition of ~1 ML Au, at a deposition temperature of 300 K; spectra are offset for

clarity. In a) expected positions for Ce(IV)/Ce(lll) components are indicated by blue/orange dashed lines.

Deposition of Cu onto Au/CeQ,/Si(111)

XPS:

The metal vapour deposition of copper was carried out on the Au/CeO,/Si(111) sample at 300 K
resulting in a copper coverage of ~1.6 ML. XP spectra of the Cu 2ps, Ce 3d and Au 4f regions
before and after deposition of copper are displayed in Figures 4a-c. The Cu 2ps; is recorded at
933.5 eV, as shown in figure 4a; this value is in good agreement with those recorded for both
metallic copper and Cu(l) [47]; moreover, no sign of asymmetries or satellite features that could
suggest oxidation to Cu(ll) can be seen. The Ce 3d region is reported in figure 4b. Table 1 reveals
that the Ce 3d signal attenuates by ~9% after deposition of copper. In contrast, the Au 4f signal
attenuates by ~2.5%. This is consistent with some copper being deposited onto gold patrticles, but
the majority of the copper coalescing into pure nanoparticles on the ceria surface. The deposition
of copper causes a further decrease in the percentage of Ce(lV) from ca. 88.6% to ca. 83.2%. This
is consistent with the behaviour previously reported for the growth of copper on CeO, and supports
the conclusion that copper particles are formed in direct contact with the ceria surface. [48] A
small attenuation of the Au 4f peak indicates that some of the copper also condenses over the

preformed Au nanoparticles.
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Figure 4. XP spectra of a) the Cu 2passz region, b) the Ce 3d region and c) the Au 4f region, showing ~1 ML
Au/Ce02/Si(111) i) prior and ii) after deposition of ~1.6 ML Cu at 300 K. In b) expected positions for

Ce(IV)/Ce(lll) components are indicated by blue/orange dashed lines. Spectra are offset for clarity.

Annealing Cu/Au nanoparticle films on CeQ»/Si(111)

Figure 5 shows Cu 2ps;, Ce 3d and Au 4f core levels XP spectra following the annealing of the
layer described as above. Additional details, as well as O 1s, C 1s, Si 2p core level spectra, are
reported in SI3.1.

The Cu 2ps is recorded at 933.5 eV and remains essentially constant through the progressively
higher annealing temperatures (Figure 5a). The fitting of the Ce 3d region in Figure 5b shows that
the Ce(IV):Ce(lll) ratio decreases with increasing annealing temperature. Following the highest
thermal treatment, the Ce(IV):(lll) ratio was found to be ~1:3. Similar behaviour is observed when
annealing the CeO; thin film on Si(111) (See SI2). This is likely due to transfer of some oxygen
from the ceria layer into the silicon substrate and/or desorption of oxygen. [49, 50] The overall
intensity of the Ce 3d peaks increases with annealing temperature (Table 2 and Figure 5). Similar
behaviour has been observed when annealing a ceria thin film, which was ascribed to a decrease
in screening of subsurface cerium atoms when oxygen vacancies are created. [49] Contributions to
the increase in the cerium signal could also derive from sintering of the metallic nanoparticles with
increasing annealing temperature and from desorption of molecular adsorbates. The Au 4f7, peak,
Figure 5c, is recorded at 84.6 eV and remains essentially constant through the annealing
treatments. XPS (Table 2 and Figure 5) reveals that there is little change in the intensity of either
the Cu 2ps2 or Au 4f signals, which suggests that the particle size changes little with increasing

annealing temperature.
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Table 2. Raw XPS areas (normalised counts and %Ce(1V)) following the annealing of a ~1.6 ML Cu on ~1.0
ML Au on a CeO2/Si(111) sample.

conditions Cu 2psp Ce 3d % Ce(IlV) | Si2p Au 4f

As prep, RT 13.3 83.6 83.2 4.6 8.0

Anneal 325 K 12.9 90.3 84.7 4.6 8.1

Anneal 375 K 12.6 88.5 78.9 4.7 7.8

Anneal 425 K 12.5 102.2 52.3 4.5 8.0

Anneal 475 K 12.6 108.5 44.1 4.2 7.2

Anneal 510 K 13.4 110.3 39.3 3.4 8.7

Anneal 540 K 12.2 122.2 235 4.2 7.2
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Figure 5. Annealing temperature dependence of XP spectra of the a) Cu 2pas2, b) Ce 3d and c¢) Au 4f core
levels for a sample prepared by the deposition of first ~1 ML Au followed by ~1.6 ML onto a ~2 nm CeO:2 film
on Si(111) at 300 K; i) as prepared, ii) 325 K, iii) 375 K, iv) 425 K, v) 475 K, vi) 510 K and vii) 540 K. In b)

expected positions for Ce(IV)/Ce(lll) components are indicated by blue/orange dashed lines. Spectra are
offset for clarity.

Cu/Au/Ce0,/Si(111)

MEIS

The PM3 software allowed us to explore several nanoparticle structures such as discrete
nanoparticles (NPs), core@shell and alloy, with spherical and hemispherical geometries. In order

to evaluate the goodness of the fit for the MEIS spectra the reduced Chi-square analysis was
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applied.[51] The Chi-square is used as a figure-of-merit for the evaluation of goodness of fit for

MEIS spectra. In this work, we used the reduced Chi-square given by Equation 1:

2 1$N [IeXP — Isim + mi”(lexzrl)]z
X =;Zi:1{ o + 1 } Eqg. 1
where N is the total number of data points, I, and Ig,represent the experimental and simulated
spectra, respectively.[51] The min(/.,,,1) factor is used to take into account cases of low counts.
Equation 1 was applied to three ion backscattering angles (119.3°, 125.3° and 131.3°) with the
same energy range for the analysis presented in this work and the mean Chi-square result was
taken.

A sample was prepared by first depositing 0.14 ML Au followed by 0.6 ML Cu onto ~2 nm
CeO,/Si(111) at 300 K. MEIS data were acquired for the as-prepared sample and following
annealing the same sample to 350, 425 and 525 K. The Chi-square analysis (inset in Figure 6)
reveals that the best fit to the MEIS data (see S4.1) for the as-deposited sample was for discrete
NPs of Cu (radius 1.5 nm) and Au (radius 2 nm) adopting a hemispherical shape. Cu nanoparticles
were found to cover approximately 10% of the ceria surface, while Au particles covered
approximately 2% of the surface. The fit for a core-shell morphology was only marginally less
good. The possibility of a mixture of discrete particles and Au(core)@Cu(shell) particles is
consistent with our XPS data following a similar sample preparation. On annealing, the particle
morphology was found to be relatively stable up to ~425 K. After annealing to 525 K, the
PowerMEIS Chi-square analysis now shows approximately similar values for discrete Cu and Au
particles; particles with an alloy shell surrounding a Cu core and alloyed (Auo.2sCug7s) particles.
The MEIS data are consistent with a clear change occurring compared to the lower annealing
temperatures and it is likely that a mixture of particle morphologies and compositions is present
under these conditions caused by diffusion, agglomeration and intermixing processes at this

elevated temperature. MEIS spectra and PowerMEIS fits are reported in Sl4.1.
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Figure 6. Nanoparticle radii, morphology and % of surface covered by nanoparticles as a function of
annealing temperature for the samples prepared by the deposition of 0.14 ML Au followed by 0.6 ML Cu onto
a ~2 nm CeO: film on Si(111) as deposited (~300 K) and annealed to 350, 425 and 525 K. In the inset, Chi-

square analysis for the same samples obtained from the three ion backscattering angles (119.3°, 125.3° and
131.3°). Green, blue and grey bars indicate the use of a model with discrete NPs, core@shell and alloy,

respectively.

To summarise the XPS and MEIS findings, XPS shows that when vapour depositing gold onto a
Ce0y(111) film, a small charge transfer occurs on deposition, with cerium being slightly reduced
and gold slightly oxidised. On addition of copper, metallic particles are nucleated, but a further
reduction of ceria seems to occur. A slight decrease of the Au 4f intensity indicates that some
preformed gold particles are coated by a copper layer. On annealing, the Cu 2ps» and Au 4f peaks
stay approximately constant in both binding energy and intensity. Annealing causes an increase in
the reduction of CeO;, mimicking the behaviour observed upon annealing the CeO; films on
Si(111). This could indicate that the metal NPs are thermally stable from the XPS point of view and
there is minimal interaction with the substrate, with reduction of ceria being ascribed primarily to
loss of oxygen. The MEIS analysis is consistent with the XPS results indicating isolated gold
nanoparticles are formed on ceria, with subsequent growth of both isolated copper particles and
copper particles on pre-formed gold particles upon deposition of copper onto Au/CeO,/Si(111).
This morphology remains stable on annealing to 425 K, though increases in particle size and alloy

formation are observed following annealing to 525 K.

Influence of annealing on an air-exposed Au/Cu/CeQ,/Si(111) sample
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XPS

A sample was prepared by the deposition of first ~1.5 ML copper followed by ~1.0 ML gold onto a
~1.5 nm CeO: film on Si(111). The sample was exposed to air before being introduced into the
XPS chamber for analysis. For these XPS experiments, the monochromated Al kq source was
used. Deposition of copper on the relatively well-defined CeO»(111) surface has been shown to be
initiated at step edges.[52, 53] It has been reported that charge transfer from the oxide to copper
species leads to the formation of Cu(l) [2, 45] which are thought to be located at the interface with
ceria and covered by Cu(0) species.[54] Gold deposition onto Cu/CeO- can result in decoration of
pre-existing copper particles or the formation of isolated gold particles or a combination of both
effects.

Figure 7a-c show the Cu 2ps2, Ce 3d and Au 4f regions as a function of annealing temperature.
The annealing temperatures reported are, we believe, accurate to within about 25 K due to
difficulties in measuring the sample temperature using this specific sample holder. After deposition
of the metal nanopatrticles, and subsequent exposure to air, the Cu 2ps region shows a signal that
can be fitted with two components (Figure 7a), one with maximum at a binding energy (BE) of
933.6 eV, attributed to copper in the 1/0 oxidation state, and one at 935.5 eV, which is associated
with Cu(ll).[47, 55]
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Figure 7. Annealing temperature dependence of XP spectra of the Cu 2ps2, Ce 3d and Au 4f core levels for a
sample prepared by the deposition of first ~1.5 ML Cu followed by ~1.0 ML Au onto a ~2 nm CeO: film on
Si(111) at 300 K; i) as prepared, ii) 330 K, iii) 350 K, iv) 370 K, v) 385 K, vi) 400 K and vii) 425 K. In b)
expected positions for Ce(IV)/Ce(lll) components are indicated by blue/orange dashed lines. Spectra are
offset for clarity.
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Table 3. Raw XPS areas (normalised counts and %Ce(lV)) from a ~1.0 ML Au on ~1.5 ML Cu on

Ce02/Si(111) after exposure to air and as a function of annealing temperature

conditions Cu 2pap Ce 3d % Ce(IlV) | Si2p Au 4f
As prep, RT 60.30 191.61 89.9 19.73 37.02
Anneal 330 K 72.28 234.86 87.6 19.69 37.74
Anneal 350 K 76.47 217.84 91.0 19.27 37.59
Anneal 370 K 77.09 228.43 86.8 20.17 36.40
Anneal 385 K 84.69 269.18 84.6 19.21 36.88
Anneal 400 K 96.76 312.41 88.7 19.52 36.08
Anneal 425 K 60.30 302.89 74.8 19.73 37.02

The raised background at ca. 944 eV is attributed to the shake-up satellite features of Cu(ll). A BE
of 933.6 eV is approximately 1 eV higher than that typically observed for metallic copper
particles.[56] Similar behaviour was reported in XP spectra of small copper particles deposited
onto a single crystal ZnO surface where the authors concluded that small copper particles are
partially oxidised due to the interaction with the ZnO surface.[57] With annealing to increasing
temperature, the signals associated to Cu(ll) decrease in intensity, the shake-up satellites
attenuate and the lower BE component increases (Figure 7a). Each of these observations imply
that the Cu(ll) component reduces to Cu(l/0). A small shift of the lower BE peak is observed with
increasing annealing temperature.

