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Abstract

Expanding the activity of wide band gap semiconductors from the UV into the visible range has become
a central goal for the widespread use of these materials in green solar photocatalysis. The hybrid
plasmonic/semiconductor system studied here, which is based on silver nanoparticles (Ag NPs) embedded
in a film of CeOg, is an example of a material developed with this aim. In this work, we take advantage
of the chemical sensitivity of free electron laser (FEL) time-resolved soft X-ray absorption spectroscopy
(TRXAS) to provide information on the ultrafast energy transfer process from the Ag NPs to the CeO2
film following photoexcitation of the plasmon resonance of the embedded Ag NPs. Ultrafast changes (<
200 fs) of the Ce Ny5 absorption edge allowed us to conclude that the initially excited Ag NPs transfer
electrons to the Ce atoms of the CeO: film by a highly-efficient electron-based mechanism which competes
with energy transfer to the lattice of either component of the hybrid material. These results demonstrate
the power of FEL-based TRXAS measurements for the characterization of energy transfer in these novel

hybrid plasmonic/semiconductor materials.

In recent years, the use of solar light to drive catalytic reactions is becoming a potential green
alternative to traditional thermally driven heterogeneous catalysis (I). Successful implementation of
solar-based photocatalysis in applications such as H20 splitting and CO2 reduction would give an
important boost to the renewable energy technologies industry (2, 8). Transition metal oxides (TMOs)
such as TiOz, ZnO or CeOg, have very good catalytic properties, but they exhibit rather poor light-induced
activity in the visible range as an effect of their wide bandgap. Several studies have demonstrated that
the combination of these materials with plasmonic nanoparticles (NPs) can effectively extend their

photoactivity into the visible (4-7). The strong interaction between metal nanostructures and light
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Figure 1 a) Picture of the Ag@CeO2 sample on a parylene substrate; b) SEM image of a sample made of
Ag NPs on a CeO2 film grown on a Si substrate; ¢c) Ag NPs size distribution extracted from b.

triggers localized surface plasmon resonances (LSPR) accompanied by an energy and/or charge transfer
process from the plasmonic material to the neighboring oxide that boosts the TMO reactivity in the visible
range. Moreover, the formation of a Schottky barrier at the interface between the metal and the TMO
hinders the fast recombination of the injected electrons (holes), increasing their probability of being
involved in redox reactions (5).

The LSPR de-excitation can activate the TMO through three main groups of mechanisms (8): i) electron
transfer processes, dominating in the first hundreds of femtoseconds (9—12), ii) photothermal conversion,
prevailing on the picosecond time scale when electron-phonon and phonon-phonon scattering become the
dominant channels (13, 14), iii) photonic enhancement or electric field enhancement (15), which can excite
the oxide only for photon energies greater than the band gap and  prevails for NP with diameters above
a few tens of nm. These specific mechanisms have to be understood and optimized to efficiently exploit
the energy/charge transfer processes in the various applications involving solar energy conversion, such
as photocatalysis or photovoltaics. This represents a challenging task, which can be achieved by studies
of the dynamic evolution of the systems after LSPR excitation.

CeO2 (cerium oxide or ceria) plays an important role as a TMO catalyst material. Its electronic
configuration, with a bandgap in the ultraviolet range (3.2 — 4.0 eV) (16, 17), allows fast and reversible
changes between the most stable 4+ oxidation state and the 3+ oxidation state of Ce with one extra
electron localized in the Ce 4f levels between the filled valence band and the empty conduction band. This
property is associated with the remarkable capability of ceria to store, transport and release oxygen
depending on the environmental conditions. The combination of ceria with plasmonic NPs induces
modifications of important properties, such as oxygen vacancy formation energy, which may improve the
material reactivity. An increase of the sensitivity of Ag NPs/CeO2 systems to visible light has been
recently highlighted (18-20), however the mechanisms involved in the LSPR-mediated enhancement

remain poorly understood. Recent experiments, carried out on a UV/Vis time-resolved facility on the Ag
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Figure 2 Absorbance spectra of the Ag@CeOz film
(black), and of a ceria film (blue).

