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ARTICLE

Highly efficient plasmon-mediated electron injection into cerium
oxide from embedded silver nanoparticles
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The coupling with plasmonic metal nanoparticles (NPs) represents a promising opportunity to sensitize wide band gap oxides
to visible light. The processes which come into play after the excitation of localized surface plasmon resonances (LSPR) in
the NPs largely determine the efficiency of the charge/energy transfer from the metal NP to the oxide. We report a study
of plasmon mediated energy transfer from mass-selected silver NPs into the cerium oxide matrix in which they are
embedded. Femtosecond transient absorption spectroscopy is used to probe the dynamics of charge carrier relaxation after
the excitation of the LSPR of the silver nanoparticles and to evaluate the plasmon-mediated electron transfer efficiency from
the silver nanoparticles to the cerium oxide. High injection efficiencies in the 6-16 % range have been identified for excitation
between 400 and 600 nm. These high values have been explained in terms of plasmon-mediated direct electron injection as
well as indirect hot electron injection from the NPs to the oxide. The information obtained provide an important contribution
towards a knowledge-driven design of efficient cerium oxide based nanostructured materials for solar to chemical energy

conversion.

modify the material properties, inducing a decrease of oxygen
Introduction vacancy formation energy, and a change of the optical

response.16:17 o
p - '[ha eliminato: The main text of the article should appear here }

The study of plasmon-mediated photocatalysis has increased
very rapidly in recent years due to the possibility of extending
the energy range of activity of traditional semiconductor
photocatalysts, as in the case of the water splitting reaction
induced by TiO, sensitized by gold nanoparticles (NPs).17 This is
generally achieved by taking advantage of the large cross
section for the absorption and scattering of visible light of
plasmonic metal nanostructures placed in the vicinity of a
semiconductor substrate, thus creating a metal/semiconductor
interface across which electrons can be transferred.8-1° In the
class of semiconductor catalysts, cerium oxide CeO, (the
material studied here) is attracting a growing interest due to its
efficiency in catalyzing redox reactions.l’-14 |n CeO, the
presence of localized Ce 4f states between the O 2p valence
band and the Ce 5d conduction band makes the material a very
sensitive probe to identify charge transfer to/from neighboring
metal atoms.15 The occupation of 4f levels is in turn expected to

with headings as appropriate.

from metal NPs to semiconductors have been identified anh
recently reviewed.'8-21 The dominant processes which come
into play are: i) the enhancement of an optical transition within
the semiconductor due to the presence of the plasmonic NPs,®
ii) hot electron injection from the plasmonic NPs to the
semiconductor,® and the recently described iii) direct metal-to-
semiconductor interfacial charge transfer. 2223
The first of these is actually a group of mechanisms, which
require an overlap between the localized surface plasmoh
resonance (LSPR) of the NPs and the absorption band of the
semiconductor and rely on the high light absorption cross
section of the nanostructures to efficiently convert the energy
of the light into electronic transitions within the semiconductor.
These mechanisms include light trapping, by which we mean
multiple and high angle elastic scattering of light by the NPs,
leading to an increase in the effective optical path,'8 energy
transfer to the semiconductor through near-field enhancement
o o . o ) in the vicinity of the NPs, 19 plasmon-induced radiative energy
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Modena, Italy transfer in which photons emitted by the NPs are absorbed by
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damping. The hot electrons can be transferred over/through
the Schottky barrier formed at the interface into empty levels
of the semiconductor. Finally, a mechanism has been proposed
involving direct electron transfer during the excitation light
pulse: the decay of the LSPR directly excites electrons into
acceptor states of the semiconductor and leaves holes in the
metal. 2223 This process is possibly more efficient than the
indirect transfer, where the hot electrons generated in the
metal NP can be partially quenched by electron-electron and
electron-phonon scattering before the injection.®

The relative contributions of the different mechanisms depend
on numerous factors such as the shape, the density and the
composition of the NPs, the band structure of the
semiconductor, the morphology of the interface and many
more. For example, an important factor to consider is the near-
field concentration of light due to the nanoantenna effect of the
metallic nanostructures.?s It is well known that the spatial
distribution of the electromagnetic field intensity is strongly
dependent on the NPs shape and size and that it can be highly
concentrated in specific sites, in particular in the case of
interacting NPs with small interparticle distance or sharp edges.
In the hot spots formed in this way the efficiency of the electron
injection mechanism can be significantly modified.25-29
Moreover, it was shown that by embedding the metallic
nanostructures into the semiconductor it is possible to
significantly increase the injection efficiency due to a more
extended metal-semiconductor contact area. 3031