Figure 7b) shows that after preparation, the Ce 3d region shows the typical signature of cerium in
the +IV oxidation state. With annealing, the decrease of the peaks related to Ce(lV) and the
corresponding increase of the signals related to Ce(lll) are recorded. The overall Ce(IV):Ce(lll)
composition % goes from ca. 90/10% after preparation to ca. 75/25% after annealing to 425 K.
(see Table 3) The Au 4f; is recorded at 84.4 eV, as shown in Figure 7c. The signal stays constant
in position and shape throughout the annealing experiments. As observed for the main peak of
copper, also the BE of Au 4f peaks are recorded at slightly higher BE than that expected for
metallic gold.[6] Small gold particles have been reported to be partially oxidised on ceria surfaces,
but a shift to higher binding energy has also been reported for Cu/Au alloys compared with pure
gold.[58, 59]

Table 3 shows the variation of peak area for the Cu 2ps;, Ce 3d, Si 2p, and Au 4f signals as a
function of temperature obtained from the fitting procedure, and additional details are reported in
SI3.2.

The Ce 3d and Cu 2ps» signals are seen to increase in intensity whereas that of Au 4f stays
constant overall. On the basis of the XPS data, there are a number of possible interpretations of
the variation in Ce 3d, Cu 2ps, and Au 4f intensities with increasing annealing temperature. The

increase in the Ce 3d signal may indicate that the metal nanoparticles are sintering with increasing
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temperature, therefore exposing a larger area of bare ceria. However, one would expect a
decrease in the overall intensity of the Cu 2ps» and Au 4f signals, which is not observed. The
exposure of the sample to air causes the adsorption of carbon and oxygen containing species (e.g.
OH-, HCOg3, COs?). The thermally induced desorption of these species is likely to occur from
copper and ceria sites rather than from less reactive gold sites. The deposition of copper onto ceria
typically produces hemispherical copper particles.[53] As will be shown below, MEIS indicates that
the copper particles have a radius of ~2.5 — 3.0 nm. Assuming a uniform array of particles on the
CeO; surface, an array of copper particles can be envisaged whose centres are separated by
between 10 and 14 nm. The subsequent deposition of gold is likely to result in gold nucleation on
top of existing copper particles rather than the formation of isolated gold particles, given that Au-Cu
bonds are thermodynamically more favourable than Au/ceria bonds especially when copper
particles are already nucleated on the most favourable CeO; sites.[52, 53, 60] The relatively
constant Au 4f signal as a function of increasing annealing temperature coupled with an increasing
Cu 2ps2 signal could be interpreted as being due to desorption of molecular species from bimetallic
particles and intermixing of gold with copper.

MEIS: Au/Cu/Ce0,/Si(111)

Figure 8 summarizes our findings of the MEIS investigations of the samples when copper is first

deposited followed by gold. MEIS spectra and PowerMEIS fits are reported in SI4.2. Figure 8 b)
showing the NP’s stoichiometry as a function of annealing temperature. After preparation in
vacuum, PowerMEIS simulations of the data taken at 300 K indicate that the most likely
nanoparticle structure corresponds to hemispherical particles of radius 2.5 nm with a Cu core of
radius 1.3 nm and an alloy shell of composition 78% Cu giving an overall particle stoichiometry of
~80% Cu. After air exposure and annealing to 375 K, XPS reveals the presence of significant
Cu(ll) as well as C and O containing adsorbates. Under these conditions, analysis of the MEIS
data reveals the formation of an exclusively Cu shell of thickness 0.6 nm surrounding a bimetallic
core of radius 2.2 nm and with a Cu concentration of 45%. Segregation of Cu to the surface
induced by exposure to atmospheric oxygen would be expected. PowerMEIS analysis of samples
annealed to temperatures above 375 K is consistent with the formation of homogeneous alloy
particles of a gradually increasing particle size an whose overall composition becomes slightly

richer in gold.
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Figure 8. Nanoparticle radius, stoichiometry and morphology as a function of annealing temperature for the
samples prepared by the deposition of ~1.5 ML Cu followed by ~1.0 ML Au onto a ~1.5 nm CeO: film on
Si(111) as deposited and annealed to 375, 425, 475, 510, 550 and 600 K. Composition % is given with
respect to Cu. In the inset, Chi-square analysis for the same samples obtained from the three ion
backscattering angles (119.3°, 125.3° and 131.3°). Green, blue and grey bars indicate the use of a model

with discrete NPs, core@shell and alloy, respectively.

Conclusions

A preparation method has been established for producing Au/Cu/CeO; model catalysts for analysis
by MEIS consisting of a ~2 nm CeO; film deposited onto Si(111) followed by metal vapour
deposition of elemental Cu and Au.

XPS reveals that the ceria film is initially almost pure CeO. in composition. On annealing a
Ce0,/Si(111) sample, a gradual reduction is observed caused presumably by a combination of
oxygen desorption and diffusion of oxygen into the Si substrate.

Deposition of Au onto the CeO2/Si(111) surface at 300 K leads to a slightly lower Ce(IV):Ce(lll)
ratio. Deposition of Cu onto the precovered Au/CeO,/Si(111) surface leads to further Ce(IV)
reduction. In addition, a slight attenuation of the Au signal is observed. These observations are
consistent with the formation of mainly pure Au and pure Cu particles with some Cu deposition
onto Au particles. PowerMEIS analysis supports this conclusion, with the best fit to the MEIS data
corresponding to discrete hemispherical Au (radius 2 nm) and Cu (radius 1.5 nm) particles. These

particles are relatively thermally stable up to at least 450 K. The most physically realistic model for
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the sample after annealing to 525 K involves the formation of hemispherical alloyed CuAu particles

(radius 2 nm).

A sample prepared by deposition of Cu followed by Au onto CeQ,/Si(111) was exposed to air. XPS
revealed the presence of Cu(ll) species following air exposure which are reduced to Cu/Cu(l) with
increasing annealing temperature. Annealing to 375 K caused desorption of weakly bound
adsorbates and MEIS revealed that under these conditions the sample consisted of nanoparticles
with a Au rich core and a Cu rich shell. Annealing to higher temperatures resulted in the formation
of alloyed particles. MEIS revealed that initially core-shell particles were produced after deposition
of Cu followed by Au in vacuum. On exposure to air, Cu segregation to the surface was observed.
Annealing to higher temperatures produced MEIS data that were consistent with the formation of

homogeneously alloyed particles.

The powerful combination of XPS and MEIS allows significant insight into the thermal behaviour of
Cu and Au particles on the ceria surface providing information on alloying behaviour, particle size
and the electronic interaction with the CeO; support material.
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(4) On page 8, the subhead "Investigation of the effect of variable CeO2 film thickness on MEIS
spectra" seems not correctly describe the content of the following paragraph, as the authors were
actually discussing the influence of the structure and/or morphology instead of the thickness of the
ceria film over the fitting of the MEIS spectrum.

Authors’ reply: as suggested by the reviewer, the subheading has been changed from “Investigation
of the effect of variable CeO: film thickness on MEIS spectra.” to “Investigation of the effect of
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reported to be partially oxidised on ceria surfaces" or "but a shift to higher binding energy has also
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4f7/2 peak is recorded at 84.6 eV,...a value in good agreement with that expected for metallic gold,
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Authors’ reply: to rectify the inconsistency, we rephrased “in good agreement” to “slightly higher
than” at the end of page 8.
ACTION: TEXT AMENDED

(6) In the first paragraph of the introduction, the authors state "Our interest in Cu/Au/CeO2 stems...In
this application, it is believed to be desirable to maintain separate Cu and Au particles on the oxide
surface." | would suggest that the authors may come back to this point at the end of the manuscript,
to add some comments of short discussions on the application or promotion of the Cu-Au-CeO2
catalyst in the selective hydrogenation of furfural or related reactions.

Authors’ reply: We thank the reviewer for this suggestion. The following comment has been added
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Abstract:

Bimetallic catalysts are often more active and/or selective than their monometallic counterparts. The
behaviour of such catalysts is frequently strongly dependent on the molar ratio of the two elements
as well as nanoparticle size and the interaction with the support material. X-ray photoelectron
spectroscopy (XPS) is an excellent surface analytical technique for probing the electronic properties
of catalytic systems. When a mixture of pure and alloyed particles is present, it is more difficult to
extract information from XPS given that it is a spatial averaging technique. Recently, the technique
of medium energy ion scattering (MEIS) has been exploited to investigate the depth-dependent
composition of nanoparticles on planar surfaces. Herein, we combine the two techniques to
investigate the nature of Cu and Au nanoparticles deposited onto ultrathin CeO: films on Si(111)
examining their morphology and chemical composition as a function of annealing temperature for
samples that have been maintained in an ultrahigh vacuum environment and exposed to air. The
Cu/Au/Ce02/Si(111) is chosen as a model system in order to provide insight into how the catalytic
properties of Cu/Au/CeQ, depend on the presence of discrete Cu and Au particles versus fully

intermixed Cu/Au systems.
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Introduction

There are many applications exploiting metallic nanoparticles on high surface area oxide supports
including heterogeneous catalysts, photocatalysts and electrocatalysts.[1] Ceria (CeO,) has a
number of advantages as an oxide support including its ability to enhance metal dispersion;
displaying a greater resistance to thermal sintering than other oxide supports and due to its ability to
operate as an oxygen reservoir, thereby influencing surface chemical processes occurring on ceria-
based materials.[2-4] Unlike supports such as SiO;, when a metal atom interacts with CeO,, charge
transfer processes can occur resulting in the formation of Ce** surface species.[5, 6]

Bimetallic particles often outperform their monometallic counterparts in terms of activity and/or
selectivity. For example, adding a second element can overcome the intrinsically low activity of gold.
Conversely, the addition of a relatively inert element such as gold to a more reactive metal can allow
the establishment of control over selectivity towards a particular catalytic route.[7] Cu/Au systems
have been used for a number of applications in catalysis and electroreduction. Experimental [8] and
theoretical [9, 10] studies have shown that the ordering and composition of Cu/Au nanoparticles is
strongly dependent on temperature and surrounding environment. Cu/Au nanopatrticles supported
on CeO: have been used in the hydrogenation of cinnamaldehyde,[11] CO oxidation,[12-14] the
oxygen-enhanced water gas shift reaction,[15] the photocatalytic oxidation of benzyl alcohol[16] and
in the steam reforming of methanol.[17] Our interest in Cu/Au/CeO; stems from the development of
catalysts for the “hydrogen-free” selective hydrogenation of furfural by Keane and co-workers.[18] In
this catalytic system, hydrogen produced by the dehydrogenation of 2-butanol is fully utilised in the
selective conversion of furfural to furfuryl alcohol. In this application, it is believed to be desirable to
maintain separate Cu and Au particles on the oxide surface. However, Cu and Au have a very strong
tendency to intermix forming solid solutions over the whole compositional range,[19, 20] so a
motivation for the current work is to investigate the thermal behaviour of Cu/Au/CeO; model catalysts
prepared by deposition of Cu and Au nanoparticles onto planar ceria surfaces.

The surface composition of bimetallic systems is commonly different to the bulk composition and
depends on a number of parameters such as the relative surface energies of the two elements;
atomic size; temperature and the environment to which the sample is exposed. In the phase diagram
of bulk Cu/Au mixtures, only a few ordered phases are known, notably for specific Cu:Au ratios.[21,
22] For most bulk compositions, a gold-rich surface layer is favoured.[23] Nevertheless, both
intermixed [24-29] and ordered surface terminations [25, 26] can be prepared when subjecting
Cu/Au(111) systems to specific thermal treatments.