of the electronic structure of the individual
elements present in the investigated materials
(22). Ultrashort pulses (from fs to hundreds of fs) of soft x-rays can be generated by both free-electron
laser (FEL) and high harmonic generation sources. FEL sources are particularly suitable for ultrafast
core-level spectroscopies as they guarantee high pulse intensities in a rather large spectral range. In
particular, the FERMI FEL in Trieste (Italy) gives the possibility of finely tuning the photon energy
within the 20-300 eV photon energy range, guaranteeing a remarkable spectral stability and nearly
transform-limited pulses (23). These features, accompanied by an almost jitter-free laser-FEL
synchronization (24), are ideal for laser pump-X-ray probe single-shot experiments. In this work, we carry
out a time-resolved XAS experiment on a light activated Ag NPs/CeOz sample with the aim of exploring
the ultrafast changes occurring in the electronic structure of Ce and finally shedding light on the nature
of the charge transfer from Ag NPs to CeOz following LSPR excitation.

The Ag NPs/CeO2 samples employed in this study were grown at the SESAMo laboratories in Modena on
ultrathin (100 nm) parylene-N self-standing foils, as soft X-ray transparent substrates. Mass-selected Ag
NPs, with an average diameter d of ~10 nm (Fig. 1), were grown by an inert gas aggregation cluster source
based on magnetron sputtering. The NPs were co-evaporated with cerium oxide forming a film with
embedded NPs, hereafter referred to as Ag@CeOz (4). This specific configuration is considered better than
the CeOzsz-supported Ag NPs scheme, as it maximizes the interface region, where the metal-oxide
interaction takes place, and protects the Ag NPs from contamination. A cerium oxide film of the same
thickness without Ag NPs was also grown for reference. The samples were characterized by X-ray
photoelectron spectroscopy in-situ (see Supporting Information) and transferred under inert atmosphere
to the experimental setups for optical, XAS and time-resolved XAS characterization.

The samples were preliminary characterized using steady UV-Vis spectrophotometry, to verify the
response of the Ag@CeOz2 system to visible light and to identify the spectral features of Ag NPs and CeOs.
The spectra, in Fig. 2, show that the absorbance of the ceria film without Ag NPs exhibits a peak at 300
nm (blue line). This spectral feature is compatible with excitations from the valence band to empty 4f
levels, in agreement with the literature (16, 17). The Ag@CeOz sample shows broad and intense
absorbance peaks centered at 400 nm and 650 nm, ascribed to the LSPR excitation of Ag NPs. The specific



origin of the two peaks was investigated through

simulations of the absorbance of Ag NPs in a o
Ellipsoidal

CeOz matrix, performed using the boundary Mirror sl Sample
e
el

element method, as implemented in the

MNPBEM17 toolbox (25). The simulations show

Detector

that the peaks can be ascribed to different

Seed laser
OPA 240-265 nm

specific configurations of the Ag NPs within the

TiSa
CeO2 matrix and to extended plasmon fs-laser
Facility

Pump@430nm

resonances introduced by the proximity of the

Delay Line

NPs (details in the Supporting Information). Figure 3 EIS-TIMEX end-station setup for pump-

Stationary XAS spectra of the samples at the Ce  probe XAS measurements in transmission geometry.

N45 edge have been carried out at the BEAR Small angles betwe.zen pump and.F.‘EL are achieved

using a holey steering mirror positioned in the FEL
beamline of ELETTRA (26) for reference. Figure  beam path. Synchronization between the laser pump
and FEL probe is nearly jitter-free being both the

4 sh the ref tra for the CeOs fil . .
SHows the reference spectia lor the Lebs tim pulses generated by the same Ti:Sa oscillator.

and the Ag@CeO: sample after pre-edge

background subtraction (red and black solid lines respectively). The spectrum of the CeO:2 film is
compatible with the Ce4t reference spectrum reported in the literature (27), shown as a dashed green line
in Figure 4. The addition of Ag NPs in the CeO:z system induces a red-shift of about 1eV of the Ce
absorption edge and a tangible decrease of the white line height. Both effects are compatible with a mild
reduction of cerium oxide in the Ag@CeQO3z. A more pronounced reduction of the oxide in the Ag@CeO>
sample is expected to lead to a spectral shape more similar to the Ce3* reference spectrum (27) (dashed
blue line). The mild reduction in Ag@CeO: is confirmed by x-ray photoemission spectroscopy
measurements (see Figure S2, Supporting Information) and it results from electron transfer from Ag NPs
to the oxide (28, 29) typical of metal NP/oxide systems.

