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ABSTRACT

Wide bandgap oxides can be sensitized to visible light by coupling them with plasmonic nanoparticles (NPs). We investigate the optical and
electronic properties of composite materials made of Ag NPs embedded within cerium oxide layers of different thickness. The electronic
properties of the materials are investigated by x-ray and ultraviolet photoemission spectroscopy, which demonstrates the occurrence of static
charge transfers between the metal and the oxide and its dependence on the NP size. Ultraviolet-visible spectrophotometry measurements
show that the materials have a strong absorption in the visible range induced by the excitation of localized surface plasmon resonances. The
plasmonic absorption band can be modified in shape and intensity by changing the NP aspect ratio and density and the thickness of the

cerium oxide film.

Published under license by AIP Publishing. https://doi.org/10.1063/1.514

2528

INTRODUCTION

In recent years, research activities on active catalysts for
environmental protection have gained an increased relevance and
urgency also due to the widespread concern for global warming.'
Cerium oxide based catalysts are active in a number of important
environmental reactions, the most successful commercial applica-
tions being in car catalytic converters and in antiparticulate filters
for diesel engines.” More recent applications of cerium oxide based
materials include fuel cell electrodes™ and catalysts for the synthe-
sis of solar fuels.” However, the application of cerium oxide based
materials as photocatalysts is limited by the CeO, bandgap in the
ultraviolet (3.2-3.6 V)" and by the relatively low electron mobility
of the material.” Methods to sensitize cerium oxide based materials
to visible light include nanostructuration,” '’ defect engineering,"
doping,'*" and the coupling with metallic nanoparticles (NPs), for
example, Au or Ag.'”'>""'° In the latter case, visible light excites the
so-called localized surface plasmon resonances (LSPR) within the

NPs. The energy of such resonant excitations can be transferred to
the neighboring oxide modifying its properties and its catalytic activ-
ity.""'* The interaction between the NPs and the oxide after LSPR
excitation may involve different mechanisms. Direct energy trans-
fers and direct or indirect charge transfer processes may occur.'” "’
Indeed, the specific processes which can take place and their effi-
ciency depend on various characteristics of the investigated materi-
als, for example, the dielectric environment of the NPs, their size,
shape and density, the atomic scale structure of the interfaces, the
alignment of the energy bands of the oxide and of the metal NP, and
the Schottky barrier which is formed between the two materials. The
need for a design-driven synthesis of efficient photocatalytic materi-
als calls for accurate studies of the involved materials in terms of the
above-mentioned parameters.

Static charge transfer processes,”’ >’ as well as more complex
interaction mechanisms,”’ >° have been identified on model sys-
tems made of metal NP supported on cerium oxide surfaces. The
influence of such processes on the functionality of the composite
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materials has been recognized, although the resulting optical prop-
erties are comparatively less understood.

Among the investigated metal NPs, Ag has the advantage of
having a strong absorption cross section in the visible range and of
being relatively less critical than, for example, Au or Pt in terms of
availability and cost. Composite systems made of Ag NPs embed-
ded within cerium oxide matrixes have recently been investigated
and along-living and efficient plasmon-mediated charge transfer has
been hypothesized, based on the results of fast transient absorption
spectroscopy.” Moreover, a superior LSPR-induced catalytic activ-
ity of Ag/CeO, systems under visible light irradiation was recently
demonstrated.'””"

Metals deposited by physical methods on oxide surfaces typi-
cally self-assemble into nanoparticles, with the size and shape deter-
mined by the metal-oxide interaction, by the oxide surface mor-
phology, and by the deposition temperature.”’ In most cases, both
the NP size and/or their density tend to increase with the amount
of deposited metal. Here, we present a systematic study of the
electronic and optical properties of Ag NPs of different sizes and
densities coupled with cerium oxide. The investigation provides
important insights into the interaction between the two materials,
important for a knowledge-driven design of cerium oxide based
materials with a high efficiency toward visible light absorption.