In this work we use femtosecond transient absorption
spectroscopy (FTAS) to investigate the mechanisms of LSPR
decay in silver NPs embedded in a thin film of CeO,. The samples
are accurately controlled in stoichiometry and morphology,
based on our previous experience with cerium oxide films in
combination with Ag NPs. 1632 To maximize the Ag/CeO>
interface and to prevent Ag oxidation the NPs are embedded
within a cerium oxide matrix (Ag@CeO,). We obtained very high
electron injection efficiencies (6-16 %) that we discuss in terms
of the above mechanisms, analyzing the role of the morphology
of the metal NPs, of the metal/semiconductor interface, as well
as the near-field light concentration effects due to hot-spot
generation by the metal NPs.

Methods

The NPs were synthesized using a magnetron sputtering
nanocluster source by inert gas aggregation (NC200U, Oxford
Applied Research). The source chamber is part of an ultrahigh
vacuum system that includes also an X-ray photoelectron
spectroscopy (XPS) apparatus (a double anode x-ray source —
Specs XR50 coupled with a hemispherical electron analyzer -
Specs Phoibos 150) for in-situ chemical characterization. Silver
NPs were obtained from a 99.9% pure Ag target (Pshot=68 W)
with an Ar gas flow (fag= 59 sccm) in the aggregation region and
they were mass selected using a quadrupole mass filter
(QMF200, Oxford Applied Research), set to select NPs with a
mass of 106 amu (F=5 kHz, V=250 V). The deposition chamber
was,equipped with an electron bombardment evaporation cell,

oxygen partial pressure of Po,=5 x 10® mbar. The chamber
Jhosted a quartz crystal microbalance, which was used to
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estimate the evaporation rates from the nanocluster source and (ha iminato: of
Jrom the cerium evaporator before the growth. The sample (h — .
under study was grown on a quartz substrate (fused silica EQX a 0: 0

thickness 1 mm) kept at room temperature by the sequential
deposition of a cerium oxide film of 5 nm thickness, a layer of
Ag NPs of 5 nm nominal thickness and a cerium oxide film of 5
nm thickness. The nominal thickness of the NP layer is defined
as the thickness of a homogeneous film with the same volume
as the NP layer. The two cerium oxide films were exposed to an
oxygen partial pressure Po; = 6 x 10> mbar for 30 min after the
growth, to maximize the Ce%* concentration. After each growth
step the sample was characterized in-situ by XPS using Al-Kq
photons to obtain quantitative information on the amount of
Le0, and Ag deposited and on the oxidation state of CeO, (see

Supporting Information, Figure S4). In addition to the Ag@CeO>
sample, we investigated also a reference sample, which consists
of a 10 nm cerium oxide film without Ag NPs on a quartz
substrate.

To investigate shape, size distribution and crystal quality of Ag
NPs, ex-situ scanning transmission electron microscopy (STEM)
in annular dark field mode and high-resolution transmission
electron microscopy (HRTEM) measurements were performed
using a JEOL JEM-2200FS microscope (IMEM-CNR, Parma)
equipped with a Schottky emitter working at 200 keV (point
resolution 0.19 nm). All of the images were analyzed using
Image) software.33 The sample used for TEM measurements
was grown by co-evaporating 0.05 ML of Ag NPs and 2 nm of
CeO; on a carbon-coated copper grid. The nanocluster source
conditions were the same used to grow the sample for the
optical characterization, gxcept for,the lower density of Ag NPs,
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£hosen jn order to distinguish individual NP,and jo allow for a

more detailed characterization.

Steady UV-Vis spectrophotometry measurements were
performed using a white non-polarized light source generated
by a Xenon lamp, equipped with an ORIEL-MS257
monochromator and a silicon photodetector (with a 250-750
nm range of detection). The samples were oriented so that the
sample surface normal formed an incident angle of 22° with the

incident photon beam. We evaluated the absorbance A by
measuring the fraction of transmitted T and specular reflected
R light (A=1-T-R).

The MNPBEM toolbox developed by Hohenester and
coworkers,?* based on the boundary element method (BEM)
approach developed by Garcia de Abajo et al.3> was used to
calculate the absorption, scattering and extinction coefficients
of metal NPs embedded in and sitting on CeO. Jhe dielectric
constants for CeO, and Ag were taken from ref. 3¢ and 37,
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respectively.

