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Abstract

Nowadays, the research in the field of renewable energy sources is fundamental, to
stem the climate crisis and to overcome the reducing availability of fossil fuels. The
high magnitude of solar energy has driven a lot of research towards the investigation
of efficient methods to convert it into other energy forms (e.g. electric or chemical).
One of the most promising methods to convert solar into chemical energy is visible
light photocatalysis. The main aim of this thesis is the investigations of systems at
the nanoscale that are promising candidates for visible light photocatalysis, and in
particular of thin films of cuprous oxide and of cerium oxide combined with plas-
monic nanoparticles (NPs). In the latter, cerium oxide has been coupled with NPs
because the band gap of the bare oxide is too wide for the absorption of visible ra-
diation, but previous works demonstrated that the formation of heterojunctions by
coupling plasmonic nanostructures with semiconductors can greatly enhance the ac-
tivity of photocatalysts by plasmonic energy transfer from the metal nanostructure
to the semiconductor. The first part of this thesis will describe the growth and char-
acterization of these systems, to extract information on their optical properties, with
a specific focus on the ultrafast dynamics of excited states. For this purpose, sys-
tems composed by Ag, Au and Cu NPs surrounded by CeO, have been investigated
by means of both time-resolved and static absorbance and emission analysis. First,
systems composed by Ag NPs with CeO, have been investigated with time-resolved
photoemission spectroscopy and free electron laser based time-resolved X-ray ab-
sorption spectroscopy. Secondly, the ultrafast dynamics of excited states induced by
ultra-violet and visible light excitation has been explored in Au NPs combined with
cerium oxide, aimed at understanding the excitation pathways, using femtosecond
transient absorption spectroscopy. Finally, the last part of the thesis is centred on
Cu NPs, also embedded in CeO, films, or surrounded by oxides, with a particular
focus on Cuy0, that, thanks to its band gap in the visible region, is a promising
candidate for solar light photocatalysis. Cu NPs have been investigated in terms of
their morphology, optical properties and stability in air conditions, and a procedure
for growing metallic core-Cu,0O shell has been developed and investigated. Finally,
Cuz0 crystals and films of different thickness have been grown and analysed by
means of low energy electron diffraction, scanning tunneling microscopy and pho-
toluminescence spectroscopy in a wide temperature range to obtain information on
the behaviour of excitons.






Sommario

Al giorno d’oggi, la ricerca nel campo delle fonti energetiche rinnovabili ¢ fondamen-
tale, per arginare la crisi climatica e per superare la sempre minore disponibilita
di combustibili fossili. Il flusso significativo di energia dal Sole sta spingendo le
attivita di ricerca verso lo studio di metodi efficienti per convertirla in altre forme
di energia (ad esempio elettrica o chimica). Uno dei metodi pit promettenti per
convertire I’energia solare in energia chimica e la fotocatalisi della luce visibile. Lo
scopo principale di questa tesi e lo studio di sistemi su nanoscala che sono promet-
tenti per la fotocatalisi di luce visibile, e in particolare di film sottili di ossido di
rame e di ossido di cerio combinati con nanoparticelle plasmoniche. In questi sis-
temi, 'ossido di cerio viene combinato con nanoparticelle, dal momento che il band
gap dell’ossido e troppo ampio per ’assorbimento della radiazione visibile. Lavori
precedenti hanno dimostrato che la formazione di eterogiunzioni combinando nanos-
trutture plasmoniche con semiconduttori pué migliorare notevolmente I’attivita fo-
tocatalitica della ceria mediante trasferimento di energia plasmonica dalla nanos-
truttura metallica al semiconduttore. La prima parte di questa tesi descrivera la
crescita e la caratterizzazione di questi sistemi, per ottenere informazioni sulle loro
proprieta ottiche, con un focus specifico sulla dinamica ultraveloce e sull’evoluzione
temporale degli stati eccitati. A tale scopo, sono stati studiati sistemi composti da
nanoparticelle di Ag, Au e Cu circondati da CeO, mediante analisi di assorbanza ed
emissione sia risolte nel tempo che statiche. In primo luogo, i sistemi composti da
nanoparticelle di Ag con CeO; sono stati studiati con spettroscopia di fotoemissione
risolta in tempo e spettroscopia di assorbimento di raggi X risolta in tempo basata su
laser a elettroni liberi. In secondo luogo, la dinamica ultraveloce degli stati eccitati
indotti dall’eccitazione della luce ultravioletta e visibile e stata esplorata in nanopar-
ticelle di oro combinate con ossido di cerio, allo scopo di comprendere i percorsi di
eccitazione, utilizzando la spettroscopia di assorbimento transitorio a femtosecondi.
Infine, I'ultima parte della tesi e incentrata sulle nanoparticelle di Cu, anch’esse
inglobate in film di CeO;, o circondate da ossidi, con un focus particolare su Cu,0O,
che, grazie al suo band gap nella regione del visibile, ¢ un candidato promettente
per la fotocatalisi di luce solare. Le nanoparticelle di Cu sono state studiate in
termini di morfologia, proprieta ottiche e stabilita in condizioni atmosferiche, ed e
stata sviluppata e studiata una procedura per la crescita di particelle core-shell con
nucleo metallico e shell di Cu,O. Infine, cristalli e film di Cu,O di diverso spessore
sono stati cresciuti e analizzati mediante diffrazione di elettroni a bassa energia, mi-
croscopia a effetto tunnel e spettroscopia di fotoluminescenza in un ampio intervallo
di temperature per ottenere informazioni sul comportamento degli eccitoni.
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Chapter 1