The technique of medium energy ion scattering (MEIS) possesses near monolayer depth resolution
and has been established as a technique for the characterisation of the depth dependent
composition of bimetallic layers on single crystal surfaces under the influence of adsorbates. [30, 31]
A number of groups have aimed to refine the technique to investigate the depth dependent

composition of nanoparticles on flat oxide surfaces.[32-35]
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In this article MEIS, atomic force microscopy (AFM) and X-ray photoelectron spectroscopy (XPS)
are used to characterise the temperature dependence of the composition profile of Cu/Au particles

on CeO:; thin films grown on Si(111).

Experimental Section
X-ray photoelectron spectroscopy (XPS)

XPS measurements were collected in an ultrahigh vacuum (UHV) chamber housing a Scienta ESCA-
300 spectrometer equipped with a monochromatic Al Ka (1486.6 eV) rotating anode and an
unmonochromated Al Ka anode (base pressure ca. 1 x 10° mbar). The detection system consisted
of a large hemispherical analyser coupled to a multichannel plate/video camera (base pressure ca.
5 x 1019 mbar). The instrument was calibrated daily to the Au 4f and Ag 3d photoelectron lines. The
binding energy scale is referenced to the signals of Si 0/IV of Si/SiO, at 99.8 eV and 103.3 eV
respectively. Peak fitting was carried out using CasaXPS software version 2.3.17.

Medium Energy lon Scattering

MEIS analysis was carried out at the MEIS facility at the University of Huddersfield, UK using a beam
of nominally 100 keV He* ions entering a UHV scattering chamber that houses a 3-axis target
goniometer and a rotatable electrostatic energy analyser (base pressure ca. 5 x 10*° mbar). As a
sectional toroidal type, the analyser enables the simultaneous collection of a range of energies (1.5%
of pass energy) and angles (27°) of backscattered ions through the use of a 2D detector located
behind a set of channel plate multipliers that records both energy and angle of scattered ions. The
overall 2D energy and angle spectrum is composed of individual tiles (one for each pass energy)
that are linked together by software. The Si(111) sample was aligned such that the [101] direction
was coincident with the ion beam incident at 35.3° off normal which leads to channelling within the
Si lattice, while the centre of the analyser was aligned with the [121] direction resulting in a central
backscattering angle of 125.3°. Thus, the plane of scattering contains the [121] surface direction.
Energy spectra were extracted from the 2D spectrum for the three scattering angles of 119.3°, 125.3°
and 131.3°. Large scattering angles were chosen to ensure maximum energy separation between
the different scattered peaks in the spectra. MEIS energy spectra were analysed using the

PowerMEIS simulation code discussed below.



PowerMEIS

All MEIS spectra were analysed with the PowerMEIS-3 (PM3) software. [34, 36, 37]This software
uses a Monte Carlo algorithm that performs simulations of the interaction of ions (and also electrons
[37]) with matter including multiple scattering (MS) and reliable scattering cross-sections. PM3
describes the sample by voxels organized in a matrix format, which may represent any complex
structure consisting of a number of compounds. Here we considered different type of matrices
describing discrete, alloy and core-shell spherical particles as well as thin films. In addition, each
matrix has a weight to allow for a statistical mixture of structures. For enhanced computational
efficiency PM3 uses a variation on the trajectory reversal approach to connect incoming and outgoing
ion trajectories. These trajectories are constructed by first simulating two sets of trajectories: one set
starting from the beam direction, and one set starting from the analyser. The position, energy, and
path travelled by the ions during these trajectories are stored. The contribution of a specific incoming
and outgoing trajectory combination from an atom A at position X,y,z is proportional to the differential
elastic scattering cross section of atom A at the scattering angle between the incoming and (time-
reversed) outgoing ion trajectory and the concentration of atom A at x,y,z. Simply V-shaped
trajectories (straight-line in and out) can be also selected and provided the same results for the
present study. The main physical inputs are the scattering cross-section, calculated from the Moliere
potential, the electronic stopping power, from the SRIM 97 [38] and energy-loss straggling from the
Chu model.[39] Since neutralized ions cannot be measured by our MEIS analyser, we included the
neutralization correction from the Marion equation[40] in the simulations. PM3 assumes an
amorphous target, i.e. the contribution from different atoms are added incoherently. Further details

can be found elsewhere. [32, 41]
Atomic Force Microscopy

AFM measurements were carried out using a Bruker MultiMode 8 AFM. To minimise surface
damage, all images were acquired via tapping mode using a Bruker RTESPA-300 probe (nominal

frequency 300 kHz, nominal spring constant 40 N m™).
Preparation of model catalysts

Ceria films of a thickness of approx. 2 nm were prepared on Si(111) (International Wafer Service,
p/B doped) by the following procedure which is based on that of Zheng et al. who deposited thin
ceria films on nickel.[42] Cerium nitrate hexahydrate (0.43 g) was dissolved in 70 ml of ethanol with
stirring, 30 ml of collodion solution (cellulose nitrate 4-8% in ethanol/diethyl ether) was then added
to control the viscosity. All reagents were purchased from Sigma Aldrich and used without further
treatments. This solution was then diluted by a factor of ten while maintaining the ethanol:collodion
ratio. Si(111) wafers were cleaned by immersion in a basic piranha solution for 30 mins, followed by
a thorough rinse with deionised water. Finally, wafers were dried in flowing N2(g). The clean Si(111)

wafers were then dipped three times (for 100 s on each occasion) into the cerium containing solution
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and dried for 1 hour before being calcined in air up to a temperature of 775 K at a ramp rate of 5 K
min™ and held at 775 K for 20 minutes.

Copper and gold were deposited in UHV via metal vapour deposition via conventional filament
evaporation sources consisting of copper wire (5N purity, 0.1 mm diameter) or gold wire (5N, 0.2
mm) wound around a tantalum filament (5N, 0.25 mm). Evaporation rates were estimated as ca.
0.03 ML min for copper and ca. 0.04 ML min? for gold, as determined via XPS from both the
attenuation of the Si 2p peak and the growth of the Cu 2p/Au 4f peaks, by deposition on clean Si(111)
wafers. Sample heating was carried out in UHV (base pressure ca. 1 x 10° mbar) with the
temperature of the heating stage on which the sample was mounted monitored by a K-type
thermocouple. Coverages in copper and gold are reported in monolayers (ML), where we define 1

ML as 1 x 10 atoms cm.

Results and Discussion:

Many previous studies of gold or copper nanoparticle growth have been carried out on well-defined
ceria surfaces, e.g. CeO,(111). In a MEIS experiment, when ions are backscattered from surface
atoms, the peak position in the energy spectrum is governed by conservation of energy and
momentum in the elastic collision. When ions are backscattered from subsurface atoms, the incident
ions are subject to additional inelastic energy losses dependent on the pathlength of the ion within
the sample. Consequently, a thick CeO; film would result in a broad Ce-related peak in the MEIS
spectrum, which would swamp the signal from copper nanoparticles dispersed on the ceria surface.
PowerMEIS analysis requires the fitting of the peak shapes which is facilitated by a flat background.
For this reason, thin ceria films were required grown on a substrate with a low atomic mass, such as

Si used in this work.

CeO: film on Si(111)

A representative AFM image of an ultrathin CeO film grown on Si(111) is shown in Figures 1a. Disc-

shaped ceria particles are observed with an average diameter of ~23 nm (range 5-50 nm). Fhe-line

Figure 1leb shows the Ce 3d region of the XP spectrum of an analogous CeO: film on Si(111). The
attenuation of the Si 2p signal as a result of ceria deposition allows an estimate of the CeO; film
thickness. Assuming that the film is flat, the 58% attenuation of the Si 2p peak (see table 1) equates
to a CeO: film thickness of approximately 1.8 nm. Assuming that the film adopts the fluorite structure
of bulk CeO: (lattice parameter 0.541 nm) and that the surface terminates in {111} planes (interlayer

spacing 0.313 nm), this corresponds to an average thickness of between 5 and 6 layers.
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Figure 1. Characteristic AFM image of a) 255 nm x 255 nm of a CeO: film grown on Si(111);-b)}-lineprefile
shewingthe-heightvariation-alongline1-inFigure-1b).—¢ b) XP spectrum of the Ce 3d region showing the fitting
of the peaks to Ce(lll) and Ce(lV) of a CeOz2 film grown on Si(111); Ce(IV) components are shown in blue,
Ce(lll) components are shown in orange; peaks are labelled according to the nomenclature introduced by
Burroughs et al. [43]; € ¢) MEIS spectrum showing the intensity of scattered ions as a function of ion energy
at a scattering angle of 125.3° of a CeO:2 film grown on Si(111) and in the inset the MEIS derived Ce depth
profile indicating an on average 2.5 nm Ce film thickness.



Table 1. Raw XPS areas (hormalised counts and %Ce(IV)) from the preparation of a ~1.6 ML Cu on ~1.0 ML
Au on a CeO2/Si(111) sample.

system Cu 2psp Ce 3d % Ce(IlV) | Si2p Au 4f
Si(111) - - - 13.6 -
Ce02/Si(111) - 101.1 91.2 5.7 -
Au/CeO2/Si(111) - 91.1 88.6 5.2 8.2
Cu/Au/Ce02/Si(111) 13.3 83.6 83.2 4.6 8.0

The Ce 3d region was fitted to quantify the relative amounts of Ce(IV) and Ce(lll) oxidation states in
the thin film. The as-deposited film was found to be almost exclusively constituted of Ce(lV),
consistent with the formation of near-stoichiometric CeO: films. More details of the fitting procedure
used for the Ce 3d region can be found in the Supplementary Information (SI1).

Figure ldc shows the MEIS spectrum from a ceria film on Si(111) prepared under analogous
conditions. The cerium peak at ~88 keV has a FWHM of ~1.3 keV and is well separated from the
peak caused by gold nanoparticles (expected at ~91 keV). The Ce MEIS peak was converted directly
into a depth profile based on well-known inelastic energy loss rates and the silicon random level
reference. Shown in the inset in Fig. 1dc), it indicates a mean depth of the ceria film of ca. 2.5 nm,

close-to-the value-determined-by-AFM; and an average deposited cerium dose of 1.4x10%° atoms

cm=.

Investigation of the effect of variable CeO, film thickness and morphology on MEIS spectra.

The distribution of CeO, grown on Si(111) was investigated by MEIS through the PM3 software.
Figure 2a shows the MEIS spectrum after the deposition of 2.4 ML Cu followed by 0.54 ML Au onto
a CeO; film on Si(111). This spectrum confirms that the cerium profile is sufficiently narrow that both
copper and gold signals each appear against a flat background, which is important for the PM3
analysis of these signals presented later. Three models were used to represent the CeO.
arrangement as can be seen in Figure 2b). According to the MEIS spectrum shown in Figure 2a,
when the CeO: layer is simulated as a continuous thin film the experimental and simulated data
show poor agreement at the cerium tail (arrow in figure 2a) and at the silicon edge (~61 keV). The
cerium tail can be simulated better by adding a second layer of cerium diffusing into the silicon
surface, but the silicon edge continues not to match. To improve further the agreement between
experimental and simulated data, a ceria island model was used. In this case, eight steps were
created with thickness for the ceria islands ranging from 0 to 3 nm. The fraction of each step of this
model can be seen in Figure 2b). In each model the total atomic density (number of atoms per cm?)
was kept constant. This result is in agreement with the AFM images shown in Figure 1 (a-b). The

copper and gold nanoparticles on the ceria film do not significantly affect the Ce-related signal since
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most of the ceria surface is not covered by them. A continuous thin film of metal would result in a
shift of the cerium peak to lower energy, such a shift was not observed in the MEIS spectra.
Therefore, the fit to the cerium signal was refined prior to a detailed fitting of the copper and gold
peaks. In addition, consistently the inclusion of copper and gold nanoparticles on the ceria films did

not significantly change its initial profile.
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Figure 2. a) MEIS experimental data and simulations for a sample prepared by dosing copper (2.4 ML) followed
by gold (0.54 ML) without thermal treatment for the three CeO: distribution models and for the backscattering
angle of 131.3°. b) Schematic diagrams showing the three models employed for simulating the distributions of
the CeO:2 layer morphology and thickness. In the first model a 1.5 nm thick CeO: film was used. In the second
model a Ce in-diffusion layer was added. In the third model, the CeO: film thickness was allowed to vary

between 0 and 3 nm, representing islands of CeO2. Each model has the same number of atoms per cm?2.