The ultrafast carrier dynamics of our samples were studied by
FTAS using a pump-probe femtosecond laser system consisting
of a chirped pulse amplifier seeded by a Ti:Sa oscillator (800 nm,
1 KHz, 4 mJ, 35 fs).38 The pump pulses were generated by an
optical parametric amplifier (OPA), pumped by the amplifier.
The probe for the TA measurements is a white light

which was used to evaporate cerium oxide films using an
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Figure 1. TEM images of Ag@CeO: a) large scale STEM image, the
detail of a NP formed by the coalescence of two single NPs,is shown

symmetry (Figure 1c), possibly originating from a decahedrgl
shape (see Supporting Information) and the correspondin|
Fourier transform with a ten-fold symmetry (Figure 1d). As
observed in  previous works, these phases are
thermodynamically metastable and they can be stabilized by
fast quenching rates for fcc metal NPs. 3940 The image in Figur
1¢ shows a well-defined crystal structure only in some portionfs

of the NP, while other areas show a more uniform contrast,

which indicates a lower degree of crystalline order”F_}gM

also shows a non-negligible presence of agglomerates of two or *:

three merged NPs (yellow arrows), one of which is reported in
detail in the inset. Some degree of coalescence of NPs grown b}y
the physical method used here has already been reported 4! and
it was ascribed to a non-negligible probability for the NPs to
merge either in-flight or on the substrate after the deposition.
The granular features evident on the dark area in the inset df
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figure 13, are ascribed to the presence of a cerium oxide laygr

covering the substrate and the NPs, as confirmed also by energy .

dispersive X-ray analysis (data not shown).

line) and Ag@CeO, sample (green line), shows the static UV-Vis
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absorbance spectra of the quartz substrate_fred line),, of the * N

CeO; thin film_(blue line) and of the Ag@CeO, sample_(greep
line). Here we define absorbance by the formula A=1-T-R wherg

in the inset; b) size distribution evaluated from a series of STEM
images and fit by a lognormal curve; c) HRTEM of a single NP; d)
Fourier transform of the image in c),,

Tis the transmittance and R'is the specular reflectance (the U\
Vis transmittance and reflectance spectra are reported in th

supercontinuum generated in a Fast Transient Spectrometer of
IB Photonics (FemtoFrame Il). The probe wavelengths ranged
between 260 and 760 nm, while the pump-probe delay time
was scanned up to 500 ps. The probe energy range was covered
focusing the fundamental (800 nm) or the second harmonic
(400 nm) radiation of the amplifier into a rotating CaF, window
that generates the white light supercontinuum in the 320-780
nm (visible probe) and 260-380 nm (UV probe) energy ranges,
respectively. The IRF was measured to be approximately,50 fs.
This setup allowed both the energy regions of the LSPR of Ag
NPs and the cerium oxide band gap to be probed. The study of
electron injection efficiency was performed using different
pump fluences ranging from 45 to 900 pJ/cm?2.

Results and discussion

The plasmonic properties of metal NPs are strongly dependent
on their size and shape. For this reason, a detailed
characterization of the sample morphology is mandatory to
understand the origin of the optical absorption features. We
therefore investigated an Ag@CeO, sample made of NPs with
the same size and a lower density, compared to the one used
for the optical studies, to be able to analyze individual NPs by
TEM/STEM (see Methods). Figure 1a shows a representative

substrate does not show gignificant absorption in the UV-V
range, while the CeO; thin film shows strong absorption g
wavelengths below 350 nm, where the band edge absorption
sets in. The extraction of the optical band gap from a Tauc pldt
of (ahv)/2vs. hv yields a value of 3.44 + 0.03 eV (see Supporting
Information, Figure S3) that is in good agreement with the range
of values 3.0 - 3.6 eV obtained for ceria films prepared by
sputter deposition or thermal evaporation.4243 In general, a red
shift of the optical band gap from the pure bulk value is
indicative of the presence of Ce3* and oxygen defects.““’t
Nonetheless; the CeOs film used hereis of good quality, aswhe

defects are intentionally added much larger optical shifts are
observed.4” The analysis of the Ce 3d XPS lineshape (see
Supporting  Information, Figure S4) demonstrates a
stoichiometry close to CeO; for the ceria layer. The presence of
a small absorbance in the visible region (approx. 5 %) in the
CeO; film spectrum can be assigned to the roughness of the thin
film, which gives rise to some diffuse reflectance and
consequently to a non-negligible apparent absorbance. The

e
Supporting Information as Figure S2). As expected, the quartz
§
t

STEM image of a portion of the sample..The NP size distribution

shown in Figure 1b, was obtained by considering the minimum

Feret diameter, evaluated using Image) software33, on a series

of images. The size distribution has a maximum around 10.5 nm
and a FWHM of 2.4 nm. HRTEM  was used to obtain detailed