EXPERIMENTAL

The samples investigated in this study are Ag NPs of variable
size and density embedded within or supported on CeO, films. Dou-
ble side polished MgO(001) single crystals were chosen as supports
for the Ag NPs-CeO; systems since they ensure a good optical trans-
parency in the visible range. The substrates were cleaned by two
subsequent ultrasonic baths in warm (373 K) acetone and in iso-
propanol for 5 min and introduced in an ultra-high vacuum appara-
tus for further cleaning by heating at 673 K for 30 min. Cerium oxide
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films of different thickness were grown by reactive molecular beam
epitaxy (MBE), by evaporating Ce, using an electron beam cell, in
an oxygen partial pressure of 1 x 10”7 mbar on the MgO substrate
kept at room temperature (RT). The Ag NPs were self-assembled
on the cerium oxide film surface at RT by depositing Ag from a
Knudsen cell. Both the Ce and Ag evaporators were calibrated by
a quartz crystal microbalance. The size and density of the Ag NPs
obtained depend on the amount of Ag deposited. We have focused
the present study on NPs formed by depositing 2 A, 4 A, and 12 A of
Ag on the cerium oxide film surface, where the nominal Ag amount
refers to the equivalent thickness of a uniform Ag layer fully cover-
ing the oxide surface. The samples for ex situ characterization were
covered by a further cerium oxide layer to provide a dielectric envi-
ronment also above the NP and to simultaneously protect the Ag
NPs from contamination induced by air exposure. To increase the
optical absorption of the 2 A and 4 A Ag NP sample, we grew mul-
tiple layers of Ag NPs, each containing the same Ag amount (2 A
or 4 A), intercalated by CeO; films, each having the same thickness
(0.5 nm, 1 nm, or 2 nm) as schematically shown in Fig. 1. All of the
layers were grown at RT. We note that the real morphology of the
investigated samples is far more complex than the one sketched in
Fig. 1 and that the intermediate oxide layers may leave some of the
largest NPs partially uncovered. Some of the Ag NPs belonging to
subsequent layers may indeed be partly in contact (center and bot-
tom panels). For the case of 4 A Ag NPs, three different samples with
NP layers intercalated by oxide layers of 0.5 nm, 1 nm and 2 nm
thickness were prepared in order to investigate also the effect of the
dielectric thickness on the optical properties (see Fig. 1). Pure CeO,
films of different thicknesses without Ag NPs were also grown and
measured for comparison.

The electronic properties of the samples were analyzed in situ
by x-ray photoemission spectroscopy (XPS) and ultraviolet photoe-
mission spectroscopy (UPS). For the XPS measurements, we used Al
Kq photons from a double anode x-ray source and a hemispherical
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electron analyzer in a normal emission geometry. The analysis of Ce
3d spectra is a powerful method to precisely determine the evolution
of stoichiometry of the surface of cerium oxide based materials. The
fitting of the spectra was performed using a procedure introduced
by Romeo et al.”’ and further improved by Skala and co-workers,”
which we have already used to evaluate the Ce’* and Ce*" concentra-
tion in a number of previous studies.’”” Briefly, it consists in fitting
the spectra using five Voigt-shaped doublets, three related to photoe-
mission from Ce** ions and two related to photoemission from Ce**
ions with different final states. The procedure is relatively precise in
detecting changes in the concentration of Ce** and Ce* in differ-
ent samples, while the accuracy on the numbers obtained is affected
by a relatively large error. The UPS measurements were acquired
using a helium lamp and a hemispherical electron analyzer at normal
emission.

The optical properties were investigated ex situ using an
ultraviolet-visible (UV-Vis) spectrophotometer equipped with a
xenon lamp, a grating monochromator, and a silicon photodetec-
tor (detection range 250-750 nm). The incidence angle between the
incident photon beam and the sample normal was set to 22°. The
absorbance A was evaluated by measuring the transmittance T and
the reflectance RasA=1-T-R.