The thermal behaviour of a typical CeO,/Si(111) layer was investigated by XPS. From the analysis
of the Ce 3d core level, the Ce(IV):Ce(lll) was evaluated as ca. 90%:10% upon preparation. A
change of the cerium oxidation state is seen with annealing, reaching a Ce(IV):Ce(lll) of ca.
22%:78% after annealing to 500 K. The envelope of the O 1s peak, which contains also the signals
of oxygen related to SiO, and the Ce-O-Si interfacial oxygen, varies accordingly. Ce 3d and O 1s

core level spectra with annealing are reported in SI2.

Deposition of Au onto CeQO,/Si(111)

XPS

The metal vapour deposition of gold was carried out on a CeO/Si(111) sample at 300 K resulting in
a gold coverage of ~1 ML. XP spectra of the Ce 3d and Au 4f regions are displayed in Figures 3a
and 3b. For these XPS experiments, the non-monochromated Al ka source was used. The fitting of
the Ce 3d region shown in figure 3a reveals that gold deposition results in a small decrease in
Ce(IV):Ce(lll) composition from ~91% Ce(lV) to ~89% (Table 1). This is consistent with a reduction

of the ceria surface during the nucleation of gold particles. The reduction of CeO; by the deposition
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of metallic nanoparticle has been reported previously for a range of metals.[6, 44, 45] The Au 4fz»

peak is recorded at 84.6 eV, as reported in figure 3b, a value ir-goed-agreementwith slightly higher
than that expected for metallic gold, 84.0 eV. [6, 46]
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Figure 3. XP spectra displaying a) the Ce 3d region and b) the Au 4f region of the CeO2/Si(111) surface, i)
prior to and ii) after the deposition of ~1 ML Au, at a deposition temperature of 300 K; spectra are offset for

clarity. In a) expected positions for Ce(IV)/Ce(lll) components are indicated by blue/orange dashed lines.

Deposition of Cu onto Au/Ce0,/Si(111)

XPS:

The metal vapour deposition of copper was carried out on the Au/CeQ,/Si(111) sample at 300 K
resulting in a copper coverage of ~1.6 ML. XP spectra of the Cu 2ps», Ce 3d and Au 4f regions
before and after deposition of copper are displayed in Figures 4a-c. The Cu 2pszis recorded at 933.5
eV, as shown in figure 4a; this value is in good agreement with those recorded for both metallic
copper and Cu(l) [47]; moreover, no sign of asymmetries or satellite features that could suggest
oxidation to Cu(ll) can be seen. The Ce 3d region is reported in figure 4b. Table 1 reveals that the
Ce 3d signal attenuates by ~9% after deposition of copper. In contrast, the Au 4f signal attenuates
by ~2.5%. This is consistent with some copper being deposited onto gold particles, but the majority
of the copper coalescing into pure nanoparticles on the ceria surface. The deposition of copper
causes a further decrease in the percentage of Ce(lV) from ca. 88.6% to ca. 83.2%. This is consistent
with the behaviour previously reported for the growth of copper on CeO; and supports the conclusion

that copper particles are formed in direct contact with the ceria surface. [48] A small attenuation of



the Au 4f peak indicates that some of the copper also condenses over the preformed Au

nanoparticles.
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Figure 4. XP spectra of a) the Cu 2pass2 region, b) the Ce 3d region and c) the Au 4f region, showing ~1 ML
Au/Ce02/Si(111) i) prior and ii) after deposition of ~1.6 ML Cu at 300 K. In b) expected positions for
Ce(IV)/Ce(lll) components are indicated by blue/orange dashed lines. Spectra are offset for clarity.

Annealing Cu/Au nanoparticle films on CeO,/Si(111)

Figure 5 shows Cu 2pa/2, Ce 3d and Au 4f core levels XP spectra following the annealing of the layer
described as above. Additional details, as well as O 1s, C 1s, Si 2p core level spectra, are reported
in SI3.1.

The Cu 2psr is recorded at 933.5 eV and remains essentially constant through the progressively
higher annealing temperatures (Figure 5a). The fitting of the Ce 3d region in Figure 5b shows that
the Ce(IV):Ce(lll) ratio decreases with increasing annealing temperature. Following the highest
thermal treatment, the Ce(IV):(lll) ratio was found to be ~1:3. Similar behaviour is observed when
annealing the CeO- thin film on Si(111) (See SI2). This is likely due to transfer of some oxygen from
the ceria layer into the silicon substrate and/or desorption of oxygen. [49, 50] The overall intensity of
the Ce 3d peaks increases with annealing temperature (Table 2 and Figure 5). Similar behaviour
has been observed when annealing a ceria thin film, which was ascribed to a decrease in screening
of subsurface cerium atoms when oxygen vacancies are created. [49] Contributions to the increase
in the cerium signal could also derive from sintering of the metallic nanoparticles with increasing
annealing temperature and from desorption of molecular adsorbates. The Au 4f;, peak, Figure 5c,
is recorded at 84.6 eV and remains essentially constant through the annealing treatments. XPS
(Table 2 and Figure 5) reveals that there is little change in the intensity of either the Cu 2ps, or Au

4f signals, which suggests that the particle size changes little with increasing annealing temperature.
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Table 2. Raw XPS areas (normalised counts and %Ce(lV)) following the annealing of a ~1.6 ML Cu on ~1.0
ML Au on a Ce0O2/Si(111) sample.

conditions Cu 2psp Ce 3d % Ce(lV) | Si2p Au 4f

As prep, RT 13.3 83.6 83.2 4.6 8.0

Anneal 325 K 12.9 90.3 84.7 4.6 8.1

Anneal 375 K 12.6 88.5 78.9 4.7 7.8

Anneal 425 K 12.5 102.2 52.3 4.5 8.0

Anneal 475 K 12.6 108.5 44.1 4.2 7.2

Anneal 510 K 13.4 110.3 39.3 3.4 8.7
Anneal 540 K 12.2 122.2 235 4.2 7.2
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Figure 5. Annealing temperature dependence of XP spectra of the a) Cu 2pazr, b) Ce 3d and c¢) Au 4f core
levels for a sample prepared by the deposition of first ~1 ML Au followed by ~1.6 ML onto a ~2 nm CeO:2 film
on Si(111) at 300 K; i) as prepared, ii) 325 K, iii) 375 K, iv) 425 K, v) 475 K, vi) 510 K and vii) 540 K. In b)

expected positions for Ce(IV)/Ce(lll) components are indicated by blue/orange dashed lines. Spectra are offset
for clarity.

Cu/Au/CeQ,/Si(111)

MEIS

The PM3 software allowed us to explore several nanoparticle structures such as discrete

nanoparticles (NPs), core@shell and alloy, with spherical and hemispherical geometries. In order to
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evaluate the goodness of the fit for the MEIS spectra the reduced Chi-square analysis was
applied.[51] The Chi-square is used as a figure-of-merit for the evaluation of goodness of fit for MEIS

spectra. In this work, we used the reduced Chi-square given by Equation 1:

2 1N [IeXP ~Isim + mi”(lexzrl)]z
X =;Zi:1{ o + 1 } Eqg. 1
where N is the total number of data points, I, and Ig,represent the experimental and simulated
spectra, respectively.[51] The min(l.,,,1) factor is used to take into account cases of low counts.
Equation 1 was applied to three ion backscattering angles (119.3°, 125.3° and 131.3°) with the same
energy range for the analysis presented in this work and the mean Chi-square result was taken.

A sample was prepared by first depositing 0.14 ML Au followed by 0.6 ML Cu onto ~2 nm
Ce0,/Si(111) at 300 K. MEIS data were acquired for the as-prepared sample and following annealing
the same sample to 350, 425 and 525 K. The Chi-square analysis (inset in Figure 6) reveals that the
best fit to the MEIS data (see S4.1) for the as-deposited sample was for discrete NPs of Cu (radius
1.5 nm) and Au (radius 2 nm) adopting a hemispherical shape. Cu nanoparticles were found to cover
approximately 10% of the ceria surface, while Au particles covered approximately 2% of the surface.
The fit for a core-shell morphology was only marginally less good. The possibility of a mixture of
discrete particles and Au(core)@Cu(shell) particles is consistent with our XPS data following a
similar sample preparation. On annealing, the particle morphology was found to be relatively stable
up to ~425 K. After annealing to 525 K, the PowerMEIS Chi-square analysis now shows
approximately similar values for discrete Cu and Au particles; particles with an alloy shell surrounding
a Cu core and alloyed (Auo2sCuo7s) particles. The MEIS data are consistent with a clear change
occurring compared to the lower annealing temperatures and it is likely that a mixture of particle
morphologies and compositions is present under these conditions caused by diffusion,
agglomeration and intermixing processes at this elevated temperature. MEIS spectra and
PowerMEIS fits are reported in Si4.1.
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Figure 6. Nanoparticle radii, morphology and % of surface covered by nanopatrticles as a function of annealing
temperature for the samples prepared by the deposition of 0.14 ML Au followed by 0.6 ML Cu onto a ~2 nm
CeO: film on Si(111) as deposited (~300 K) and annealed to 350, 425 and 525 K. In the inset, Chi-square
analysis for the same samples obtained from the three ion backscattering angles (119.3°, 125.3° and 131.3°).

Green, blue and grey bars indicate the use of a model with discrete NPs, core@shell and alloy, respectively.

To summarise the XPS and MEIS findings, XPS shows that when vapour depositing gold onto a
Ce0»(111) film, a small charge transfer occurs on deposition, with cerium being slightly reduced and
gold slightly oxidised. On addition of copper, metallic particles are nucleated, but a further reduction
of ceria seems to occur. A slight decrease of the Au 4f intensity indicates that some preformed gold
particles are coated by a copper layer. On annealing, the Cu 2ps, and Au 4f peaks stay
approximately constant in both binding energy and intensity. Annealing causes an increase in the
reduction of CeO,, mimicking the behaviour observed upon annealing the CeO: films on Si(111).
This could indicate that the metal NPs are thermally stable from the XPS point of view and there is
minimal interaction with the substrate, with reduction of ceria being ascribed primarily to loss of
oxygen. The MEIS analysis is consistent with the XPS results indicating isolated gold nanoparticles
are formed on ceria, with subsequent growth of both isolated copper particles and copper particles
on pre-formed gold particles upon deposition of copper onto Au/CeO,/Si(111). This morphology
remains stable on annealing to 425 K, though increases in particle size and alloy formation are

observed following annealing to 525 K.