—— Ag@CeO.
03 —ceo,
_-2 = Quartz substrate
5
s 02
<
g 0.1 \
< S
0.0 : m— t 1 -+ 1
300 400 500 600 700

information on the NPs shape and crystallinity. Most of the
individual NPs have a polyhedral shape and a multi-twinned
structure_ (see Supporting Information for details). As an
example we show the HRTEM image of a NP with a five-fold

This journal is © The Royal Society of Chemistry 20xx

Wavelength (nm)

Figure 2. Absorbance spectra of quartz (red line), CeO; film (blue line)
and Ag@CeO; sample (green line). "‘
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Figure 4, Simulated extinction cross section spectra obtained using
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embedded within the cerium oxide matrix. The large width and
different relative intensity of the peaks observed in the
experimental spectra are ascribed to the aspect ratio

- Cha eliminato: is

distribution of the NPs. Figure 4b shows the false-color map of

transient absorbance (TA) spectra of the CeO, film without Ag
NPs, excited with a pump at 275 nm (4.5 eV), significantly above
the optical band gap of the CeO, film. The map has been
constructed by combining the maps recorded using the UV
(285-350 nm) and visible (340-750 nm) white light
supercontinuum probes. It reports the TA intensity as a function
of the probe wavelength (y-axis) and of the time delay between
pump and probe (x-axis), and it provides information about the
dynamics of the photoexcited states in the CeO, sample. The TA
map is dominated by two main features: a negative peak at 300
nm and a positive peak around 350 nm. The two features show
only a slight decrease in intensity with increasing delay time up
to 500 ps, which suggests that the corresponding excited
electrons are stable to recombination, possibly due to trapping
in localized states.®® The negative peak corresponds to the

- (ha eliminato: 9
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the MNPBEM toolbox 34 with a linearly polarized light parallel (red
curves) and perpendicular (blue curves) to the minor axis of
embedded ellipsoidal NPs with geometry 15 x 10 x 10 nm?3
embedded in a 10 nm thick ceria film.

incorporation of Ag NPs into the CeO, film significantly modifies
peaks with maxima at 420 and 580 nm, assigned to_the LSPR in
Ag NPs, shifted into the visible range due to the high dielectric
constant of CeO,. The presence of two peaks can be either due
to an anisotropic NPs shape, giving rise to transverse and
longitudinal LSPRs at different wavelengths, or to the
superposition of LSPRs and delocalized plasmon resonances
involving closely spaced interacting spherical NPs. We have
ruled out the second possibility because the average distance
between the Ag NPs in our samples, estimated using the
measured deposited amount of NPs (see Methods) and their
average size, is too large to induce an extended plasmon
resonance (see Supporting Information, Figure S5).4849 The
STEM images in Figure 1 show the presence of a fraction of
anisotropically shaped NPs formed by the coalescence of
individual Ag NPs during the deposition process. We tentatively
ascribe the presence of two peaks in the Ag@CeO, absorbance
spectra to the NP anisotropy.

The MNPBEM toolbox developed by Hohenester and
coworkers,3* was used to confirm the origin of the two LSPR
peaks by simulating the absorption spectrum of the Ag@CeO,
sample. The shape of the NPs observed by TEM/STEM was
approximated using different geometries, including nanorods,
spheroids, ellipsoids and nanodisks (see Supporting
Information, Figure S5). The best agreement with the
experimental data was obtained using ellipsoidal NPs with 10
and 15 nm in-plane axes and 10 nm out-of-plane axis,
embedded within a 10 nm thick CeO> film, This geometry is,

wavelength of the maximum of the absorbance spectrum of i

CeO; (Figure 2) and it is ascribed to photoinduced bleaching (PB)
of the O 2p band. Considering the band structure of CeO, with
a valence band of O 2p character, a conduction band of Ce 5d

character and Ce 4f levels in between (Figure 43), we assign the

positive peak at 345 nm (3.3 eV) to photoinduced absorption of

electrons-excited-by-the-pump-from-the-valence-band-to-Ce-4f--.

