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Abstract

®

CrossMark

With the aim of sensitizing cerium oxide—a very important catalytic material—to visible light,
its coupling with Au and Cu nanoparticles is investigated. The samples are grown by physical
synthesis by embedding a layer of nanoparticles between two cerium oxide films. The films are
controlled in composition by in-situ x-ray photoemission spectroscopy and in morphology by
ex-situ scanning electron microscopy. The optical properties as a function of the oxide
thickness, investigated by spectrophotometry in the UV-Vis range, are interpreted based on the
results of the morphological characterization and of simulations based on the Maxwell Garnett
model. The stability of chemical and optical properties after air exposure is also investigated.
The results, indicating that stable materials with tuneable optical properties can be obtained, are
important in view of the potential application of the investigated systems in photocatalysis.

Supplementary material for this article is available online
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1. Introduction

Systems composed by plasmonic nanoparticles (NPs), such
as Au, Ag and Cu, coupled with metal oxides (MOs) such
as CeO; or TiO, are promising in the field of solar light
photocatalysis [1-6], in which the photocatalytic properties
of some MOs can be combined to the large absorption and
scattering cross section in the visible range typical of plas-
monic NPs [6]. The interaction of the incoming visible radi-
ation with metallic NPs triggers localized surface plasmon res-
onances (LSPRs), collective oscillations of electrons at the
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surface of the nanostructures [5, 7-10]. The plasmonic proper-
ties strongly depend on the composition, size, shape and aspect
ratio of the NPs and on the dielectric properties of the environ-
ment, that plays a relevant role in determining the polarizabil-
ity and hence the optical response of the material. Moreover,
when the NPs are surrounded by a semiconductor, the relaxa-
tion of the LSPRs in the metallic NPs may lead to a charge or
energy transfer from the nanostructures to the semiconductor
[3, 6, 11, 12]. The interaction between the plasmonic NPs and
the surrounding material may involve different mechanisms,
such as an increase of the length of the optical path due to
light scattering or the transfer of charge and/or energy from
the NPs to the semiconductor [5, 9, 12—14]. The efficiency of
such processes is influenced by different factors, including the
properties of the NPs, the dielectric properties of the environ-
ment, the quality of the interface between NPs and semicon-
ductor and the band alignment of the two materials [5, 9, 14,
15]. The effect can be exploited to sensitize wide band gap
oxides to visible light.

© 2024 The Author(s). Published by IOP Publishing Ltd
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Cerium oxide is a semiconducting oxide with a band gap
in the UV, between 3.2 and 4 eV depending on the defectivity
[16—18]. It has relevant catalytic properties due to its reducibil-
ity that allows to easily and reversibly incorporate oxygen ions
into its lattice [2, 4, 9, 12]. The possibility to enhance reducib-
ility via coupling with plasmonic nanoparticles represents an
appealing possibility to obtain more efficient catalysts.

In previous works by some of the authors, systems com-
posed by Ag NPs coupled with CeO, have been systematic-
ally investigated in terms of morphology [19, 20], electronic
and optical properties [21], and of dynamics of excited states
[4, 8]. Ag is a strongly-plasmonic material predicted to have a
very high hot electron generation rate [15], and Ag NPs have
shown a highly efficient charge transfer upon the relaxation
of LSPR excitations [3, 5, 7, 22, 23]. However, the material
is also rather expensive, and Ag NPs undergo rapid corrosion
in ambient air, altering their plasmonic properties [24, 25].
Au NPs, on the other hand, are inert in air, and they repres-
ent stable, though expensive, systems. Also Au NPs embed-
ded within CeO; layers have shown a high plasmon-mediated
charge transfer efficiency [26]. Cu, finally, is unstable in atmo-
sphere, but it is less critical than Au and Ag, and its oxides also
present interesting catalytic properties by themselves [27-29].

In the present work, samples composed by Au and Cu NPs
embedded in CeO, matrices are investigated to study the influ-
ence of the environment and of the NP morphology on the
optical properties of the systems. We demonstrate that systems
composed by plasmonic NPs combined with CeO, present an
intense light absorption in the visible range, that can be tuned
by changing the dielectric or the NP properties. We also show
that the optical properties of the investigated systems persist
after a long period of air exposure, a very important require-
ment for the applications.