13



Influence of annealing on an air-exposed Au/Cu/CeQ,/Si(111) sample

XPS

A sample was prepared by the deposition of first ~1.5 ML copper followed by ~1.0 ML gold onto a
~1.5 nm CeO:; film on Si(111). The sample was exposed to air before being introduced into the XPS
chamber for analysis. For these XPS experiments, the monochromated Al kqy source was used.
Deposition of copper on the relatively well-defined CeO,(111) surface has been shown to be initiated
at step edges.[52, 53] It has been reported that charge transfer from the oxide to copper species
leads to the formation of Cu(l) [2, 45] which are thought to be located at the interface with ceria and
covered by Cu(0) species.[54] Gold deposition onto Cu/CeO- can result in decoration of pre-existing
copper particles or the formation of isolated gold particles or a combination of both effects.

Figure 7a-c show the Cu 2ps, Ce 3d and Au 4f regions as a function of annealing temperature. The
annealing temperatures reported are, we believe, accurate to within about 25 K due to difficulties in
measuring the sample temperature using this specific sample holder. After deposition of the metal
nanoparticles, and subsequent exposure to air, the Cu 2ps» region shows a signal that can be fitted
with two components (Figure 7a), one with maximum at a binding energy (BE) of 933.6 eV, attributed
to copper in the 1/0 oxidation state, and one at 935.5 eV, which is associated with Cu(ll).[47, 55]
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Figure 7. Annealing temperature dependence of XP spectra of the Cu 2ps2, Ce 3d and Au 4f core levels for a
sample prepared by the deposition of first ~1.5 ML Cu followed by ~1.0 ML Au onto a ~2 nm CeO: film on
Si(111) at 300 K; i) as prepared, ii) 330 K, iii) 350 K, iv) 370 K, v) 385 K, vi) 400 K and vii) 425 K. In b) expected
positions for Ce(IV)/Ce(lll) components are indicated by blue/orange dashed lines. Spectra are offset for
clarity.
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Table 3. Raw XPS areas (normalised counts and %Ce(lV)) from a ~1.0 ML Au on ~1.5 ML Cu on CeO2/Si(111)

after exposure to air and as a function of annealing temperature

conditions Cu 2psp Ce 3d % Ce(lV)| Si2p Au 4f
As prep, RT 60.30 191.61 89.9 19.73 37.02
Anneal 330 K 72.28 234.86 87.6 19.69 37.74
Anneal 350 K 76.47 217.84 91.0 19.27 37.59
Anneal 370 K 77.09 228.43 86.8 20.17 36.40
Anneal 385 K 84.69 269.18 84.6 19.21 36.88
Anneal 400 K 96.76 312.41 88.7 19.52 36.08
Anneal 425 K 60.30 302.89 74.8 19.73 37.02

The raised background at ca. 944 eV is attributed to the shake-up satellite features of Cu(ll). A BE
of 933.6 eV is approximately 1 eV higher than that typically observed for metallic copper particles.[56]
Similar behaviour was reported in XP spectra of small copper particles deposited onto a single crystal
ZnO surface where the authors concluded that small copper particles are partially oxidised due to
the interaction with the ZnO surface.[57] With annealing to increasing temperature, the signals
associated to Cu(ll) decrease in intensity, the shake-up satellites attenuate and the lower BE
component increases (Figure 7a). Each of these observations imply that the Cu(ll) component
reduces to Cu(l/0). A small shift of the lower BE peak is observed with increasing annealing
temperature.

Figure 7b) shows that after preparation, the Ce 3d region shows the typical signature of cerium in
the +IV oxidation state. With annealing, the decrease of the peaks related to Ce(lV) and the
corresponding increase of the signals related to Ce(lll) are recorded. The overall Ce(IV):Ce(lll)
composition % goes from ca. 90/10% after preparation to ca. 75/25% after annealing to 425 K. (see
Table 3) The Au 4f;; is recorded at 84.4 eV, as shown in Figure 7c. The signal stays constant in
position and shape throughout the annealing experiments. As observed for the main peak of copper,
also the BE of Au 4f peaks are recorded at slightly higher BE than that expected for metallic gold.[6]
Small gold particles have been reported to be partially oxidised on ceria surfaces, but a shift to higher

binding energy has also been reported for Cu/Au alloys compared with pure gold.[$8; 59]

Table 3 shows the variation of peak area for the Cu 2ps;, Ce 3d, Si 2p, and Au 4f signals as a
function of temperature obtained from the fitting procedure, and additional details are reported in
SI3.2.

The Ce 3d and Cu 2psp; signals are seen to increase in intensity whereas that of Au 4f stays constant
overall. On the basis of the XPS data, there are a number of possible interpretations of the variation
in Ce 3d, Cu 2ps> and Au 4f intensities with increasing annealing temperature. The increase in the
Ce 3d signal may indicate that the metal nanoparticles are sintering with increasing temperature,

therefore exposing a larger area of bare ceria. However, one would expect a decrease in the overall
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intensity of the Cu 2ps,» and Au 4f signals, which is not observed. The exposure of the sample to air
causes the adsorption of carbon and oxygen containing species (e.g. OH", HCOs, COs%). The
thermally induced desorption of these species is likely to occur from copper and ceria sites rather
than from less reactive gold sites. The deposition of copper onto ceria typically produces
hemispherical copper particles.[53] As will be shown below, MEIS indicates that the copper particles
have a radius of ~2.5 — 3.0 nm. Assuming a uniform array of particles on the CeO; surface, an array
of copper particles can be envisaged whose centres are separated by between 10 and 14 nm. The
subsequent deposition of gold is likely to result in gold nucleation on top of existing copper particles
rather than the formation of isolated gold particles, given that Au-Cu bonds are thermodynamically
more favourable than Au/ceria bonds especially when copper particles are already nucleated on the
most favourable CeO; sites.[52, 53, 60] The relatively constant Au 4f signal as a function of
increasing annealing temperature coupled with an increasing Cu 2ps2 signal could be interpreted as
being due to desorption of molecular species from bimetallic particles and intermixing of gold with

copper.

MEIS: Au/Cu/Ce0,/Si(111)

Figure 8 summarizes our findings of the MEIS investigations of the samples when copper is first

deposited followed by gold. MEIS spectra and PowerMEIS fits are reported in Sl4.2. Figure 8 b)
showing the NP’s stoichiometry as a function of annealing temperature. After preparation in vacuum,
PowerMEIS simulations of the data taken at 300 K indicate that the most likely nanoparticle structure
corresponds to hemispherical particles of radius 2.5 nm with a Cu core of radius 1.3 nm and an alloy
shell of composition 78% Cu giving an overall particle stoichiometry of ~80% Cu. After air exposure
and annealing to 375 K, XPS reveals the presence of significant Cu(ll) as well as C and O containing
adsorbates. Under these conditions, analysis of the MEIS data reveals the formation of an
exclusively Cu shell of thickness 0.6 nm surrounding a bimetallic core of radius 2.2 nm and with a
Cu concentration of 45%. Segregation of Cu to the surface induced by exposure to atmospheric
oxygen would be expected. PowerMEIS analysis of samples annealed to temperatures above 375
K is consistent with the formation of homogeneous alloy particles of a gradually increasing particle

size an whose overall composition becomes slightly richer in gold.
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Figure 8. Nanoparticle radius, stoichiometry and morphology as a function of annealing temperature for the
samples prepared by the deposition of ~1.5 ML Cu followed by ~1.0 ML Au onto a ~1.5 nm CeO: film on
Si(111) as deposited and annealed to 375, 425, 475, 510, 550 and 600 K. Composition % is given with respect
to Cu. In the inset, Chi-square analysis for the same samples obtained from the three ion backscattering angles
(119.3°, 125.3° and 131.3°). Green, blue and grey bars indicate the use of a model with discrete NPs,

core@shell and alloy, respectively.

Conclusions

A preparation method has been established for producing Au/Cu/CeO; model catalysts for analysis
by MEIS consisting of a ~2 nm CeO: film deposited onto Si(111) followed by metal vapour deposition
of elemental Cu and Au.

XPS reveals that the ceria film is initially almost pure CeO. in composition. On annealing a
Ce0,/Si(111) sample, a gradual reduction is observed caused presumably by a combination of
oxygen desorption and diffusion of oxygen into the Si substrate.

Deposition of Au onto the CeO»/Si(111) surface at 300 K leads to a slightly lower Ce(1V):Ce(lll) ratio.
Deposition of Cu onto the precovered Au/CeO,/Si(111) surface leads to further Ce(IV) reduction. In
addition, a slight attenuation of the Au signal is observed. These observations are consistent with
the formation of mainly pure Au and pure Cu particles with some Cu deposition onto Au patrticles.
PowerMEIS analysis supports this conclusion, with the best fit to the MEIS data corresponding to
discrete hemispherical Au (radius 2 nm) and Cu (radius 1.5 nm) particles. These particles are

relatively thermally stable up to at least 450 K. The most physically realistic model for the sample
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after annealing to 525 K involves the formation of hemispherical alloyed CuAu particles (radius 2
nm).

A sample prepared by deposition of Cu followed by Au onto CeO>/Si(111) was exposed to air. XPS
revealed the presence of Cu(ll) species following air exposure which are reduced to Cu/Cu(l) with
increasing annealing temperature. Annealing to 375 K caused desorption of weakly bound
adsorbates and MEIS revealed that under these conditions the sample consisted of nanoparticles
with a Au rich core and a Cu rich shell. Annealing to higher temperatures resulted in the formation
of alloyed particles. MEIS revealed that initially core-shell particles were produced after deposition
of Cu followed by Au in vacuum. On exposure to air, Cu segregation to the surface was observed.
Annealing to higher temperatures produced MEIS data that were consistent with the formation of
homogeneously alloyed particles.

The powerful combination of XPS and MEIS allows significant insight into the thermal behaviour of
Cu and Au particles on the ceria surface providing information on alloying behaviour, particle size
and the electronic interaction with the CeO. support material. In fact, this work suggests that discrete
Cu and Au particles are stable up to 450 K on the CeO, surface. When preparing Cu/Au/CeO;
catalysts for selective hydrogenation of furfural, as discrete metal particles are desirable, the thermal

treatment of the catalyst should be considered carefully in order to minimise alloy formation.
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22 Abstract:

24 Bimetallic catalysts are often more active and/or selective than their monometallic counterparts. The
26 behaviour of such catalysts is frequently strongly dependent on the molar ratio of the two elements
as well as nanoparticle size and the interaction with the support material. X-ray photoelectron
29 spectroscopy (XPS) is an excellent surface analytical technique for probing the electronic properties
31 of catalytic systems. When a mixture of pure and alloyed particles is present, it is more difficult to
extract information from XPS given that it is a spatial averaging technique. Recently, the technique
34 of medium energy ion scattering (MEIS) has been exploited to investigate the depth-dependent
36 composition of nanoparticles on planar surfaces. Herein, we combine the two techniques to
investigate the nature of Cu and Au nanoparticles deposited onto ultrathin CeO: films on Si(111)
39 examining their morphology and chemical composition as a function of annealing temperature for
a1 samples that have been maintained in an ultrahigh vacuum environment and exposed to air. The
Cu/Au/Ce02/Si(111) is chosen as a model system in order to provide insight into how the catalytic
44 properties of Cu/Au/CeQ, depend on the presence of discrete Cu and Au particles versus fully

46 intermixed Cu/Au systems.
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Introduction

There are many applications exploiting metallic nanoparticles on high surface area oxide supports
including heterogeneous catalysts, photocatalysts and electrocatalysts.[1] Ceria (CeO,) has a
number of advantages as an oxide support including its ability to enhance metal dispersion;
displaying a greater resistance to thermal sintering than other oxide supports and due to its ability to
operate as an oxygen reservoir, thereby influencing surface chemical processes occurring on ceria-
based materials.[2-4] Unlike supports such as SiO;, when a metal atom interacts with CeO,, charge
transfer processes can occur resulting in the formation of Ce** surface species.[5, 6]

Bimetallic particles often outperform their monometallic counterparts in terms of activity and/or
selectivity. For example, adding a second element can overcome the intrinsically low activity of gold.
Conversely, the addition of a relatively inert element such as gold to a more reactive metal can allow
the establishment of control over selectivity towards a particular catalytic route.[7] Cu/Au systems
have been used for a number of applications in catalysis and electroreduction. Experimental [8] and
theoretical [9, 10] studies have shown that the ordering and composition of Cu/Au nanoparticles is
strongly dependent on temperature and surrounding environment. Cu/Au nanopatrticles supported
on CeO: have been used in the hydrogenation of cinnamaldehyde,[11] CO oxidation,[12-14] the
oxygen-enhanced water gas shift reaction,[15] the photocatalytic oxidation of benzyl alcohol[16] and
in the steam reforming of methanol.[17] Our interest in Cu/Au/CeO; stems from the development of
catalysts for the “hydrogen-free” selective hydrogenation of furfural by Keane and co-workers.[18] In
this catalytic system, hydrogen produced by the dehydrogenation of 2-butanol is fully utilised in the
selective conversion of furfural to furfuryl alcohol. In this application, it is believed to be desirable to
maintain separate Cu and Au particles on the oxide surface. However, Cu and Au have a very strong
tendency to intermix forming solid solutions over the whole compositional range,[19, 20] so a
motivation for the current work is to investigate the thermal behaviour of Cu/Au/CeO; model catalysts
prepared by deposition of Cu and Au nanoparticles onto planar ceria surfaces.