levels and further excited into the Ce 5d band by the probe. This
assignment is supported also by the smaller energy separation
between the 4f and 5d bands (Est.sq ~ 3 eV) in stoichiometric
Ce0,, 5152 compared to the energy separation between filled O
2p and empty Ce 4f (Ezpar ~ 3.3 eV 51.52) states, compatible with
the higher energy of the ground state bleaching compared to
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compatible with the measured average size and shape of the
NPs and with the thickness of the oxide matrix of the sample
Jnvestigated_here. The calculated extinction cross section

Figure 3, Sketch of the cerium oxide electronic structure, showing.
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(a) the transitions induced by the pump at 275 nm_and the -

corresponding TA signals and (¢) the absence of transitions with the

spectra for this configuration, reported in Figure 3, show two
peaks at 450 nm and 590 nm with the light polarization
respectively parallel and perpendicular to the minor axis of the
ellipsoid. Based on the results of the simulations, the two broad
peaks with maxima at 450 and 580 nm in the experimental
spectra acquired using non-polarized light can be assigned to
the excitation of the two LSPRs in the anisotropic Ag NPs

4 | J. Name., 2012, 00, 1-3

pump at 440 nm, False-color map of the TA spectra for the CreQz"

sample excited with a pump at 275 nm (b) and at 440 nm (d) an:
probed with both UV and visible white light supercontinuum

robes at different delay times (from 3 to 500 ps); the black dashed
line at 350 nm separates the two sets of data acquired with the two
different probes. The blue intense line centered at 440 nm is the

’Cha eliminato: here

'-.:'Cha eliminato: b

ha eliminato: a) False-color map of the TA spectra for the CeO.
sample excited with a pump at 275 nm and probed with both UV
and visible white light supercontinuum probes at different delay
times (from 3 to 500 ps); the black dashed line at 350 nm separates
the two sets of data acquired with the two different probes. b)

scattered light from the pump.
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Figure 5. False-color maps of the TA spectra obtained for the

Ag@Ce0, sample excited with a pump (a) at275 nm, i.e. above the

Ce0; band gap, and (b)at 440 nm, Le. below. the CEOz band gap at _ {see-Supporting-Information-for- detatls) “Fhe-fitting-functio

LSPR _maximum. The red box highlights the part of the map
dominated by the plasmonic response of the Ag NPs while the blue
box contains the signals assigned to electron injection into the CeO,
film. The blue intense line centered at 440 nm is the scattered light

from the pump.

the photoinduced absorption features in the TA spectra
valence band slightly depends on the average oxidation state of
cerium ions and on the density and kind of defects. Figure 4d
reports the TA map acquired on the same CeO, sample, using a
pump below the band gap threshold (440 nm). The absence of
TA features is in agreement with the assignment made for the
features in the TA map in Figure 4a. The negative intensity in the
C g of the
photons with a 440 + 15 nm wavelength used for the pump.
Figure 5a shows the false- color map of the TA spectra obtained

425-455 nm_wavelength range is due to scatterin

ARTICLE

the resonance and to a simultaneous increased TA intensity in
the wings.*8 At delay times larger than 10 ps the map in Figure
5a presents only the positive photoinduced absorption peak,
assigned to CeQ, and already discussed for the bare CeO, filrh

= Cha formattato: Pedice

(Figure 4p), which persists in all the delay time rang|
investigated, i.e. up to 500 ps. Figure 5b reports the false-colgr

o Cha formattato: Pedice

map of the TA spectra obtained for the Ag@CeO, sample with a
pump at 440 nm, below the band gap of CeO,, and the visible
probe. The pump energy corresponds to LSPR excitation in the
Ag NPs (Figure 2). Also in this case at delay times shorter than
10 ps LSPR signals are observed, similar to the ones observed in
the TA map obtained with the pump at 275 nm (Figure 5a). The
main point to note is that the map of the Ag@CeO, at time
delays higher than 10 ps (Errore. L'argomento parametro
sconosciuto.p) exhibits the same persistent signal at 345 n
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assigned to photoinduced absorption in CeO,, although the
pump energy is below the CeO, band gap. The presence of the
photoinduced absorption signal is ascribed to transient
occupation of 4f levels in CeO, induced by LSPR-mediated
electron injection._Figure 4d clearly shows that in the CeQ,
sample without Ag nanoparticles the intensity at 345 nm is zerqg,
with a pump at 440 nm, supporting the hypothesis made on th

