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Introduction

1

We all witness light-matter interactions everyday in the most common things around
us, such as the blue color of the sky. Rayleigh described how light interacts with particles that are small compared to the wavelength of light, developing a theory that
ultimately explained the color of the sky.[1] Later, Gustav Mie solved Maxwell’s equations for spherical particles with wavelength-scale diameters, thereby explaining how
water droplets interact with electromagnetic radiation and form clouds.[2] Since then,
many researchers have tried to control this interaction by making nanostructured materials with dimensions comparable to the wavelength of light. This has led to the field of
nanophotonics, opening up new possibilities for a variety of applications such as optical
communication, medical science, sensing and energy harvesting. [3, 4]
A tremendous amount of metal nanostructures made from diﬀerent materials, with
diﬀerent shapes and sizes have already been synthesized with many diﬀerent techniques
such as electron-beam, nanosphere and nanoimprint lithography and colloidal synthesis.[5–8] While all these fabrication methods of nanomaterials have been extensively
used, most of them are either expensive, time-consuming or cannot reach the resolution needed for the design of very small structures. Colloidal synthesis constitutes an
exception since it is a very inexpensive method, with possibilities for the generation of
nearly any shape or size of nanostructure.[9–13] Unfortunately though, colloidal synthesis lacks full control over the design of more hierarchical nanomaterials.[14] Light itself
can be used as a tool for the synthesis of nanostructures through light-induced chemical
reactions and provide new pathways of control over this design.
This thesis deals with how optical resonances, derived from light-matter interactions,
can be used to drive localized chemistry for the synthesis of complicated nanomaterials. Such light driven synthesis is an artificial analogue of natural photosynthesis, where
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Figure 1.1. An example of Rayleigh and Mie scattering in nature, where the sky
meets the sea in Zacharo, Ilias, Greece. Photo taken by Manousopoulos P.

plants produce a wide variety of natural products using sunlight. As in natural photosynthesis, our final goal is to create a custom factory that uses light to spontaneously form a
wide variety of useful products.[15] Although nature more often uses chemical variables
to create the hierarchy and structure, this thesis is more focused on understanding the
role of the underlying nanostructures, their optical resonances and how light itself can be
used as a reactant. It therefore begins with an explanation of the diﬀerent types of resonances available in semiconducting and metallic nanomaterials, followed by how these
resonances can lead to charge generation, ultimately driving nano-localized chemistry.

1.1 Optical resonances in nanostructures
An interesting aspect of light-matter interactions at the nanoscale is the appearance
of optical resonances. An optical resonance occurs when light constructively interferes
in a cavity (or inside a nanostructure) or when light stimulates and couples to electron
charge oscillations on the surface of a nanostructure.[16] Optical resonances lead to
storage of high amounts of optical energy in specific frequencies where strong absorption
or scattering takes place. The resonant frequency depends mostly on the nature of the
optical resonator (i.e. nanostructure’s geometry and refractive index) and the refractive
index of the surrounding medium. Mie’s analytical solution to Maxwell’s equations
is the most commonly used mathematical description of the interaction of a spherical
nanoparticle or an infinite cylinder, with a plane electromagnetic wave.[2] Mie’s theory
is valid for both dielectric and metal nanostructures, whose dimensions are comparable
to that of the light’s wavelength. Even though the description of optical resonances in
metals and semiconductors can be achieved by the same theory, the origin of optical
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resonances in metals and dielectrics is quite diﬀerent, as discussed below.