The morphology of the system was also investigated ex situ by
scanning transmission electron microscopy (STEM), using a JOEL
JEM-2200FS microscope located at CNR-IMEM in Parma, on a sam-
ple grown directly on a TEM grid (consisting in thin carbon films

ARTICLE scitation.orgljournalljcp

supported on a Cu mesh) with the same procedures used for the
samples grown on MgO. The TEM was operated also with an energy
dispersive x-ray spectrometer (EDXS) to determine the distribution
of Ag and Ce on the sample surface.

RESULTS AND DISCUSSION

The morphology of the MBE-grown Ag NPs embedded
between two CeO, layers was investigated by TEM. Figure 2(a)
reports a representative annular dark-field scanning TEM (ADF-
STEM) image of a portion of a4 A Ag NP sample embedded between
two cerium oxide layers of 1 nm thickness.

The Ag particles appear bright in the image due to the higher
average atomic number (about 1.5 times the CeO, value by aver-
aging in the unit cell volume). The Ag size distribution, shown in
Fig. 2(b), was measured from a series of images (using conven-
tional particle analysis as implemented in the ImageJ software™).
The size distribution is rather broad, it has a maximum around 3 nm,
and the maximum NP diameter is ~10 nm. EDXS maps from the
Ce-L edge (cyan) and Ag-L edge (magenta), shown in Fig. 2(c), con-
firm that Ag is concentrated into NPs, while cerium is uniformly
distributed on the sample surface. A rough estimate of the aspect
ratio of the NPs, defined as the ratio between the NP diameter and
its height, can be obtained by evaluating the fraction of sample
surface covered by Ag NPs from images like the one in Fig. 2(c).
Since the nanoparticles cover ~25%-30% of the surface and the
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amount of Ag deposited is 4 A, the average height of the Ag NPs
is ~1.3-1.6 nm. Indeed, the aspect ratio is expected to depend on
the size and shape adopted by the NPs. However, an estimate of the
dominant aspect ratio for the 4 A Ag sample can be obtained by
considering that the largest fraction of the NPs have an in-plane size
of 3 nm and a height of 1.3-1.6 nm, which give an aspect ratio of
~2 or higher. Figure 2(d) reports a high-resolution TEM (HRTEM)
image acquired on the same sample, which demonstrates that most
of the Ag nanoparticles have a polyhedral shape and a polycrystalline
structure. Cerium oxide forms small crystalline domains with a lat-
eral size of a few nm. In some cases, the oxide grains and the metal
NPs show some mutual in-plane crystallographic alignment. This
is evidenced in Fig. 2(d), which highlights CeO, (111) planes (d;
=3.12 A) aligned parallel to Ag(111) planes (d» = 2.36 A). Although
the lattice mismatch between the CeO,(111) and Ag(111) surface
unit cells is rather large, cerium oxide grains have some tendency
to align their most stable (111) facets with Ag NP (111) facets, in
analogy with the case of cerium oxide films grown on (111) metal
surfaces.””

Cerium oxide films deposited on polished MgO(001) surfaces
and on TEM grids with the same procedures are expected to have a
comparable roughness since polished oxide surfaces are not atom-
ically flat and no simple epitaxial relation is expected to be estab-
lished between the MgO(001) surface and the most stable low-index
cerium oxide planes. Therefore, we expect the Ag NP morphology
and structure to be comparable in the samples deposited on the two
different substrates.

The size and shape of the NPs and, in particular, their aspect
ratio, determine the energy of the optical absorption features.”
Indeed, also the dielectric in which the NPs are embedded plays a rel-
evant role in determining the polarizability and hence the dielectric
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response of the material. Moreover, the plasmonic resonance modes
can be shifted by interparticle interactions.””"" We investigated the
dependence of the optical response on the above-mentioned param-
eters in the case of the Ag NPs-CeQO; system, by measuring the
UV-Vis absorbance spectra as a function of Ag nominal thickness
and as a function of the thickness of the CeO; film in which the Ag
NPs are embedded. Figure 3(a) shows the UV-Vis absorbance spec-
traof 2 A, 4 A, and 12 A Ag samples embedded within two ceria
layers of a constant thickness of 1 nm. The 2 A and 4 A Ag samples
consist of six and three repeated layers of Ag NPs, respectively (see
Fig. 1). The spectra in Fig. 3(a) show a feature at ~275 nm, which
is ascribed to transitions to defect states in the MgO substrate, 1 a
second peak at ~320 nm, which corresponds to transitions from the
d-like part of the valence band to the empty 4f levels in the CeO,
matrix,”” and a broad LSPR band in the visible range (the UV-Vis
spectra of bare MgO and CeO,/MgO are shown in the supplemen-
tary material). In order to compare the LSPRs-related features in the
different samples, we considered the differential absorbance spectra,
A _ A-Aceo,
A Aceo,