origin of the TA signal. F
To obtain further information on the electron injection
mechanism and on its efficiency, we compared the time
evolution of the photoinduced absorption signal in the different
samples, excited at the different pump energies, by considering
horizontal cuts of the TA maps at 345 nm (Figure 6). The TA of
the CeO; film pumped above its band gap (Figure 6a) increases
very rapidly within the first 5 ps and it slowly decays at longer
times. The signal was fitted using a linear combination of a rising
function to describe the increase at short times and a
decreasing exponential function to obtain the slow decay. Each

: [ha formattato: Tipo di carattere:

Non Grassetto, Inglese

americano, Proporzioni car 108%

[ha formattato: Tipo di carattere:

Non Grassetto, Inglese

ha formattato: Evidenziato

‘Cha eliminato: Error! Unknown switch argument.

AN AL AN A AN

L Cha eliminato: above (

(ha eliminato:

obtained js used as a fingerprint of ceria de-excitation in the fit

REE]

Cha eliminato: convoluted

aQ

of the TA decay of the other samples. The photoinduce
absorption signal for the Ag@CeO, sample pumped at 275 nn
(Figure 6b) shows an additional LSPR-related decrease d
intensity below 10 ps (the LSPR positive wing), which

described by introducing into the fit a further exponentiall
decreasing function witha short decay time: The signal of th
Ag@CeO; sample pumped at 440 nm (Figure 6c) was fitted by
linear combination of the ceria-related and LSPR-relate
functions, obtaining very similar decay times (see table S
Supporting Information). The good quality of the fit (green lin
in Figure g c) is consistent with the transient occupation of th
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TA features at delay times shorter than 10 ps (Figure 5a): a
broad positive band around 610 nm, a broad negative band at
380-520 nm and a sharp positive band below 350 nm (see also
Supporting Information, Figure S7). These features are assigned
to the LSPR of Ag NPs, and they present the typical decay times
of transient plasmonic signals (< 10-15 ps). The signals originate
from the heating induced by interband excited electrons, which
promote strong changes in the dielectric constant of the
material and thus a change of the LSPR response of the NPs 53.
This change typically leads to a bleaching of the central part of

This journal is © The Royal Society of Chemistry 20xx

~is'superimposed withthe TA signal related to the LSPRof the A}

The-dynamics of the electron-injection-at delay times-shortgr
than5-ps cannot be accessed, because the CeOs-related signal

NPs{(see also Supporting Information; Figure S7).
A quantification of the injection efficiency was obtained by
comparing the TA signals at 345 nm of the Ag@CeO, sample
pumped at different energies below the band gap, with the
same signal on CeO; film pumped at 275 nm, in the 50-250 ps
delay time range, i.e. after the decay of the LSPR-related
transient signals. In this delay time range, the photoinduced
absorption signal of CeO, dominates and its intensity is
proportional to the density of electrons in the cerium oxide 4f
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band after the excitation. Assuming that each photon with
energy higher than the bandgap excites an electron from the
valence band to the Ce 4f levels, to obtain the injection
efficiency we compared the number of excited electrons per