The TRXAS measurements have been performed at the EIS-TIMEX end-station (30) of the FERMI FEL
(Trieste, Italy) operating in single-shot laser pump-FEL probe mode (Fig. 3) on the Ag@CeQO2 sample at
selected energies across the Ce Ngys-edge. An ultrashort laser pulse at 430 nm is used as a pump to
selectively excite the Ag NPs LSPR. Indeed, the optical absorption of CeO2 matrix is negligible at the
pump photon energy if compared to the Ag NPs one (see Figure 2). Four specific FEL photon energies
(119 eV, 122 eV, 130 eV and 133 eV), marked by the purple arrows in Figure 4, were chosen to maximize
the sensitivity to possible changes in the electronic structure in Ce ions driven by ultrafast reduction of
CeOs. The FEL and the laser pump beam diameters on the sample were 80 and 100 pm, respectively. The
pump pulse duration was estimated to be about 200 fs, while the average FEL probe pulse duration was
around 100 fs. The instrument response function (IRF) of the setup is thus dominated by the pump laser
duration. The laser pump fluence was set to about 34 md cm-2. The TRXAS measurements were performed
in the transmission mode by rastering the sample in the plane perpendicular to the beam and
illuminating fresh regions of the sample at each pump shot. Transmission of the unperturbed sample in
every fresh position was measured by exposing the sample to a sequence of probe pulses prior to pump

exposure. The delay time between the pump and the probe pulses was scanned with steps of 0.1 ps within
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(Ce**—Ce?*). Purple arrows indicate the selected modified by adding electrons in the 4f levels
FEL energies used to probe the variations of (calculated using the reference spectra and
absorption. assuming different concentrations of Ce3*). A
pronounced increase of absorption below 125 eV and a moderate decrease above 125 eV are expected with
increasing concentration of Ce3* ions, in agreement with TRXAS findings. Therefore, the absorption
change shown in Fig. 5 appears to be compatible with an ultrafast reduction of part of the Ce ions in the
sample, driven by a LSPR-mediated electron injection in the Ce 4f localized states of the CeO:2
surrounding the Ag NPs.

The data in Figure 5 were fit using a kinetic profile (obtained by the product of an exponential functions

and a step function) convoluted with an IRF of Gaussian shape with FWHM of 200 fs, compatible with

the width of the pump laser. The results of the fit show that the rise time of the signal is compatible with

the pump pulse duration. This evidence confirms that the charge transfer process is faster than a typical
thermal process (electron-phonon scattering), which requires typical rising times of 1-10 ps (31, 32). The
negligible decay of the transient XAS signal at long delay times up to 1 ps is consistent with the long-
lived excited state that we observed in previous experiments using a visible probe (4) and suggests that

the charge injected in 4f states does not recombine rapidly. The amplitude of the observed absorption
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Figure 5 Relative variation of absorption as a function of pump-probe delay time and corresponding
fit (red curve) b 122 eV ¢ 130 eV d 133 eV.

variations, estimated by the fit, can be related to the density of electrons transferred to ceria. Using the
reference spectra of Ce3* and Ce4* samples (27), we related the measured variations in absorption at the
different probe energies to the fraction of Ce ions affected by injected electrons. The resulting fraction,
estimated in about 20%, indicates that charge transfer does not involve only the cerium atoms contained
in the volume of the interfacial cerium oxide layer which surrounds the Ag NPs (see Supporting
Information for details). This estimate allows us to infer a high efficiency for the plasmon-mediated
electron transfers and it suggests that by combining Ag NPs with ultrathin oxide shells the plasmon-
induced oxide excitation can be maximized.

The experiment described here is the first application of FEL-based time-resolved XAS to a hybrid
plasmonic NPs/oxide material for photocatalysis. The TRXAS measurements presented reveal for the first
time that the electronic structure of the Ce atoms undergoes an ultrafast change following photoexcitation
of the LSPR of the Ag NPs. The sign and the amplitude of the observed changes at the different energies
and their ultrafast nature demonstrate that the decay of LSPR in the Ag NPs involves electron transfer
processes, which dominate below 1 ps. We believe that this experiment will open the photocatalytic
material topic to FEL-based investigations. Important advances could be achieved by the use of shorter
pulses, to study electron transfer dynamics on a time scale of tens of fs, as well as by the use of different

system architectures to maximize the visible-light-induced excitation.
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