embedded Ag NPs. The resulting spectra, reported in Fig. 3(b), show
an increasing intensity as the amount of Ag per layer is increased
although the total amount of Ag is nominally the same in each
sample. This is not surprising since the absorption cross section is
proportional to the volume of the NPs, when the light wavelength
is much larger than the NP size as in the case here investigated.
The broad absorption feature in the visible range is composed by
different peaks, one centered slightly above 400 nm, whose posi-
tion appears unaltered in the different samples, and a second very
broad feature at higher wavelengths, which significantly increases
in intensity and progressively shifts toward higher wavelengths as
the amount of Ag per layer is increased. The morphology of the

, where Aceo, is the absorbance of a CeO, film without

a ) variable Ag nominal amount b) C )
1 nm CeO, spacer thickness
12 A Ag 251~
20~
g
€
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FIG. 3. (a) UV-Vis absorbance, (b) AA/A spectra of a2 A, 4 A, and 12 A Ag embedded within CeO films of 1 nm thickness, (c) imaginary part of the calculated polarizability
for Ag NPs of different aspect ratio embedded in a dielectric medium with different values of dielectric constant.
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samples here investigated is quite complex, with relatively broad dis-
tributions of sizes and interparticle distances (Fig. 2). Broad LSPR
absorption features at comparable wavelengths have already been
identified in Ag NPs with a size of a few nanometers and ascribed
to some anisotropy in their shape or environment.””* * In the case
here investigated, an aspect ratio larger than one is expected due to
nanoparticle substrate interactions.”” " To understand the evolution
of the optical absorbance as a function of the amount of Ag deposited
within each NP layer, we calculated the polarizability of the Ag NPs
embedded in a CeO, matrix, using the Maxwell-Garnett model”’
with a dielectric function for Ag taken from Ref. 48 and a dielec-
tric constant equal to 5 for Ce0,.” Following Ref. 50, we assumed
Ag NPs with a spheroidal shape and a variable aspect ratio (see the
supplementary material for details). The imaginary part of the polar-
izabilities derived within the model is shown in Fig. 3(c). An aspect
ratio of 2, as estimated from the TEM images, splits the plasmon res-
onances into two peaks, an out-of-plane resonance around 400 nm,
and an in-plane resonance around 590 nm. Figure 3(c) also shows
that an increase of the aspect ratio to three induces a red shift of
the in-plane component to 680 nm, while the out-of-plane compo-
nent is only mildly blue-shifted. A decrease of the dielectric constant
to 4, which may account for the finite thickness of the dielectric
medium,” instead, blue-shifts the in-plane component. Moreover,
in-plane interparticle interactions, which are not considered in the
calculations, are expected to red-shift the in-plane LSPR, when the
mutual distance between two NPs is smaller than a few nm.”"’
These effects can explain the observed increases in absorbance at
high wavelengths as a function of the nominal Ag thickness, i.e., with
increasing Ag NP density [Fig. 3(b)]. The NPs are in fact expected to
be progressively denser and to possibly have a slightly larger aspect
ratio, which can result in a higher weight of the red-shifted in-
plane resonance. The distribution in size and aspect ratio of the NPs
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and the possible deviations of the dielectric constant of the medium
from the bulk value due to the finite film thickness can explain the
broadness of the observed features.