2. Materials and methods

The samples here investigated are model systems composed of
metal (Au or Cu NPs) embedded between two stoichiometric
CeQ; films of variable thickness. They were grown in the ultra-
high vacuum (UHV) apparatus (P ~ 10~ '? mbar) described in
[30], composed by two connected UHV chambers. The first
one is equipped with evaporators and gas lines and it is used
for sample deposition, while the second one is used for sub-
strate preparation and electronic characterization through x-
ray photoemission spectroscopy (XPS). Cerium oxide films
were grown by reactive molecular beam epitaxy, evaporating
Ce from an e-beam evaporator in an oxygen partial pressure
of 10~7 mbar, while Cu and Au were deposited by Knudsen
cells. The evaporators were calibrated using a quartz microbal-
ance before the growth. The substrate was kept at room tem-
perature (RT) during oxide and metal growth. The samples
used for optical characterization (schematics in figure 1(a)) are
composed by a layer of NPs embedded between two layers
of CeO,, grown on optical grade quartz substrates, transpar-
ent in the UV-Vis range. The layer of metal NPs was obtained
by evaporating an equivalent thickness of 2 nm of metal, that
nucleates into NPs when deposited on the oxide surface [1,

b) Name M  d,=d,(nm)
CeO, - 2
Bare Au Au 0
Au@CeO,1.6 nm Au 0.8
Au@CeO,4 nm Au
Au@CeO, 8 nm Au
Bare Cu Cu
Cu@Ce0,1.6 nm Cu 0.8
Cu@CeO,4 nm Cu
Cu@CeO,8 nm Cu 4

Figure 1. (a) Schematics of the sample used for the optical
characterization: NPs embedded between two ceria layers of overall
thickness d; + d»; (b) table of the samples characterized in the
present work.

19, 20]. In all samples for optical characterization the NPs
were embedded between two layers of ceria of the same thick-
ness, that were varied between 0.8 and 4 nm as schematized
in figure 1. Samples with bare NPs, deposited on quartz, and
a CeO, film of 4 nm thickness were also used as references.
The list of all samples is reported in figure 1(b). While the
optical absorptance characterization requires a substrate that
is transparent in the UV-Vis range, the SEM analysis must be
performed on a conductive sample. Then, while the samples
for the optical characterization have been grown on transpar-
ent quartz substrates, the samples for morphological charac-
terization (schematics in figure S1) are composed by a 2 nm
thick CeO, film with a layer of NPs (2 nm equivalent) on top,
deposited on a Si substrate with a 600 nm thick thermal oxide
film, that shows a high enough conductivity for scanning elec-
tron microscopy (SEM) analysis.

Both the quartz and the Si substrates were prepared by
a 5 min bath in acetone at 423 K and by two subsequent
ultrasonic baths in acetone and in isopropanol at 353 K for
3 min each. The sample morphology, and in particular the size,
shape, and density of metal NPs are not expected to depend on
the underlying ceria film thickness, nor on the substrate used,
since the surface of CeO; films grown at room temperature has
a granular rough morphology even on flat single crystal metal
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surfaces [30]. After the growth, all samples were characterized
by in situ XPS using Al Ka photons from a double anode x-
ray source, to obtain quantitative information on the deposited
quantity of CeO, and metal and on possible variations of the
chemical state of the materials composing the sample. SEM
images of the samples were acquired using a FEI Nova Nano
SEM450. The SEM column was equipped with a Schottky
field-emission gun (SFEG), and it could achieve a resolution
of 1.4 nm in a low-voltage (I KV) operation. The GMS3
GATAN software by DigitalMicrograph and the ImagelJ soft-
ware developed by National Institutes of Health of United
States were used to obtain the metal NPs size distribution.