The surface composition of bimetallic systems is commonly different to the bulk composition and
depends on a number of parameters such as the relative surface energies of the two elements;
atomic size; temperature and the environment to which the sample is exposed. In the phase diagram
of bulk Cu/Au mixtures, only a few ordered phases are known, notably for specific Cu:Au ratios.[21,
22] For most bulk compositions, a gold-rich surface layer is favoured.[23] Nevertheless, both
intermixed [24-29] and ordered surface terminations [25, 26] can be prepared when subjecting
Cu/Au(111) systems to specific thermal treatments.

The technique of medium energy ion scattering (MEIS) possesses near monolayer depth resolution
and has been established as a technique for the characterisation of the depth dependent
composition of bimetallic layers on single crystal surfaces under the influence of adsorbates. [30, 31]
A number of groups have aimed to refine the technique to investigate the depth dependent

composition of nanoparticles on flat oxide surfaces.[32-35]
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In this article MEIS, atomic force microscopy (AFM) and X-ray photoelectron spectroscopy (XPS)
are used to characterise the temperature dependence of the composition profile of Cu/Au particles

on CeO:; thin films grown on Si(111).

Experimental Section
X-ray photoelectron spectroscopy (XPS)

XPS measurements were collected in an ultrahigh vacuum (UHV) chamber housing a Scienta ESCA-
300 spectrometer equipped with a monochromatic Al Ka (1486.6 eV) rotating anode and an
unmonochromated Al Ka anode (base pressure ca. 1 x 10° mbar). The detection system consisted
of a large hemispherical analyser coupled to a multichannel plate/video camera (base pressure ca.
5 x 1019 mbar). The instrument was calibrated daily to the Au 4f and Ag 3d photoelectron lines. The
binding energy scale is referenced to the signals of Si 0/IV of Si/SiO, at 99.8 eV and 103.3 eV
respectively. Peak fitting was carried out using CasaXPS software version 2.3.17.

Medium Energy lon Scattering

MEIS analysis was carried out at the MEIS facility at the University of Huddersfield, UK using a beam
of nominally 100 keV He* ions entering a UHV scattering chamber that houses a 3-axis target
goniometer and a rotatable electrostatic energy analyser (base pressure ca. 5 x 10'*° mbar). As a
sectional toroidal type, the analyser enables the simultaneous collection of a range of energies (1.5%
of pass energy) and angles (27°) of backscattered ions through the use of a 2D detector located
behind a set of channel plate multipliers that records both energy and angle of scattered ions. The
overall 2D energy and angle spectrum is composed of individual tiles (one for each pass energy)
that are linked together by software. The Si(111) sample was aligned such that the [101] direction
was coincident with the ion beam incident at 35.3° off normal which leads to channelling within the
Si lattice, while the centre of the analyser was aligned with the [121] direction resulting in a central
backscattering angle of 125.3°. Thus, the plane of scattering contains the [121] surface direction.
Energy spectra were extracted from the 2D spectrum for the three scattering angles of 119.3°, 125.3°
and 131.3°. Large scattering angles were chosen to ensure maximum energy separation between
the different scattered peaks in the spectra. MEIS energy spectra were analysed using the

PowerMEIS simulation code discussed below.
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PowerMEIS

All MEIS spectra were analysed with the PowerMEIS-3 (PM3) software. [34, 36, 37]This software
uses a Monte Carlo algorithm that performs simulations of the interaction of ions (and also electrons
[37]) with matter including multiple scattering (MS) and reliable scattering cross-sections. PM3
describes the sample by voxels organized in a matrix format, which may represent any complex
structure consisting of a number of compounds. Here we considered different type of matrices
describing discrete, alloy and core-shell spherical particles as well as thin films. In addition, each
matrix has a weight to allow for a statistical mixture of structures. For enhanced computational
efficiency PM3 uses a variation on the trajectory reversal approach to connect incoming and outgoing
ion trajectories. These trajectories are constructed by first simulating two sets of trajectories: one set
starting from the beam direction, and one set starting from the analyser. The position, energy, and
path travelled by the ions during these trajectories are stored. The contribution of a specific incoming
and outgoing trajectory combination from an atom A at position X,y,z is proportional to the differential
elastic scattering cross section of atom A at the scattering angle between the incoming and (time-
reversed) outgoing ion trajectory and the concentration of atom A at x,y,z. Simply V-shaped
trajectories (straight-line in and out) can be also selected and provided the same results for the
present study. The main physical inputs are the scattering cross-section, calculated from the Moliere
potential, the electronic stopping power, from the SRIM 97 [38] and energy-loss straggling from the
Chu model.[39] Since neutralized ions cannot be measured by our MEIS analyser, we included the
neutralization correction from the Marion equation[40] in the simulations. PM3 assumes an
amorphous target, i.e. the contribution from different atoms are added incoherently. Further details

can be found elsewhere. [32, 41]
Atomic Force Microscopy

AFM measurements were carried out using a Bruker MultiMode 8 AFM. To minimise surface
damage, all images were acquired via tapping mode using a Bruker RTESPA-300 probe (nominal

frequency 300 kHz, nominal spring constant 40 N m™).
Preparation of model catalysts

Ceria films of a thickness of approx. 2 nm were prepared on Si(111) (International Wafer Service,
p/B doped) by the following procedure which is based on that of Zheng et al. who deposited thin
ceria films on nickel.[42] Cerium nitrate hexahydrate (0.43 g) was dissolved in 70 ml of ethanol with
stirring, 30 ml of collodion solution (cellulose nitrate 4-8% in ethanol/diethyl ether) was then added
to control the viscosity. All reagents were purchased from Sigma Aldrich and used without further
treatments. This solution was then diluted by a factor of ten while maintaining the ethanol:collodion
ratio. Si(111) wafers were cleaned by immersion in a basic piranha solution for 30 mins, followed by
a thorough rinse with deionised water. Finally, wafers were dried in flowing N2(g). The clean Si(111)

wafers were then dipped three times (for 100 s on each occasion) into the cerium containing solution
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and dried for 1 hour before being calcined in air up to a temperature of 775 K at a ramp rate of 5 K

mint and held at 775 K for 20 minutes.

Copper and gold were deposited in UHV via metal vapour deposition via conventional filament
evaporation sources consisting of copper wire (5N purity, 0.1 mm diameter) or gold wire (5N, 0.2
mm) wound around a tantalum filament (5N, 0.25 mm). Evaporation rates were estimated as ca.
0.03 ML min* for copper and ca. 0.04 ML min? for gold, as determined via XPS from both the
attenuation of the Si 2p peak and the growth of the Cu 2p/Au 4f peaks, by deposition on clean Si(111)
wafers. Sample heating was carried out in UHV (base pressure ca. 1 x 10° mbar) with the
temperature of the heating stage on which the sample was mounted monitored by a K-type
thermocouple. Coverages in copper and gold are reported in monolayers (ML), where we define 1

ML as 1 x 10 atoms cm.

Results and Discussion:

Many previous studies of gold or copper nanoparticle growth have been carried out on well-defined
ceria surfaces, e.g. CeO,(111). In a MEIS experiment, when ions are backscattered from surface
atoms, the peak position in the energy spectrum is governed by conservation of energy and
momentum in the elastic collision. When ions are backscattered from subsurface atoms, the incident
ions are subject to additional inelastic energy losses dependent on the pathlength of the ion within
the sample. Consequently, a thick CeO. film would result in a broad Ce-related peak in the MEIS
spectrum, which would swamp the signal from copper nanoparticles dispersed on the ceria surface.
PowerMEIS analysis requires the fitting of the peak shapes which is facilitated by a flat background.
For this reason, thin ceria films were required grown on a substrate with a low atomic mass, such as

Si used in this work.

CeO: film on Si(111)

A representative AFM image of an ultrathin CeO film grown on Si(111) is shown in Figures 1a. Disc-
shaped ceria particles are observed with an average diameter of ~23 nm (range 5-50 nm). Figure
1b shows the Ce 3d region of the XP spectrum of an analogous CeO: film on Si(111). The attenuation
of the Si 2p signal as a result of ceria deposition allows an estimate of the CeO; film thickness.
Assuming that the film is flat, the 58% attenuation of the Si 2p peak (see table 1) equates to a CeO:
film thickness of approximately 1.8 nm. Assuming that the film adopts the fluorite structure of bulk
CeO: (lattice parameter 0.541 nm) and that the surface terminates in {111} planes (interlayer spacing

0.313 nm), this corresponds to an average thickness of between 5 and 6 layers.
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Figure 1. Characteristic AFM image of a) 255 nm x 255 nm of a CeOz: film grown on Si(111);-b) XP spectrum
of the Ce 3d region showing the fitting of the peaks to Ce(lll) and Ce(IV) of a CeO:2 film grown on Si(111);
Ce(IV) components are shown in blue, Ce(lll) components are shown in orange; peaks are labelled according
to the nomenclature introduced by Burroughs et al. [43]; ¢c) MEIS spectrum showing the intensity of scattered
ions as a function of ion energy at a scattering angle of 125.3° of a CeO: film grown on Si(111) and in the inset

the MEIS derived Ce depth profile indicating an on average 2.5 nm Ce film thickness.
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Table 1. Raw XPS areas (hormalised counts and %Ce(IV)) from the preparation of a ~1.6 ML Cu on ~1.0 ML
Au on a CeO2/Si(111) sample.

system Cu 2psp Ce 3d % Ce(IlV) | Si2p Au 4f
Si(111) - - - 13.6 -
Ce02/Si(111) - 101.1 91.2 5.7 -
Au/CeO2/Si(111) - 91.1 88.6 5.2 8.2
Cu/Au/Ce02/Si(111) 13.3 83.6 83.2 4.6 8.0

The Ce 3d region was fitted to quantify the relative amounts of Ce(IV) and Ce(lll) oxidation states in
the thin film. The as-deposited film was found to be almost exclusively constituted of Ce(lV),
consistent with the formation of near-stoichiometric CeO; films. More details of the fitting procedure
used for the Ce 3d region can be found in the Supplementary Information (SI1).

Figure 1c shows the MEIS spectrum from a ceria film on Si(111) prepared under analogous
conditions. The cerium peak at ~88 keV has a FWHM of ~1.3 keV and is well separated from the
peak caused by gold nanoparticles (expected at ~91 keV). The Ce MEIS peak was converted directly
into a depth profile based on well-known inelastic energy loss rates and the silicon random level
reference. Shown in the inset in Fig. 1c¢), it indicates a mean depth of the ceria film of ca. 2.5 nm,

and an average deposited cerium dose of 1.4x10% atoms cm™.