Introduction

1.1 Oxides for photocatalysis

In recent years, the climate crisis and global warming have become one of the most
important problems to solve. Moreover, the increasing demand on energy and the
reducing availability of fossil fuels strongly encourages the development and improve
of renewable energy sources. Solar energy harvesting from sunlight provides a con-
venient way to meet the demands of clean energy, it is then fundamental to convert
the energy harvested from the sun into chemical fuel. Solar energy can be converted
and stored in fuels such as hydrogen by water splitting and hydrocarbon compounds
by CO, reduction [1, 2, 3, 4]. Solar light photocatalysis requires semiconducting ma-
terials with a band gap in the ultraviolet-visible (UV-Vis) range (ideally, for water
splitting, between 1.9 eV and 2.3 eV), high stability in ambient conditions, e cient
charge separation and low charge recombination rates. However, the majority of
narrow band-gap semiconductors are not stable, while wide band semiconductors
are stable, but ine cient in visible light absorption [5]. The most convenient mate-
rials for photocatalysis and water splitting are metal oxides (MOs) semiconductors,
such as Ce@, TiO,, Cu,0O, ZnO, since they are abundant and cheap, non-toxic,
with tunable properties [6]. In this thesis, | will focus in particular on CeQ@ and
Cu,0. These two MOs present di erent bandgap and di erent properties, but they
are both very promising materials for photocatalysis and water splitting reactions.

1.1.1 Energy-Driven Water Splitting

One of the most critical points in the use of solar light as primary energy source is
the cost-e ective storage and dispatch of the converted solar energy upon demand.
The implementation of technologies to enable in a convenient and scalably manu-
facturable form the capture, conversion, and storage of sunlight is then fundamental
to mitigate the intermittency of the solar resource and to maintain stability of en-
ergy distribution [7, 8, 9]. One of the most promising pathways to overcome this
challenge is the hydrogen generation via solar water splitting, as,Han be stored,
transported and consumed without generating harmful byproducts [2, 10, 11, 12].

The overall water splitting is an "up-hill' reaction with a high positive change in
Gibbs free energy ( Go = +237:2 kJ/mol), which, according to the Nernst equation,
corresponds to E° =1:23 V per electron transferred [2, 13]. Photocatalytic water
splitting has fundamental requirements for photocatalysts on their band gaps and
band levels. Semiconductor-based solar water splitting requires the semiconductor
to absorb photons with energie$ 1:.23 eV (i.e. 1008 nm) [2]. In particular,

11



Figure 1.1: Band structure of semiconductors and redox potentials necessary for
light-driven water splitting [14].

for water reduction reaction, the conduction band needs to be at a potential less
than 0 V vs. NHE (H*/H ,), while the valence band needs to be at a potential more
than 1.23 V (see gure 1.1) [14].