To have more information on the optical properties of Ag
NPs coupled with CeO,, we also investigated the evolution of the
absorbance spectra in three samples with a fixed amount of Ag NPs
per layer (4 A) separated by CeO, layers of 0.5 nm, 1 nm, and
2 nm thickness, respectively (see Fig. 1). The three samples con-
sist of three repetitions of Ag NP layers. The UV-Vis spectra and
the corresponding % spectra are reported in Fig. 4. In Fig. 4(a),
we can clearly see that the feature corresponding to CeO, inter-
band transitions at 320 nm has a progressively increasing intensity
as compared to the LSPR feature in the visible, as the thickness
of the CeO; layers is increased. The AAfA spectra [Fig. 4(b)] show
very broad LSPR-related absorption features. Figure 4(c) reports the
imaginary part of the calculated polarizabilities for different values
of the aspect ratio and of the dielectric constant of the medium.
An aspect ratio smaller than one, which was considered in order
to account for possible partial coalescence of NPs in the out-of-
plane direction, significantly red-shifts the out-of-plane resonance
above 450 nm, while a decrease in the dielectric constant of the
medium blue-shifts the in-plane component to wavelengths below
600 nm. The observed marked absorption intensity at wavelengths
between 450 nm and 650 nm in the sample with the thinnest CeO,
spacer thickness can, therefore, be ascribed to a partially incom-
plete coverage of the NPs by the oxide, which may locally have
a smaller dielectric constant than the bulk and which may induce
a partial coalescence of Ag NPs in the out of plane direction.
Indeed, also out-of-plane interparticle interactions, neglected in the
calculations, are expected to increase with decreasing ceria spacer
thickness, red-shifting the out-of-plane resonance (constructive
interaction) and blue-shifting the in-plane resonance (destructive

a) 4 A Ag b) C) — AR=2:,=5
variable CeO, spacer thickness 14 0.5 nm CeO, AR=0.67 £, =5 ,
AR=0.67 ¢,,=4
12~
10 .
2
1 nm CeO, <
< 8 .
~ o
< < 5
2 nm CeO, 6 E
1 nm CeO, 4 2 nm CeO,
2
0.5 nm CeO,
1 1 1 1 1 0 1 1 1 2= h
300 400 500 600 700 300 400 600 700 300 600 700

wavelength (nm)

wavelength (nm)

wavelength (nm)

FIG. 4. (a) UV-Vis absorbance and (b) AA/A spectra of a 4 A Ag embedded within CeO; layers of 0.5 nm, 1 nm, and 2 nm thickness; (c) the imaginary part of the calculated
polarizability for Ag NPs of different aspect ratios embedded in a dielectric medium with different values of dielectric constant.
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FIG. 5. (a) XPS Ce 3d and (b) UPS
spectra acquired in situ at the different
stages of the growth of a 12 A Ag sam-
ple between two CeO, layers of 1 nm
thickness.
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interaction), thus possibly contributing to the more intense absorp-
tion between 450 nm and 650 nm in the sample with 0.5 nm CeO,
spacer thickness.

Comparable changes in the LSPR energies were ascribed to
modifications of the aspect ratio and of the oxide dielectric constant
on other systems made of self-assembled Ag NPs embedded within
metal oxides.”’

In situ XPS/UPS analysis offers the possibility of investigating
the electronic properties of the samples at the different stages of the
growth and to obtain a more detailed description of the interaction
between Ag NPs and CeO,, interesting for a clearer understanding
of the optical response. Figure 5 shows the XPS Ce 3d and UPS spec-
tra acquired at different stages of the growth of a 12 A Ag sample
embedded between two CeO; layers of 1 nm thickness. After the
deposition of the first CeO; layer, the Ce 3d spectrum [Fig. 5(a)] has
the characteristic shape of Ce ions mainly in the 4+ oxidation state.
The fitting of the spectra with Ce**- and Ce**-related components,
as outlined in the section titled Experimental, indicates the addi-
tional presence of a minor, although non-negligible, concentration
of Ce*" ions (Table 1), which are probably located at defect sites. A
relatively large density of low-coordination sites is formed within the

TABLE I. Ce®* concentration evaluated from the fitting of Ce 3d XPS spectra.