The absorptance of the samples was analyzed through
optical UV-Vis spectrophotometry. The setup is composed
by a Xenon lamp that provides white non-polarized light, an
ORIEL-MS257 monochromator, a polarizer and a silicon pho-
todetector. The absorptance A of the sample is evaluated as
A =1— (T + R), where T and R are the transmittance and
the reflectance, i.e. the fraction of transmitted and reflected
light, measured with the impinging photon beam forming an
angle of 22° with the sample surface normal. In this config-
uration, s polarization is entirely in the surface plane, while
in the case of p polarization a small out-of-plane compon-
ent is also present. For all samples, the shape of the spectra
acquired with s- or p-polarized light is comparable (see sup-
porting information figure S2), indicating that the samples are
optically isotropic in the surface plane. The spectra shown in
this work were all acquired with s-polarized radiation. The
experimental results are compared with numerical calcula-
tions, obtained by performing polarizability simulations based
upon the Maxwell Garnett model for optical absorption [31],
using the AR obtained by the analysis of the SEM images
(see supporting information for detail). For the simulations,
the bulk dielectric functions were obtained from [32] for CeO,
and from [33] for Au and Cu, while when simulating bare NPs
on quartz, the real part of the complex refractive index for
quartz was calculated from the Sellmeier equation [34] using
the coefficient of fused silica (SiO,) at RT [35].

3. Results and discussion

To analyze the NPs morphology, SEM images were acquired
from samples composed of 2 nm CeO; + 2 nm M (M = Au,
Cu). Representative images of the two samples, shown in
figure 2, clearly show that Au forms smaller NPs than Cu
on the CeO; surface. In both samples the NPs cover the
whole sample surface with a constant density, suggesting that
the CeO,; film presents a uniform density of surface defects
which possibly act as nucleation centers. Both Au and Cu NPs
(figures 2(a) and (b) respectively) present an irregular shape,
and the particles are partially interconnected. The lateral size
distribution extracted from the SEM images (figures 2(a) and
(b)), shows an average diameter of 6 nm for Au NPs, with a
standard deviation of 3.4 nm, and of 15.1 nm for Cu NPs, with
standard deviation of 10 nm. This value, in conjunction with a
measure of the average NP thickness extracted from the frac-
tional surface coverage, obtained from the SEM images, gives

an estimation of the aspect ratio (AR) of the NPs, defined as
the ratio between the in-plane and the out-of-plane size. The
average AR is 2.2 for Au NPs and 5.3 for Cu NPs (see support-
ing information, figure S3, for more details and for the AR
distribution). The AR of the NPs, together with their dielec-
tric environment, are crucial aspects for the simulation of the
optical properties of the samples [21, 36]. Comparing the aver-
age out-of-plane size of the NPs (~2.7 nm and ~3.3 nm for
Cu and Au NPs respectively, see SI for more details) with the
thickness of the uppermost ceria layer, the NPs result only par-
tially covered by the ceria film, especially in the case of thin
oxide layers.

The morphology of Au and Cu NPs on CeO, shows relev-
ant differences. Au NPs appear smaller in size, with a lower
AR, covering a smaller fraction of substrate as compared to
the case of Cu NPs. The morphology of metal NPs on oxide
surfaces indeed depends on the interaction between the depos-
ited atoms and the substrate, although other factors, like sub-
strate defectivity and growth temperature also play a role [37].
The initial stages of the nucleation of Au and Cu NPs on flat
epitaxial CeO, films have been investigated using surface sci-
ence techniques [38, 39]. Au, due to its electronic structure,
interacts weakly with the substrate and it preferentially nuc-
leates at step edges and at point defects on the terraces [39].
Cu instead shows a stronger interaction and it initially binds
to the CeO, surface also via a transfer of electrons to Ce ions
[38]. In the case here investigated—RT nucleation of Au and
Cu on non-annealed, non-epitaxial cerium oxide films—the
substrate morphology is far from ideal, with a high density
of defects due to the preparation conditions chosen. The metal
atoms are expected to initially nucleate at defect sites. As the
growth proceeds, Au atoms tend to preferentially bind to Au
sites, forming smaller NPs with a lower AR than Cu NPs, in
which, on the contrary, the interaction between Cu and ceria
favors larger in-plane sizes, higher AR and a larger surface
coverage. In other words, as observed in the work by Plessow
and Campbell, the lower the ratio between the adhesion energy
(Eeqn) and the free energy (7), the closer will be the NP to a
sphere than to a hemisphere [40]. The ratio E.qn/ for metallic
NPs deposited on cerium oxide depends on the stoichiometry
of the film. By fitting the XPS Ce 3d lines in the samples con-
taining both Au and Cu NPs in ceria, we extracted a dominant
CeO; stoichiometry for the films: in this case, the Eeqn/7y is
around 0.84 for Au and 0.98 for Cu [37, 41, 42], justifying the
shape of the deposited NPs.