Since ultraviolet photons are more energetic than visible photons, the photocat-
alysts that are sensitive to ultraviolet radiation have better performance per photon
for hydrogen production via solar water splitting than visible light-based ones. On
the other hand, ultraviolet radiation ( < 400 nm) only composes 4% of the
total solar energy spectrum, that mainly includes visible (400 n,& < 800 nm)
and infrared ( > 800 nm) light, accounting respectively 53% and 43% of the to-
tal solar radiation. So far, the majority of the photocatalysts are only active in
ultraviolet-light absorption [14], but it is crucial to fabricate photocatalysts that are
able to harvest a larger fraction of the solar spectrum. Typical photocatalysts are
semiconductor materials with a proper band gap (as schematized in gure 1.1), that
can be combined with dopants and/or co-catalysts to optimize their performance.
As already mentioned, a good photocatalyst must have a proper band gap for light
harvesting and a suitable thermodynamic potential for water splitting, a high charge
separation e ciency and low charge recombination rate. Moreover, it must also be
stable in the operating conditions and low-cost. The reason for the rst requirements
are clear by looking at the steps that are necessary for light-driven solar splitting
(gure 1.2a). When a semiconductor is irradiated with photons that have energy
equal to or above its band gap, the incoming radiation may generate electrons in
the conduction band and holes in the valence band. If they are transferred to wa-
ter molecules on the semiconductor surface, the electrons can reduce water to form
hydrogen while the holes can oxidize it to form oxygen [17]. Intuitively, this pro-
cess requires high electron-hole pair generation rate and low recombination rate. A
crystalline structure, with a low defect concentration, is bene cial for solar-driven
water splitting, because defects can act as recombination sites [18].

Photoelectrocatalysis

Among all the solar-to-hydrogen conversion systems (such ad photovoltaic cells,
solar thermochemical systems and concentrating solar thermal systems), one of the
most promising ones are the photoelectrochemical (PEC) devices (a schematics is
shown in gure 1.2b), because they allow the direct conversion of photon to chemical
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Figure 1.2: a) Schematic of water splitting in a semiconductor photocatalyst [15] b)
Mechanism of solar hydrogen production by PEC [16].

energy, reducing the total cost of hydrogen production [16]. In PEC devices, oxygen
and hydrogen are evolved at separate electrodes, which can be recombined in fuel
cells to produce electricity. Typically, metal oxides are used as solar water-splitting
photocatalysts, thanks to their reasonable stability and relatively low cost. However,
as explained before, they need to ful Il the requirements on the band gap, on the
band levels, on the electron-hole pair generation and recombination rates.

So far, there are not commercially available photocatalysts that are able to cat-
alyze water-splitting reactions with the energy conversion e ciency larger than 10%
under one sun radiation, which represents the threshold for commercialization of
solar photocatalytic systems [19]. In fact, most narrow band gap semiconductors
are unstable during photocatalytic reactions [19, 20]. One of the most common ex-
amples is cuprous oxide, that is cheap and easy to grow, with favorable energy band
positions and a band gap of 2-2.2 eV that makes it a perfect candidate for visible
light absorption. However, CyO is unstable under illumination, and it can undergo
photodegradation in aqueous solutions [21, 22].

Haematite ( Fe,03) is an Earth-abundant semiconductor, that has a bandgap
of 2 eV, in the optimal range for solar-light harvesting, and, contrary to Cx0O, it
Is photostable, making it an ideal candidate as a photoanode for PEC devices [23,
24, 25]. However, its performance as a water-oxidizing photoanode are drastically
limited by the low electron mobility and rapid trapping of the initial photoexcited
state: the lifetime of photoexcited carriers in haematite is in the order of picoseconds,
too short to drive water oxidation [25]. The discrepancy between the expected and
the actual performance has recently been attributed to haematite's small polaron-
limited, minority carrier conduction [26, 27].