Sample ccex (%)
1 nm CeO, 11+2
1nm CeO; +2 A Ag 20+£2
1nm CeO, +4 A Ag 23+2
1 nm CeO, + 12 A Ag 26+2
lnmCeOZ+12AAg+1nmCe02 9+2

binding energy (eV)

cerium oxide films due to the limited mobility of the adatoms during
the growth, which is carried out at RT on a relatively rough mag-
nesium oxide substrate, as compared to cerium oxide films grown
on metal substrates in similar conditions and thermally treated in
oxygen after the growth.”””” After the growth of 2 A of Ag on the
CeO; film, the Ce 3d XPS spectra show the appearance of features
at 884 eV and 904 eV, ascribed to the most intense Ce’" related
doublet. The weight of such features progressively increases with the
amount of deposited Ag, indicating an increasing concentration of
Ce*" ions. A dominant CeO, surface stoichiometry is restored after
the growth of the topmost cerium oxide layer, showing that at least
part of the NPs is covered by the cerium oxide film, which—in anal-
ogy with the first cerium oxide layer—is not expected to be fully
stoichiometric. The Ce®" concentration after each step of the growth,
obtained by fitting the Ce 3d XPS spectra, is reported in Table 1. A
progressive reduction of comparable entity as the one observed here
was already measured on epitaxial CeO; films grown on Pt(111) after
the growth of Ag NPs,”' and it was ascribed to a charge transfer from
the NPs to the substrate, an effect often altering the properties of
small nanoparticles coupled with oxides.”” We note that the Ce**
concentration increase that we measured after Ag growth (+10-
15%) is possibly underestimated since the Ce’" ions are expected
to form at the bottom interface between the nanoparticles and the
cerium film. For this reason, the Ce’* related photoelectron intensity
is expected to be more attenuated by the Ag NPs than the emission
from Ce*" ions, which are also present on the uncovered surface
areas.

Previous works demonstrated small shifts of the LSPR with NP
charging.”'”” Although for the samples here investigated, it is quite
difficult to quantify the expected shifts, we can hypothesize that the
broadness of the observed plasmonic absorption features in the spec-
tra of Figs. 3 and 4 may be ascribed not only to the relatively broad
NP size distribution [see Fig. 1(b)] but also to the different interface
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charge densities, which in turn depend on the NP size and on the
nucleation site on the oxide surface. Moreover, modifications of the
local polarizability of the oxide are expected to be induced by the
charge transfer process.

The UPS spectrum of the CeO, film [Fig. 5(b), bottom spec-
trum] shows a dominant broad feature between 2 eV and 7 eV,
which is due to emission from the valence band of O 2p charac-
ter. The feature progressively changes shape with increasing amount
of Ag deposited due to the appearance of features related to the Ag
valence band at binding energies around 5 eV"” and to the attenua-
tion of the CeO,-related main feature around 3 eV. After the growth
of the topmost 1 nm thick CeO, layer [Fig. 5(b), topmost spectrum],
the Ag-related features are still visible, demonstrating that the cov-
erage of the Ag NPs is possibly not uniformly as thick as 1 nm, as
expected given the size of the Ag NPs and the relatively rough surface
morphology.

CONCLUSIONS

We show that Ag deposited by MBE on cerium oxide films
with a non-ordered surface spontaneously aggregates into particles
of nanometric size. If embedded within two cerium oxide films, the
Ag NPs show an LSPR-related optical absorption band in the visible
range, with a shape which changes as the amount of Ag deposited
and the thickness of the CeO, dielectric are varied. The modifica-
tions of the optical absorbance are interpreted as due to variations
in the NP aspect ratio, NP density, and dielectric constant of the
oxide. Some charge transfer from the NPs to the oxide is observed
and hypothesized to possibly affect the optical response.

SUPPLEMENTARY MATERIAL

See the supplementary material for the absorbance spectra
of the MgO(001) substrate and of a 4 nm CeO; film supported
on MgO(001), for the formula used to calculate the polarizability
within the Maxwell Garnett model, and for the depolarization fac-
tors used for nanoparticles with a spheroidal shape and different
aspect ratios.
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