Investigation of the effect of variable CeO, film thickness and morphology on MEIS spectra.

The distribution of CeO, grown on Si(111) was investigated by MEIS through the PM3 software.
Figure 2a shows the MEIS spectrum after the deposition of 2.4 ML Cu followed by 0.54 ML Au onto
a CeO; film on Si(111). This spectrum confirms that the cerium profile is sufficiently narrow that both
copper and gold signals each appear against a flat background, which is important for the PM3
analysis of these signals presented later. Three models were used to represent the CeO:
arrangement as can be seen in Figure 2b). According to the MEIS spectrum shown in Figure 2a,
when the CeO: layer is simulated as a continuous thin film the experimental and simulated data
show poor agreement at the cerium tail (arrow in figure 2a) and at the silicon edge (~61 keV). The
cerium tail can be simulated better by adding a second layer of cerium diffusing into the silicon
surface, but the silicon edge continues not to match. To improve further the agreement between
experimental and simulated data, a ceria island model was used. In this case, eight steps were
created with thickness for the ceria islands ranging from 0 to 3 nm. The fraction of each step of this
model can be seen in Figure 2b). In each model the total atomic density (number of atoms per cm?)
was kept constant. This result is in agreement with the AFM images shown in Figure 1 (a-b). The
copper and gold nanoparticles on the ceria film do not significantly affect the Ce-related signal since
most of the ceria surface is not covered by them. A continuous thin film of metal would result in a

shift of the cerium peak to lower energy, such a shift was not observed in the MEIS spectra.

7
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Therefore, the fit to the cerium signal was refined prior to a detailed fitting of the copper and gold
peaks. In addition, consistently the inclusion of copper and gold nanoparticles on the ceria films did
not significantly change its initial profile.

a) b) film
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Figure 2. a) MEIS experimental data and simulations for a sample prepared by dosing copper (2.4 ML) followed
by gold (0.54 ML) without thermal treatment for the three CeO- distribution models and for the backscattering
angle of 131.3°. b) Schematic diagrams showing the three models employed for simulating the distributions of
the CeO:2 layer morphology and thickness. In the first model a 1.5 nm thick CeO: film was used. In the second
model a Ce in-diffusion layer was added. In the third model, the CeO: film thickness was allowed to vary

between 0 and 3 nm, representing islands of CeO2. Each model has the same number of atoms per cm?2.

The thermal behaviour of a typical CeO,/Si(111) layer was investigated by XPS. From the analysis
of the Ce 3d core level, the Ce(IV):Ce(lll) was evaluated as ca. 90%:10% upon preparation. A
change of the cerium oxidation state is seen with annealing, reaching a Ce(IV):Ce(lll) of ca.
22%:78% after annealing to 500 K. The envelope of the O 1s peak, which contains also the signals
of oxygen related to SiO, and the Ce-O-Si interfacial oxygen, varies accordingly. Ce 3d and O 1s
core level spectra with annealing are reported in SI2.

Deposition of Au onto CeQO,/Si(111)

XPS

The metal vapour deposition of gold was carried out on a CeO-/Si(111) sample at 300 K resulting in
a gold coverage of ~1 ML. XP spectra of the Ce 3d and Au 4f regions are displayed in Figures 3a
and 3b. For these XPS experiments, the non-monochromated Al ka source was used. The fitting of
the Ce 3d region shown in figure 3a reveals that gold deposition results in a small decrease in
Ce(IV):Ce(lll) composition from ~91% Ce(lV) to ~89% (Table 1). This is consistent with a reduction
of the ceria surface during the nucleation of gold particles. The reduction of CeO; by the deposition

of metallic nanoparticle has been reported previously for a range of metals.[6, 44, 45] The Au 4fz»
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peak is recorded at 84.6 eV, as reported in figure 3b, a value slightly higher than that expected for
metallic gold, 84.0 eV. [6, 46]
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Figure 3. XP spectra displaying a) the Ce 3d region and b) the Au 4f region of the CeO2/Si(111) surface, i)
prior to and ii) after the deposition of ~1 ML Au, at a deposition temperature of 300 K; spectra are offset for

clarity. In a) expected positions for Ce(IV)/Ce(lll) components are indicated by blue/orange dashed lines.

Deposition of Cu onto Au/CeQ,/Si(111)

XPS:

The metal vapour deposition of copper was carried out on the Au/CeQ,/Si(111) sample at 300 K
resulting in a copper coverage of ~1.6 ML. XP spectra of the Cu 2ps», Ce 3d and Au 4f regions
before and after deposition of copper are displayed in Figures 4a-c. The Cu 2pszis recorded at 933.5
eV, as shown in figure 4a; this value is in good agreement with those recorded for both metallic
copper and Cu(l) [47]; moreover, no sign of asymmetries or satellite features that could suggest
oxidation to Cu(ll) can be seen. The Ce 3d region is reported in figure 4b. Table 1 reveals that the
Ce 3d signal attenuates by ~9% after deposition of copper. In contrast, the Au 4f signal attenuates
by ~2.5%. This is consistent with some copper being deposited onto gold particles, but the majority
of the copper coalescing into pure nanoparticles on the ceria surface. The deposition of copper
causes a further decrease in the percentage of Ce(1V) from ca. 88.6% to ca. 83.2%. This is consistent
with the behaviour previously reported for the growth of copper on CeO; and supports the conclusion
that copper particles are formed in direct contact with the ceria surface. [48] A small attenuation of
the Au 4f peak indicates that some of the copper also condenses over the preformed Au

nanoparticles.
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Figure 4. XP spectra of a) the Cu 2pss2 region, b) the Ce 3d region and c) the Au 4f region, showing ~1 ML
Au/Ce02/Si(111) i) prior and ii) after deposition of ~1.6 ML Cu at 300 K. In b) expected positions for

Ce(IV)/Ce(lll) components are indicated by blue/orange dashed lines. Spectra are offset for clarity.

Annealing Cu/Au nanoparticle films on CeQ»/Si(111)

Figure 5 shows Cu 2pa/2, Ce 3d and Au 4f core levels XP spectra following the annealing of the layer
described as above. Additional details, as well as O 1s, C 1s, Si 2p core level spectra, are reported
in SI3.1.

The Cu 2psr is recorded at 933.5 eV and remains essentially constant through the progressively
higher annealing temperatures (Figure 5a). The fitting of the Ce 3d region in Figure 5b shows that
the Ce(IV):Ce(lll) ratio decreases with increasing annealing temperature. Following the highest
thermal treatment, the Ce(IV):(lll) ratio was found to be ~1:3. Similar behaviour is observed when
annealing the CeO: thin film on Si(111) (See SI2). This is likely due to transfer of some oxygen from
the ceria layer into the silicon substrate and/or desorption of oxygen. [49, 50] The overall intensity of
the Ce 3d peaks increases with annealing temperature (Table 2 and Figure 5). Similar behaviour
has been observed when annealing a ceria thin film, which was ascribed to a decrease in screening
of subsurface cerium atoms when oxygen vacancies are created. [49] Contributions to the increase
in the cerium signal could also derive from sintering of the metallic nanoparticles with increasing
annealing temperature and from desorption of molecular adsorbates. The Au 4f;, peak, Figure 5c,
is recorded at 84.6 eV and remains essentially constant through the annealing treatments. XPS
(Table 2 and Figure 5) reveals that there is little change in the intensity of either the Cu 2ps, or Au

4f signals, which suggests that the particle size changes little with increasing annealing temperature.
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Table 2. Raw XPS areas (normalised counts and %Ce(1V)) following the annealing of a ~1.6 ML Cu on ~1.0
ML Au on a CeO2/Si(111) sample.

conditions Cu 2psp Ce 3d % Ce(IlV) | Si2p Au 4f

As prep, RT 13.3 83.6 83.2 4.6 8.0
Anneal 325 K 12.9 90.3 84.7 4.6 8.1
Anneal 375 K 12.6 88.5 78.9 4.7 7.8
Anneal 425 K 12.5 102.2 52.3 4.5 8.0
Anneal 475 K 12.6 108.5 44.1 4.2 7.2
Anneal 510 K 13.4 110.3 39.3 3.4 8.7
Anneal 540 K 12.2 122.2 235 4.2 7.2
a) b) C)

35 35 s Au4f 846

= 2 =

‘w ‘w 25 ‘0

c c o

8 25 3 2

£ £ £

T T 20 g

Q Q [

0 0 ]

©@ 20 © ©

£ E 151 £

o ] o

P P zZ

15 4 10 4
" 945 940 935 930 920 940 900 850 ' lséo 92 90 88 86 84 82
Binding Energy /eV Binding Energy /eV Binding Energy /eV

Figure 5. Annealing temperature dependence of XP spectra of the a) Cu 2pas2, b) Ce 3d and c¢) Au 4f core
levels for a sample prepared by the deposition of first ~1 ML Au followed by ~1.6 ML onto a ~2 nm CeO:2 film
on Si(111) at 300 K; i) as prepared, ii) 325 K, iii) 375 K, iv) 425 K, v) 475 K, vi) 510 K and vii) 540 K. In b)
expected positions for Ce(IV)/Ce(lll) components are indicated by blue/orange dashed lines. Spectra are offset

for clarity.

Cu/Au/Ce0,/Si(111)

MEIS

The PM3 software allowed us to explore several nanoparticle structures such as discrete
nanoparticles (NPs), core@shell and alloy, with spherical and hemispherical geometries. In order to

evaluate the goodness of the fit for the MEIS spectra the reduced Chi-square analysis was
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applied.[51] The Chi-square is used as a figure-of-merit for the evaluation of goodness of fit for MEIS

spectra. In this work, we used the reduced Chi-square given by Equation 1:

2 1$N [IeXP — Isim + mi”(lexzrl)]z
X =;Zi:1{ o + 1 } Eqg. 1
where N is the total number of data points, I, and Ig,represent the experimental and simulated
spectra, respectively.[51] The min(l.,,,1) factor is used to take into account cases of low counts.
Equation 1 was applied to three ion backscattering angles (119.3°, 125.3° and 131.3°) with the same
energy range for the analysis presented in this work and the mean Chi-square result was taken.

A sample was prepared by first depositing 0.14 ML Au followed by 0.6 ML Cu onto ~2 nm
Ce0,/Si(111) at 300 K. MEIS data were acquired for the as-prepared sample and following annealing
the same sample to 350, 425 and 525 K. The Chi-square analysis (inset in Figure 6) reveals that the
best fit to the MEIS data (see S4.1) for the as-deposited sample was for discrete NPs of Cu (radius
1.5 nm) and Au (radius 2 nm) adopting a hemispherical shape. Cu nanoparticles were found to cover
approximately 10% of the ceria surface, while Au particles covered approximately 2% of the surface.
The fit for a core-shell morphology was only marginally less good. The possibility of a mixture of
discrete particles and Au(core)@Cu(shell) particles is consistent with our XPS data following a
similar sample preparation. On annealing, the particle morphology was found to be relatively stable
up to ~425 K. After annealing to 525 K, the PowerMEIS Chi-square analysis now shows
approximately similar values for discrete Cu and Au particles; particles with an alloy shell surrounding
a Cu core and alloyed (Auo2sCug7s) particles. The MEIS data are consistent with a clear change
occurring compared to the lower annealing temperatures and it is likely that a mixture of particle
morphologies and compositions is present under these conditions caused by diffusion,
agglomeration and intermixing processes at this elevated temperature. MEIS spectra and

PowerMEIS fits are reported in Si4.1.
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Figure 6. Nanoparticle radii, morphology and % of surface covered by nanopatrticles as a function of annealing
temperature for the samples prepared by the deposition of 0.14 ML Au followed by 0.6 ML Cu onto a ~2 nm
CeO: film on Si(111) as deposited (~300 K) and annealed to 350, 425 and 525 K. In the inset, Chi-square
analysis for the same samples obtained from the three ion backscattering angles (119.3°, 125.3° and 131.3°).