Finally, wide band gap metal oxide semiconductors (such as CegdiO,, ZnO)
are stable, but can only absorb in the ultraviolet range, drastically reducing the
solar-to-fuel energy conversion e ciency. Di erent techniques to extend metal ox-
ides photosensitivity have been developed and studied in recent years. These tech-
nigues include nanostructuration [28], defect engineering (e.g. bandgap narrowing
as proposed in [29]), doping (adding dopants such as Mn, Y, Fe and Sn [30, 31, 32])
and coupling with plasmonic nanoparticles (NPs).

In order to completely understand and then to optimize a photocatalytic material
it is crucial to study not only its static properties, but also its dynamics, to prop-
erly describe the light-induced excitations. The use of time-resolved spectroscopy,
probing time scales from femtoseconds to millisecond, with a spectral range in the
UV and visible window, is a powerful tool to study the light-induced charge transfer
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processes, to provide precious information for design of novel and optimized materi-
als [33, 34]. The case of the small polaron formation in hematite is a clear example
of the relevance of this kind of studies.

1.2 Cuprous oxide

Cuprous oxide (CyO) is a semiconductor characterized by a direct, parity forbid-
den, band gap of 2.15 eV, that can be tuned by changing the oxidation state of
Cu between 2.1 eV (for cuprous oxide) and 1.4 eV (for cupric oxide, CuO). More-
over, C,,O excitons, and in particular the 1S ortho- and para-excitons, have unique
properties that make this material a perfect candidate for the understanding exci-
tons properties. Moreover, the characteristics of excitons in cuprous oxide seems
to make them perfect candidates for the study of Bose-Einstein condensates (BEC)
[35, 36, 37, 38, 39]. However, the direct observation of the condensate have always
been more di cult than expected. Various explanations have been suggested, such
as a possible instability caused by the formation of bi-excitons at the corresponding
BEC transition densities [40], or restrictions in the detection of a stable exciton
condensate by luminescence spectroscopy [41], that is the conventional method used
for the search of exciton BEC [42]. Only very recently, Morita et al. observed
the BEC of 1s para-excitons in a bulk crystal of C4O below 400 mK, by directly
visualizing the exciton cloud in real space using mid-infrared induced absorption
imaging, revealing that the para-exciton condensate is undetectable by conventional
luminescence spectroscopy [43].

Excitons are electron-hole pairs bound by their Coulomb attraction and produced
by optical excitation of the crystal. In Cu,O, contrarily to the large part of other
semiconductors, excitons have long lifetime due to a forbidden direct band gap, large
binding energy due to relatively large electron and hole masses [44], and an electron-
hole exchange interaction that inhibits the formation of molecules or electron-hole
liquid [45]. Since excitons are a bound state of two fermions, they are expected
to obey Bose statistics. The long life of para-excitohsn cuprous oxide, together
with their relatively large radius and an high binding energy makes them perfect
candidates for the study of Bose-Einstein condensate [43, 45, 47, 48]. Moreover, in
2014 the yellow exciton series in G® was observed by Kazimierczuk et al. up to a
large principal quantum number of n = 25 [49]. This discovery has opened up the
research eld of giant Rydberg excitons and led to a variety of new experimental
and theoretical investigations [36, 44, 50, 51, 52, 53, 54].