nm are shown in Figure 7a together with their linear fits,

obtained by fixing the intercept to 0 mOD-ps (see Supporting

Information for further details). The slopes k of the lines as in
Figure 7a are proportional to the electron population in the 4f
levels at each pump energy. The ratio between the k values for
the Ag@CeO, sample and the reference CeO, film gives the
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2l.15 T efficiency of the charge injection from Ag NPs to cerium oxide:
CeO2 ® Data The resulting injection efficiencies at the different pump
510 Pump@275 nm energies are shown in Figure 7Zb. Surprisingly high values in the .
o 12-16 % range have been obtained for excitation between 400 *
E ° o and 500 nm, while a lower value of 6% is found for the pump at
35 e 600 nm.
To understand such high efficiencies we first consider
mechanisms such as light trapping,!® energy transfer to the
0 1 1 semiconductor through near-field enhancement,'® plasmon
0 10 20 30 200 300 400 induced radiative energy transfer,’® and plasmon induced
Delay Time (ps) resonant energy transfer.’® The similar slopes of the Ag@CeO,
bl 20 sample and CeO; film pumped at 275 nm reported in Figure 7a,
— CeO. indicate a similar excitation of the ceria with and without Ag .
Ag@CeO2 — Ag Nst NPs. This evidence suggests that the light trapping gives a
815 Pump@275 nm — Fit negligible contribution to the injection efficiency, as expected
le) ® Data for such small NPs.18 All the mechanisms considered up to now
E10 require an overlap between the LSPR and an optical transition
g "\2 in the semiconductor and they were not expected to contribute
5 it v m significantly in the sample here considered.
0 1 1 1 ] 1 1 2500 ——
0 10 20 30 40 50 200 300 400 /A -
Delay Time (ps)
£L.15 2000 i~
3
1o Pomp@ai0nm %0 & 1s00 | — Ce0, @275mm
8 —Fit o — Ag@CeO, @ 275nm
E [ ® Data £ — Ag@CeO, @ 440nm
= * 1000 [~
3s v g
o, 2 500 |~
0 N 1 ] 1 i ﬁ‘%
0 10 20 ) 30 40 50 200 300 400 0 l | |
Delay Time (ps) 0.0 05 10 15 50
Figure 6. Time dependence of transient excited state signal at 345 Absorb. Phot. Dens. (photons/cms)
nm of the CeO, sample pumped at 275 nm (a) and of the
Ag@Ce0, sample pumped at 275 nm (b) and at 440 nm (c). The b) 25
components used for data fitting, related to photoinduced
absorption in CeO, (purple line) to plasmonic deexcitation (red 20
line), and the full fitting spectrum (green line) are also shown as -
solid lines. g
incident photon in the Ag@CeO, sample at different pump ] 15— {
energies below the band gap to the number obtained for the w
CeO; film with a pump above the band gap. .§ 10 {
We estimated the incident photon density at the different .é’_).
pump fluences and energies with the formula: =
_— A(zwm,,) -F 5
Ph = p. h@pump
where A(Apump) is the absorbance of the sample at the pump ol | 1 ! !
400 450 500 550 600

energy, F is the pump fluence, D is the total sample thickness
and Awpyump is the pump energy.® Then, we correlate this result
with the density of electrons in the 4f levels, obtained by
calculating the integral of the photoinduced absorption signal in
the 50-250 ps time interval. The results for the CeO; film
pumped at 275 nm and for the Ag@CeO, sample pumped at 440
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Wavelength (nm)

Figure 7. a) AA-t vs absorbed photon density and b) injection
efficiency as a function of pump wavelength.
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We therefore concentrate our discussion on the mechanisms
which do not require an overlap between the LSPR of the metal
NPs and an optical transition in the semiconductor, such as
plasmon-induced indirect hot electron injection2 and plasmon-
induced direct electron injection.2254 Until recently it was
thought that only the first of these mechanisms could induce an
electron injection in the oxide. The dephasing and the decay of
the LSPR excitation inside the NPs lead to a non-thermal energy
distribution of hot electrons, followed by injection of a part of
the distribution over/through the Schottky barrier formed at
the interface between the metal and the semiconductor due to
band bending. A large body of research in the literature is
dedicated to this mechanism, spawning an entire field of
research called hot carrier science.205556 |ndeed, numerous
systems have been identified in which this mechanism takes
place. The efficiency of this process is intrinsically limited by
competition with electron thermalization within the metal
leading to a hot Fermi-Dirac energy distribution in which most
electrons do not have sufficient energy to overcome the
Schottky barrier. Furthermore, the electron initially formed
must have its moment vector directed towards the interface in
order to be injected into the semiconductor. White and
Catchpole estimated a maximum injection efficiency of 8% for
this indirect plasmonic mechanism in the case of Au@TiO,. 57 It
should be noted that Ag is known to be more efficient at
generating hot electrons than Au.58 Nonetheless the true
maximum efficiency is likely to be lower than this, especially
when considering the optimistic assumptions, such as a flat
energy distribution of non-thermal electrons formed by LSPR
decay up to the energy of the absorbed photon, employed in
the above estimate. Based on these considerations, we suggest
that other processes in addition to hot electron injection are at
work in this system.

The plasmon-induced direct electron injection mechanism,
which was theoretically proposed by Long and Prezhdo>* to
have a very high efficiency of 50% in the Au@TiO; system, is the
instantaneous generation of charge-separated states across the
metal/semiconductor interface following the dephasing of the
LSPR. This prediction was confirmed by the measurement of an
electron injection efficiency of 24% in the Au@CdSe system.?2
Furthermore, Tan et al. 59 experimentally demonstrated in the
Au@TiO, system that the direct dephasing of the LSPR
excitation in Au formed electrons in TiO, on the sub-10 fs
timescale.?3 It is possible that the high efficiencies of electron
injection observed in the Ag@CeO; system are partly due to this
direct mechanism.