Figure 3(a) shows the optical absorptance of Au and Cu
NPs embedded in 4 nm of CeO, and of an oxide film of
the same thickness without NPs for comparison. The cerium
oxide film only shows a peak at 300 nm characteristic of band
gap excitations in CeO, [16]. The combination with metal
NPs introduces additional absorption features on the right
side of the CeO,-related feature, ascribed to interband trans-
itions from the d-valence band to empty states in the s and
p bands, expected to occur around 350 nm for Au NPs [43]
and at 450 nm in Cu NPs [11]. Moreover, a broad absorptance
band appears in the visible region, peaked around 700 nm
for Au@CeQO, and above 750 nm for Cu@CeQ,, ascribed to
the excitation of LSPR in the NPs [8, 11]. The LSPR-related
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Figure 2. SEM images of (a) Au and (b) Cu NPs on CeO; films and corresponding diameter distribution (c) and (d), fitted with a lognormal

function.

absorption band appears much broader for Cu NPs than for Au
NPs. The optical absorptance intensity in the visible range is
similar in the two samples with embedded NPs, meaning that
all proposed materials have good plasmonic properties in the
visible range, and that the plasmonic properties persist also
after the short air exposure necessary to perform the optical
measurements. This was expected for Au NPs, given the low
reactivity of the material, while other works shown bare Cu
NPs to undergo a progressive degradation of plasmonic prop-
erties after air exposure [44, 45], that depends on the size and
shape of the NPs.

To understand the origin of the differences in the
absorptance features in the visible range in Cu and Au NPs
samples, the Maxwell Garnett model was used to simulate
the polarizability of Au and Cu NPs embedded in CeO, (see
supporting information for details) using the AR distribu-
tion obtained from the SEM images (figure 3(S), support-
ing information). For the simulations, the NPs were supposed
to be immersed in a medium with the dielectric constant
of bulk cerium oxide, to be non-interacting and to have an
oblate spheroidal shape, since their average in-plane size is
larger than their average height and they do not show any in-
plane anisotropy. Figure 3(b) reports the imaginary part of the
in-plane polarizability Im{c«, },proportional to the absorption
cross section, simulated for both metals in CeO, for different
values of AR (1, 1.5, 2 and 3). As shown in figure 3(b), spher-
ical (AR = 1) Au NPs show a peak at 590 nm, very close in
wavelength to the one observed for spherical Cu NPs. In both
cases, an increase of the AR to values larger than 1 causes

a red-shift of Im{ca, }. Figure 3(c) presents the results of the
simulations of the imaginary part of the in-plane polarizabil-
ity Im{c, } of Au/Cu NPs immersed in CeO, considering the
AR distribution in figure S3 ranging from 1 to 4.5 for Au NPs
and from 1 to 13 for Cu NPs and weighting each value for
the weight of the corresponding AR in the distribution. The
position and width of the absorptance features observed in
figure 3(a) are qualitatively consistent with the behavior sim-
ulated in figures 3(b) and (c), with the Cu NP-related LSPR
feature being broader and shifted towards higher wavelengths
as compared to the case of Au NPs due to the broader AR
distribution.