The interest in copper oxides as semiconducting materials for solar cells dates
back to almost one century ago, when in 1926 L. O. Grondahl and P. H. Geiger
rst worked on a copper-Cy0O-solar cell [55]. In the 1970s, the development of
Cu,0O-based solar cells started, using mainly a metal-GO junction for the charge
separation. However, these devices presented a limited conversion e ciency, lower
than 3%, well below the one predicted by the Shockley{Queisser (SQ) limit esti-
mated for C,O (around 20%) [56]. The main problem of these devices, built by
combining Cu,O with a wide variety of metals, is related to the height of the Schot-
tky barrier, in the range of 0.7-0.9 eV independently on the chosen metal. The most
probable explanation for the high barrier is that most metals reduce GO0, lead-
ing to the formation of a copper-rich region between the GO and adjacent metal

11s excitons in cuprous oxide are distinguished in para- and ortho-excitons, depending on their
spin and degeneracy. Para-excitons are the spin-triplet con guration of the 1S ground state exciton
with lifetimes in the s-range [35, 46]
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layers, which renders all Schottky-type cuprous oxide solar cells [57]. One of the
solutions proposed to solve this problem is the construction of heterojunction solar
cells made by the combination of p-type CxO with n-type semiconductors, such
as ZnO or GaN [58, 59, 60, 61]. However, the conversion e ciency of these devices
Is still much lower than the predicted SQ limit. Recently a CydO solar cell with
5.38% conversion e ciency was built using as n-type semiconductor ga; [62]: the
improving in e ciency was related to the surface condition of the CyO Im before
Ga, 03 deposition, causing a lower defect density at the interface. This suggests that
a better knowledge of the CpO thin Ims down to the atomic level is fundamental

to improve the e ciency of Cu,0-based solar cells. Other interesting applications of
copper oxides can be found in the construction of electronic devices, for high tem-
perature superconductivity [63], spintronics [28], and photocatalytic water splitting
[64].

1.2.1 Crystal Structure

Cu,0, also known ascuprite, represents the most stable among the three common
copper oxide compounds (together with G403 and CuO). Cuprite crystallises in

a cubic Bravais lattice, schematized in gure 1.3, with space group (Bm). The
lattice constant has been measured to be a = 4.2%, the Cu-O bond length is
ch o = 1:85A, the O-O is do o =368A and the Cu-Cu is dCu cu = 3:02A
[65]. The unit cell is formed by four copper atoms, positioned in a face-centred
cubic lattice, and two oxygen atoms at the tetrahedral sites forming a body-centred
cubic sub-lattice. The Cu ions are on the vertices of a tetrahedron centered on the
oxygen sites and are twofold coordinated with the oxygen ions B site symmetry),
whereas the oxygen ions are fourfold coordinated with Cu onesy($ite symmetry).
Choosing the origin of the coordinate system on an oxygen atom, the Cu ions are in
the positions (1/4, 1/4, 1/4), (1/4, 3/4, 3/4), (3/4, 1/4, 3/4) and (3/4, 3/4, 1/4),

in unit of lattice constant a.

Figure 1.3: Unit cell of cuprite with: a) origin on a oxygen site; b) origin on a copper
site. Dashed lines represent the bonds. Taken from [35]

1.2.2 Electronic Properties

The electronic Cu con guration is ([Ar]3d%4s!), then the con guration for Cu* ions

in Cu,0 is ([Ar]3d%4s®), where the Cu 3 levels represent the valence band (VB)
and the empty Cu 4 levels the conduction band (CB) [66], meaning that the CB
and the VB have the same parity. As schematized in gure 1.4a, GO presents
a direct, parity forbidden, band gap of 2.15 eV at room temperature (RT) [37] at
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(a) (b)

Figure 1.4: (a) Band structure of Cu,O near the point [36]. The arrows represent
the transitions giving rise to the four exciton series (yellow, green, blue and indigo). (b)
Absorption coe cient at RT of Cu ,0 [35].

the center of the Brillouin zone ( point). The band gap at 4.2 K, i.e. the energy
di erence between the § and the 7, obtained as the limit of the yellow exciton

serie$, has been measured to bEy,, = 2.172 eV [67, 68]. As expected, the band
gap value decreases with increasing temperature [69].

1.2.3 Optical Properties

Cu,0 is a key material for the developing of excitons theory, providing the rst ex-
perimental con rmation of the formation of excitons [70]. The absorption coe cient

of Cu,O at RT is reported in gure 1.4b. A series of exciton-related peaks, par-
ticularly evident at low temperature, emerges close to the absorption edge. £
is characterized by a direct, yet forbidden, optical bandgap, and it starts to ab-
sorb light above 2.4 eV, corresponding to the dipole-allowed transition between the
higher valence band and the second lower conduction band (see gure 1.4a). The
refractive index at RT has been calculated in [71] and is 2.7 at low frequencies
andn 2:6 at high frequencies.