A further point to be discussed is how the injection efficiency
varies with pump wavelength. We observe a drop in the
injection efficiency at 600 nm with respect to that in the 400 -
500 nm range (see Figure 7b), even though the absorption cross
section remains quite constant (see Figure 2). In the case of the
indirect injection mechanism one could justify this observation
if the LSPR excited at 600 nm produces fewer hot electrons with
energy sufficient to overcome the barrier between the metal
and the semiconductor than excitation in the 400 — 500 nm
range. Based on photon energy considerations alone this is
certainly possible, however it has also been observed that the
efficiency of hot electron generation depends on the intensity
of the hot spots of the NPs. In the system studied here, the hot
spots generated for excitation of the longitudinal LSPR
resonance at 580 nm are significantly more intense than those
generated at the transverse resonance at 420 nm. This is

This journal is © The Royal Society of Chemistry 20xx
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X (nm)

Figure 8. Field enhancement, defined as | E/Eo| (where the Eqisthe
electric field of the incident radiation and E the resultant one), in
ellipsoidal Ag NP with 15 nm major axis and 10 nm minor axes,
embedded in 11 nm of ceria, in the case of incident radiation (a)
with electric field parallel to the minor axis and energy at the LSPR
along that direction (460 nm); (b) with electric field parallel to the
major axis and energy at the LSPR along that direction (590 nm).
The filed enhancement in the two cases is so large to prevent the
possibility of using a common false color scale.

evident in Figure 8, where the electric near field enhancement
simulations (performed using MNPBEM toolbox34) of the two
excitation modes are compared.

The direct injection mechanism is strongly modulated by the
coupling of the density of the states in the semiconductor (the
4f levels with a narrow energy width) and the plasmonic
resonances at the interface. For this reason, the resulting
injection efficiency does not follow the absorption cross section
of the Ag NPs. Depending on the positioning of the Fermi level
of the metal within the band gap of the CeO,, some plasmonic
excitations at specific energies can be more efficient than
others in injecting electrons into the Ce 4f states. However, it is
difficult to make a quantitative and precise estimate of these
energies due to the sensitivity of the Fermi level to the crystal
structure of the NPs and the uncertainty of the position of the
energy bands of the semiconductor due to interface effects.60.61
The observed plasmon-mediated electron injection efficiency is
indeed expected to largely influence the properties of the
cerium oxide surrounding the Ag NPs. The long-living charges
injected in Ce 4f levels will temporarily modify the oxidation
state of the corresponding Ce ions from 4+ to 3+, decreasing the
energy for oxygen vacancy formation in the cation
neighborhoods. If the oxide layer embedding the Ag NPs is thin
enough, surface oxygen vacancies will be easily formed, thus
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increasing the catalytic activity of the material. This mechanism
is expected to induce a sensitization of the material to visible
light to promote and catalyze redox reactions.

Conclusions

We have investigated thestatic and fransient optical properties

of Ag NPs embedded within a cerium oxide matrix. The
interpretation of the results is based on a detailed
morphological characterization. The NPs have an icosahedral
shape, a narrow size distribution centered around 10 nm, and
they are partially aggregated into clusters of two or more NPs.
The system shows a strong absorption band in the visible
region, assigned to LSPRs, in agreement with simulations made
using a boundary element method approach. Femtosecond
transient absorption spectroscopy measurements show a
transient occupation of the Ce 4f levels also at pump energies
below the band gap of the cerium oxide. The observed
phenomenon is ascribed to plasmon-mediated electron
injection from Ag NPs to cerium oxide. The electron injection
efficiency was quantified to be in the 6-16% range and to vary
with the pump energy. The high efficiency revealed suggests
that the indirect hot electron injection is not the only
mechanism active in this system. We therefore suggest that a
direct process, in which electrons are injected into the
semiconductor by direct dephasing of the plasmonic
resonances at the interface, has to be taken into account. The
information obtained for the long-living plasmon-mediated
charge injection discussed in this work is of great importance for
a knowledge-driven design of new efficient ceria-based
nanostructured photocatalytic materials.
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