Figure 4(a) shows the static UV-Vis optical absorptance
spectrum of bare Au NPs and of Au NPs embedded in ceria
layers of different thicknesses. The bare Au NPs sample
shows two broad bands, one extending from below 300 nm—
490 nm, related to interband transitions, and a second one
peaked around 610 nm, related to LSPR [8]. The addition of
progressively thicker CeO, layers embedding the NPs intro-
duces a CeO;-related absorptance feature of increasing intens-
ity and a gradual red-shift of the LSPR-related feature. A sim-
ilar behavior was observed in similar systems composed of
Au NPs surrounded by TiO; or Al,O3 [46]. The wavelength
of the maximum absorptance of the plasmonic resonance
peak is Apye = 603 nm for bare Au NPs, it increases to
A6 = 620 nm when the NPs are immersed within a 1.6 nm
ceria film, and it further shifts to Ay = 645 and finally to
Ag = 690 nm for ceria layer thicknesses of 4 nm and 8 nm
respectively. Also in this case, the changes observed in the
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imaginary part of the in-plane polarizability of Au and Cu NPs of
different AR embedded within CeO,; (c) simulated imaginary part
of the in-plane polarizability of Au and Cu NPs with AR
distribution extracted from the SEM images.
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Figure 4. (a) UV-Vis absorptance spectra of Au NPs deposited on
quartz embedded within CeO; films of different thickness; (b)
simulated imaginary part of the in-plane polarizability of Au NPs
with AR = 2.2 embedded within media with different dielectric
functions.

optical properties are interpreted based on the results of the
simulations of the imaginary part of the in-plane polarizab-
ility, reported in figure 4(b), for Au NPs with <AR> = 2.2
(average AR obtained from the SEM images) surrounded by
different dielectric environments. To simulate the optical prop-
erties of bare Au NPs on the quartz substrate, the NPs have
been assumed for simplicity to be completely immersed in a
quartz matrix. Furthermore, to account for the finite thickness
of the ceria layer, the polarizability of NPs in a ceria layer with
a smaller dielectric function (i.e. eccop —1) was also simulated,
as done in [21, 33, 47].

Expectedly, in figure 4(b) an increase of the dielectric func-
tion causes a red-shift of the peak wavelength, in agreement
also with previous observations on Ag NPs [21]. The general
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trend observed experimentally for the LSPR band position as
a function of the ceria layer thickness is therefore consistent
with the results of the simulations. Indeed, the experimental
LSPR band is much broader than the simulations, because it
includes the contributions of all NPs, characterized by a wide
distribution of ARs, while in this case only the average AR
is considered for the simulation. The increase of the ceria
layer thickness causes an increase in the absorptance intens-
ity, reaching a maximum at 4 nm, and decreasing in the case
of 8 nm.

The observed increase in absorptance with increasing ceria
thickness is coherent with the increase of intensity of Im{«,}
with increasing dielectric function in the calculations shown
in figure 4(b). On the contrary, the decrease in absorptance
intensity when the overall ceria layer is increased to § nm was
less expected, and it is tentatively ascribed to some variation
of the interparticle interaction that are not considered in the
model. Both the optical spectrum and the Au 4f XPS line were
almost unmodified 3 months after sample deposition (see sup-
porting information, figure S4), demonstrating a good stability
of the plasmonic properties of such material.

Figure 5(a) shows the optical absorptance spectrum of a
layer of Cu NPs either bare or surrounded by two ceria layers
of different thicknesses (1.6, 4 and 8 nm). The bare Cu NPs
sample shows two broad bands, one extending from 300 nm
to 550 nm, related to interband transitions, and a second
one peaked around 750 nm, related to LSPR [11, 27]. The
absorptance of the system composed by Cu NPs and CeO,
shows an additional peak in the UV range, corresponding to
band gap excitation of ceria. The wavelength of the LSPR
band maximum of the different samples are A\pye = 744 nm,
A6 = 810 nm, A4 = 890 nm and Ag = 1000 nm. The behavior
of the plasmonic resonance maximum with respect to the oxide
thickness is in agreement with the behavior predicted by the
simulations in figure 5(b), that reports the simulated imaginary
part of the in-plane polarizability of Cu NPs with <AR>=15.3
(i.e. the average AR obtained from the SEM images). The sim-
ulations show a red-shift of the peak wavelength with increas-
ing dielectric function, in analogy with the case of Au NPs.
The same considerations concerning the width of the experi-
mental LSPR-related band done for Au NPs also apply to Cu
NPs.

For this sample, the intensity of the LSPR peak is maximum
when the NPs are surrounded by an oxide layer of 1.6 nm
thickness, and it decreases for thicker layers, remaining almost
stable in the case of 4 nm or 8 nm of ceria. Also in this case,
the trend, contrasting with the theoretical predictions, can be
possibly ascribed to differences in the interparticle interactions
with increasing ceria layer thickness.