Excitons

When an electron in a semiconductor is excited in the conduction band, it leaves
a hole in the valence band, and the two charged particles will be attracted to each
other. This may result in the formation of a bonding between the electron and
the hole, forming anexciton. The (attractive) exciton binding energy represents
an energy state within the band states. Excitonic states have particular relevance
at low temperature, at which the recombination probability is lower [72, 73, 74].
Excitons are typically divided into two limiting cases: Frenkel and Wannier{Mott
excitons, depending on the ratio between the exciton radiusy. and the lattice
constanta. Frenkel excitons are composed of a tightly bound electron-hole pair and
have a radius on the order of the lattice constant or smaller, whereas Mott-Wannier
excitons have a much larger radius than the lattice constant, resulting in a weak

2j.e. the 8 - 7" transition. The theory of excitons in cuprous oxide will be better expanded
in section 1.2.3
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bound. In semiconductors, which are generally characterized by a large dielectric
constant, electric eld screening tends to reduce the Coulomb interaction between
electrons and holes, and excitons are typically Mott-Wannier excitons [75]. Since
this is also the case for G40, in this thesis | will focus on this type of excitons.
Wannier{Mott  excitons can be described using a hydrogen-like model: being
rexc >> a, several atoms sit inside the exciton orbit, and the lattice can be ap-
proximated as a medium with permettivity ., in which the electrons and the holes
exist as free particles with e ective massem, and my,. According to this model,
some relevant quantities to describe excitons are listed below (beimgy  me the
reduced mass of the hydrogen atonR, 136 eV the Rydberg constantag  0:53
A the Bohr radius, andn an integer number describing the various energetic levels)
[35]:

my = me + My, , Exciton mass (1.1a8)
1 1 1 .
My = —+ — , Exciton reduced mass (1.1b)
me mh
My 1 o
Ryx = — > Ry, Excitonic Rydberg constant (1.1¢)
M.y ( r)
_ 2 M4 . -
r,=n? |, as , Exciton radius (1.1d)
X
Ry,x - . -
Egx = 2 Exciton binding energy (1.1e)

The peaks that appear in the absorption spectrum of cuprite shown in gure
1.5a are due to the resonant absorption of photons that form excitons inside the
material (this is valid in general for all direct band-gap semiconductors). In GO,
four hydrogenic excitonic series can be found: yellow, green, blue, indigo, in order
of increasing energy (schematized also in gure 1.4b and highlited in gure 1.5a).
The resonating energies follow the relation:

R..
E(n) = Ecapr nyz’x = Ecar  Egx (1.2)

where Egap corresponds to the energy di erence between the bands occupied re-
spectively by the electron and the hole forming the exciton. As is evident from
the schematics in gure 1.4a, the yellow series is generated by the absorption of
electron-hole pairs across; and g, the green series ing and ¢, the blue series

in 7 and 4 and the indigo seriesin ;g and 4.

In Cu,0, a very large number of replicas are visible ( gure 1.5b shows the yel-
low excitonic series). In the yellow and green excitonic series, the n = 1 lines do
not follow the relation 1.2, because these excitons have a much smaller radius com-
pared to the others, compatible with the Bohr radius, and therefore the plane wave
approximation is no longer valid to describe the electron and hole wave function.
Moreover, these lines, corresponding to the ground states &xcitons, are splitted
by the exchange interaction into a singlet and a triplet. The rst one is called
para-exciton, and it is characterized by a total angular momentum J = 0 and the
second one is an ortho-exciton, with angular momentum J = 1. For the 1s exciton
state the ortho-para-exciton energy splitting is 12 meV [39, 77]. Focusing on the
yellow exciton series (electrons in the lowest conduction band and holes in the
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