Green, blue and grey bars indicate the use of a model with discrete NPs, core@shell and alloy, respectively.

To summarise the XPS and MEIS findings, XPS shows that when vapour depositing gold onto a
Ce0»(111) film, a small charge transfer occurs on deposition, with cerium being slightly reduced and
gold slightly oxidised. On addition of copper, metallic particles are nucleated, but a further reduction
of ceria seems to occur. A slight decrease of the Au 4f intensity indicates that some preformed gold
particles are coated by a copper layer. On annealing, the Cu 2ps, and Au 4f peaks stay
approximately constant in both binding energy and intensity. Annealing causes an increase in the
reduction of CeO,, mimicking the behaviour observed upon annealing the CeO: films on Si(111).
This could indicate that the metal NPs are thermally stable from the XPS point of view and there is
minimal interaction with the substrate, with reduction of ceria being ascribed primarily to loss of
oxygen. The MEIS analysis is consistent with the XPS results indicating isolated gold nanoparticles
are formed on ceria, with subsequent growth of both isolated copper particles and copper particles
on pre-formed gold particles upon deposition of copper onto Au/CeO,/Si(111). This morphology
remains stable on annealing to 425 K, though increases in particle size and alloy formation are

observed following annealing to 525 K.
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Influence of annealing on an air-exposed Au/Cu/CeQ,/Si(111) sample

XPS

A sample was prepared by the deposition of first ~1.5 ML copper followed by ~1.0 ML gold onto a
~1.5 nm CeO:; film on Si(111). The sample was exposed to air before being introduced into the XPS
chamber for analysis. For these XPS experiments, the monochromated Al kqy source was used.
Deposition of copper on the relatively well-defined CeO,(111) surface has been shown to be initiated
at step edges.[52, 53] It has been reported that charge transfer from the oxide to copper species
leads to the formation of Cu(l) [2, 45] which are thought to be located at the interface with ceria and
covered by Cu(0) species.[54] Gold deposition onto Cu/CeO- can result in decoration of pre-existing
copper particles or the formation of isolated gold particles or a combination of both effects.

Figure 7a-c show the Cu 2ps, Ce 3d and Au 4f regions as a function of annealing temperature. The
annealing temperatures reported are, we believe, accurate to within about 25 K due to difficulties in
measuring the sample temperature using this specific sample holder. After deposition of the metal
nanoparticles, and subsequent exposure to air, the Cu 2ps» region shows a signal that can be fitted
with two components (Figure 7a), one with maximum at a binding energy (BE) of 933.6 eV, attributed
to copper in the 1/0 oxidation state, and one at 935.5 eV, which is associated with Cu(ll).[47, 55]
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Figure 7. Annealing temperature dependence of XP spectra of the Cu 2ps2, Ce 3d and Au 4f core levels for a
sample prepared by the deposition of first ~1.5 ML Cu followed by ~1.0 ML Au onto a ~2 nm CeO: film on
Si(111) at 300 K; i) as prepared, ii) 330 K, iii) 350 K, iv) 370 K, v) 385 K, vi) 400 K and vii) 425 K. In b) expected
positions for Ce(IV)/Ce(lll) components are indicated by blue/orange dashed lines. Spectra are offset for

clarity.
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Table 3. Raw XPS areas (normalised counts and %Ce(lV)) from a ~1.0 ML Au on ~1.5 ML Cu on CeO2/Si(111)

after exposure to air and as a function of annealing temperature

conditions Cu 2psp Ce 3d % Ce(lV)| Si2p Au 4f
As prep, RT 60.30 191.61 89.9 19.73 37.02
Anneal 330 K 72.28 234.86 87.6 19.69 37.74
Anneal 350 K 76.47 217.84 91.0 19.27 37.59
Anneal 370 K 77.09 228.43 86.8 20.17 36.40
Anneal 385 K 84.69 269.18 84.6 19.21 36.88
Anneal 400 K 96.76 312.41 88.7 19.52 36.08
Anneal 425 K 60.30 302.89 74.8 19.73 37.02

The raised background at ca. 944 eV is attributed to the shake-up satellite features of Cu(ll). A BE
of 933.6 eV is approximately 1 eV higher than that typically observed for metallic copper particles.[56]
Similar behaviour was reported in XP spectra of small copper particles deposited onto a single crystal
ZnO surface where the authors concluded that small copper particles are partially oxidised due to
the interaction with the ZnO surface.[57] With annealing to increasing temperature, the signals
associated to Cu(ll) decrease in intensity, the shake-up satellites attenuate and the lower BE
component increases (Figure 7a). Each of these observations imply that the Cu(ll) component
reduces to Cu(l/0). A small shift of the lower BE peak is observed with increasing annealing
temperature.

Figure 7b) shows that after preparation, the Ce 3d region shows the typical signature of cerium in
the +IV oxidation state. With annealing, the decrease of the peaks related to Ce(lV) and the
corresponding increase of the signals related to Ce(lll) are recorded. The overall Ce(IV):Ce(lll)
composition % goes from ca. 90/10% after preparation to ca. 75/25% after annealing to 425 K. (see
Table 3) The Au 4f;; is recorded at 84.4 eV, as shown in Figure 7c. The signal stays constant in
position and shape throughout the annealing experiments. As observed for the main peak of copper,
also the BE of Au 4f peaks are recorded at slightly higher BE than that expected for metallic gold.[6]
Small gold particles have been reported to be partially oxidised on ceria surfaces, but a shift to higher

binding energy has also been reported for Cu/Au alloys compared with pure gold.[58, 59]

Table 3 shows the variation of peak area for the Cu 2ps;, Ce 3d, Si 2p, and Au 4f signals as a
function of temperature obtained from the fitting procedure, and additional details are reported in
SI3.2.

The Ce 3d and Cu 2psp; signals are seen to increase in intensity whereas that of Au 4f stays constant
overall. On the basis of the XPS data, there are a number of possible interpretations of the variation
in Ce 3d, Cu 2ps> and Au 4f intensities with increasing annealing temperature. The increase in the
Ce 3d signal may indicate that the metal nanoparticles are sintering with increasing temperature,

therefore exposing a larger area of bare ceria. However, one would expect a decrease in the overall
15
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intensity of the Cu 2ps,» and Au 4f signals, which is not observed. The exposure of the sample to air
causes the adsorption of carbon and oxygen containing species (e.g. OH", HCOs, COs%). The
thermally induced desorption of these species is likely to occur from copper and ceria sites rather
than from less reactive gold sites. The deposition of copper onto ceria typically produces
hemispherical copper particles.[53] As will be shown below, MEIS indicates that the copper particles
have a radius of ~2.5 — 3.0 nm. Assuming a uniform array of particles on the CeO; surface, an array
of copper particles can be envisaged whose centres are separated by between 10 and 14 nm. The
subsequent deposition of gold is likely to result in gold nucleation on top of existing copper particles
rather than the formation of isolated gold particles, given that Au-Cu bonds are thermodynamically
more favourable than Au/ceria bonds especially when copper particles are already nucleated on the
most favourable CeO; sites.[52, 53, 60] The relatively constant Au 4f signal as a function of
increasing annealing temperature coupled with an increasing Cu 2ps2 signal could be interpreted as
being due to desorption of molecular species from bimetallic particles and intermixing of gold with
copper.

MEIS: Au/Cu/Ce0,/Si(111)
Figure 8 summarizes our findings of the MEIS investigations of the samples when copper is first

deposited followed by gold. MEIS spectra and PowerMEIS fits are reported in Sl4.2. Figure 8 b)
showing the NP’s stoichiometry as a function of annealing temperature. After preparation in vacuum,
PowerMEIS simulations of the data taken at 300 K indicate that the most likely nanoparticle structure
corresponds to hemispherical particles of radius 2.5 nm with a Cu core of radius 1.3 nm and an alloy
shell of composition 78% Cu giving an overall particle stoichiometry of ~80% Cu. After air exposure
and annealing to 375 K, XPS reveals the presence of significant Cu(ll) as well as C and O containing
adsorbates. Under these conditions, analysis of the MEIS data reveals the formation of an
exclusively Cu shell of thickness 0.6 nm surrounding a bimetallic core of radius 2.2 nm and with a
Cu concentration of 45%. Segregation of Cu to the surface induced by exposure to atmospheric
oxygen would be expected. PowerMEIS analysis of samples annealed to temperatures above 375
K is consistent with the formation of homogeneous alloy particles of a gradually increasing particle

size an whose overall composition becomes slightly richer in gold.
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Figure 8. Nanoparticle radius, stoichiometry and morphology as a function of annealing temperature for the
samples prepared by the deposition of ~1.5 ML Cu followed by ~1.0 ML Au onto a ~1.5 nm CeO: film on
Si(111) as deposited and annealed to 375, 425, 475, 510, 550 and 600 K. Composition % is given with respect
to Cu. In the inset, Chi-square analysis for the same samples obtained from the three ion backscattering angles
(119.3°, 125.3° and 131.3°). Green, blue and grey bars indicate the use of a model with discrete NPs,

core@shell and alloy, respectively.

Conclusions

A preparation method has been established for producing Au/Cu/CeO; model catalysts for analysis
by MEIS consisting of a ~2 nm CeO: film deposited onto Si(111) followed by metal vapour deposition
of elemental Cu and Au.

XPS reveals that the ceria film is initially almost pure CeO. in composition. On annealing a
Ce0,/Si(111) sample, a gradual reduction is observed caused presumably by a combination of
oxygen desorption and diffusion of oxygen into the Si substrate.

Deposition of Au onto the CeO»/Si(111) surface at 300 K leads to a slightly lower Ce(1V):Ce(lll) ratio.
Deposition of Cu onto the precovered Au/CeO,/Si(111) surface leads to further Ce(IV) reduction. In
addition, a slight attenuation of the Au signal is observed. These observations are consistent with
the formation of mainly pure Au and pure Cu particles with some Cu deposition onto Au patrticles.
PowerMEIS analysis supports this conclusion, with the best fit to the MEIS data corresponding to
discrete hemispherical Au (radius 2 nm) and Cu (radius 1.5 nm) particles. These particles are

relatively thermally stable up to at least 450 K. The most physically realistic model for the sample
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after annealing to 525 K involves the formation of hemispherical alloyed CuAu patrticles (radius 2
nm).

A sample prepared by deposition of Cu followed by Au onto CeO>/Si(111) was exposed to air. XPS
revealed the presence of Cu(ll) species following air exposure which are reduced to Cu/Cu(l) with
increasing annealing temperature. Annealing to 375 K caused desorption of weakly bound
adsorbates and MEIS revealed that under these conditions the sample consisted of nanoparticles
with a Au rich core and a Cu rich shell. Annealing to higher temperatures resulted in the formation
of alloyed particles. MEIS revealed that initially core-shell particles were produced after deposition
of Cu followed by Au in vacuum. On exposure to air, Cu segregation to the surface was observed.
Annealing to higher temperatures produced MEIS data that were consistent with the formation of
homogeneously alloyed particles.

The powerful combination of XPS and MEIS allows significant insight into the thermal behaviour of
Cu and Au particles on the ceria surface providing information on alloying behaviour, particle size
and the electronic interaction with the CeO, support material. In fact, this work suggests that discrete
Cu and Au particles are stable up to 450 K on the CeO, surface. When preparing Cu/Au/CeO-
catalysts for selective hydrogenation of furfural, as discrete metal particles are desirable, the thermal

treatment of the catalyst should be considered carefully in order to minimise alloy formation.
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