As for the Au NPs, also the stability of the plasmonic prop-
erties of the Cu NPs has been evaluated by repeating the optical
and Cu 2p XPS measurements after 3 months from the depos-
ition of the system, kept in a controlled N, atmosphere, at RT
and with O, and humidity levels below a few ppm. Figure 6(a)
shows the optical absorptance spectra of the bare Cu NPs as-
grown and 3 months after the deposition, together with the
optical absorptance of Cu NPs surrounded by a CeO, film

0.45
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Figure 5. (a): UV-Vis absorptance spectra of Cu NPs embedded
within CeO, films of different thickness; (b) simulated imaginary
part of the in-plane polarizability of Cu NPs with the average

AR = 5.3 embedded within media of different dielectric functions.

of 4 nm. The plasmonic resonance band of the bare Cu NPs
sample after three months is less intense, broader and red-
shifted, consistently with the formation of a native oxide shell
[45, 48]. On the other hand, the absorptance spectrum remains
almost unmodified when the Cu NPs are embedded in 4 nm
of cerium oxide, suggesting that the NPs are protected from
oxidation by the cerium oxide layer in the considered time
window, and that the plasmonic properties of the NPs remain
essentially unmodified. To have a better understanding of the
modifications induced by air on the surface of the bare Cu
NPs, XPS and Auger Emission Spectroscopy (AES) measure-
ments were performed on the bare Cu NPs sample as-grown
and after 3 months from the growth. The Cu 2p spectrum in
figure 6(b) provides information on the chemical state of the
NP surface. The sample measured as-grown, i.e. before air
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Figure 6. (a) Optical absorptance of the sample composed by bare
NPs and Cu NPs embedded within 4 nm of CeO; after growth and
after 3 months in controlled N, atmosphere. (b) Cu 2p XPS and (c)
Cu LMM AES lines of the sample composed by bare Cu NPs after
the growth and after 3 months.

exposure, exhibits the Cu 2p line-shape typical of metallic Cu,
with well separated peaks corresponding to Cu 2p;,; and Cu
2p3s [49]. The Cu 2p lines measured 3 months after the growth

show a mild increase of the relative intensity of the shake-up
satellite peaks between the Cu 2p;/, and Cu 2p3; lines, typical
of the Cu(Il) and the Cu(I) species, suggesting an increase in
copper oxide concentration [50, 51]. To have a clearer indica-
tion of the oxidation state of the NPs, the Cu L;MM AES lines
were also measured (figure 6(c)), being more sensitive to the
oxidation state of Cu with respect to XPS [49, 52, 53]. The
sample measured as-grown, i.e. before air exposure, exhibits
the typical line-shape of metallic Cu, with the main peak at
918.6 eV [52], while after 3 months the sample presents a dom-
inant peak at 916.8 eV, characteristic of cuprous oxide [52],
coherently with a partial and superficial oxidation of the bare
Cu NPs.

4. Conclusions

Composite systems made of Au and Cu NPs evaporated by
molecular beam epitaxy embedded within cerium oxide films
of different thicknesses show a strong and broad LSPR-related
absorptance in the visible range. Au nucleates into smaller
and more uniform NPs on the CeO, surface that give rise
to a sharper LSPR-related absorptance band peaked at lower
wavelengths as compared to the one shown by Cu NPs. The
optical absorptance band of Au NPs can be shifted between
approximately 600 nm and 700 nm by changing the thickness
of the cerium oxide matrix. In the case of Cu NPs the shift is
more significant, ranging from approximately 750 nm to above
1000 nm, due to the AR distribution of Cu NPs that is broader
and shifted to higher values as compared to the one observed
for Au NPs. The systems were shown to be stable for 3 months
in controlled N, conditions. The stability is particularly signi-
ficant in the case of Cu NPs, that tend to be oxidized by air
exposure, while, if embedded within cerium oxide protective
layers, they keep their plasmonic properties for relatively long
times. The results represent a basis for the development of sus-
tainable materials with high visible light conversion efficiency.
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