1.1.1 Metals
Optical resonances in metal nanoparticles originate from their high density of free
electrons, which can oscillate resonantly with an incident electric field. The response
of the electron cloud to an external electric field can be described by the Drude model,
where electrons follow Newton’s law and act as an oscillating mass around the fixed
positive core (Figure 1.2). The external electric field causes the displacement of the
electron cloud from the positively charged core, while a restoring force (Coulomb force)
drives back the negatively charged electron cloud to the electron deficient region of the
structure causing the oscillation of the free electrons. These collective oscillations of
the free electrons in metal nanostructures are called plasmons and an optical resonance
(surface plasmon resonance, SPR) occurs when the plasmon natural frequency is equal
to the frequency of the incident light.[17, 18] According to the Drude model, the permittivity of metal nanoparticles becomes negative for incident light frequencies higher
than the SPR frequency. A negative value of permittivity means that the material does
not allow electromagnetic wave propagation in its volume resulting in confinement of
the electric field on the metal/dielectric interface. The localization of charges at the
metal/dielectric interface arising from the surface plasmons can interact with the propagating electromagnetic field in the vicinity of the nanostructure and energy transfer from
light to plasmons can take place.[19–21] Once this transfer has occurred, the plasmons
can either decay by coupling back to the light field (radiation, also known as scattering)
or by excitation of electrons into higher excited states (absorption).[22] The areas where
this “focusing” of the electric near field of plasmonic nanoparticles occurs are called
hot-spots, where the electric field enhancement can reach several order of magnitude in
subwavelength volumes.
The SPR frequency and the intensity and spatial distribution of the hot-spots strongly
depend on the charge distribution inside the metal nanostructure. The magnitude of the
charge separation inside a nanosphere in response to an electric field, or in other words
the ease with which it forms dipoles, is called polarizability. According to Mie theory,
polarizability is aﬀected by the refractive index of the metal and the surrounding dielectric medium and the geometry of the nanostructure. In nanoparticles with sizes in the
subwavelength regime, the polarizability increases with an increase in the nanoparticle’s
size leading to a lower frequency of the electron cloud oscillations. The direct impact
of the decrease in the plasmon frequency, is the shift of the SPR to longer wavelengths
(redshift).[23] The refractive index of the surrounding medium of the nanoparticle also
changes the interaction of the plasmons with the incident light, since this interaction is
mainly happening at the meal/dielectric interface. As the refractive index of the dielectric medium increases, the frequency of the plasmons decreases, due to the increasing
diﬃculty of their propagation, and the plasmons resonate with the incident electric field
at smaller spectral frequencies (redshifted SPR). [24]
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Figure 1.2. Drude model schematic representation. In a spherical metal
nanosphere the electron cloud surrounds the positive nuclei of the metal atoms (t
= 0). At time t = t1 , when the nanosphere starts interacting with an incident
electromagnetic wave, the electron cloud starts oscillating and is displaced (x the
elctron displacement) compared to the positive nuclei. After half a wavelength
period from t = t1 (t = t1 + T /2), the electron cloud is displaced towards the
opposite direction than t = t1 .

A change in the geometry of the nanostructure can also induce the excitation of more
than one optical mode.[25] For instance, two SPR peaks appear from the excitation of a
metal nanorod, related to polarization of the electric charges along its long (longitudinal
mode) and short axis (transverse mode). It has been reported that the longitudinal mode
of metal nanorods is more sensitive to a change of the aspect ratio of the nanostructure,
than the transverse mode, and can be tuned from the visible to NIR. Hybridization of
resonant modes in a nanoparticle assembly can also occur resulting in the accesibility
of more than one resonant mode. For instance, two closely spaced oscillating systems,
with similar resonant energies, can interact with each other and electromagnetic energy
exchange takes place through mode coupling.[26, 27] Spatial and spectral overlap of the
nanoparticles’ individual elementary modes is necessary for the occurrence of mode hybridization. As a result, very strong electric field enhancement and charge accumulation
(hot-spot) can be developed in the nanogap between the two nanostructures. Spectral
changes of the resonant mode of each nanoparticle rely on the alteration of the restoring
force of the electron cloud oscillation towards each direction, which can be enhanced or
decreased due to its interaction with the oscillating electron cloud of the nearby nanoparticle. An increase (decrease) in the restoring force corresponds to a increase (decrease)
in the resonant frequency, meaning a blueshifted (redshifted) resonance.
When the size of the nanostructure increases and becomes substantial compared to the
wavelength, higher order modes can be supported by the nanostructure, which appear in
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higher frequencies than the fundamental one (dipolar mode).[28, 29] The origin of these
higher order modes comes from depolarization of the electrons inside the nanomaterial.
The introduction of sharp features in a nanostructure, such as the case of nanocubes and
nanotriangles, can also change the polarization of the electrons inside the nanomaterial
and result in excitation of multipolar modes in the visible spectrum and extreme light
confinement.[30–33]

Figure 1.3. Tunable hot-spots in plasmonic nanostructures a) Scanning microscope image of Au nanotriangles with 200 nm edge and 8 nm thickness made with
colloidal chemistry. Scale bar is 200 nm. b) Fraction of absorbed power retrieved
from FDTD !simulations
! ! ! for two diﬀerent polarizations (in air), the electric field
distribution (!E 2 ! / !E02 !) of which is depicted in c), d), e) and f) for the 2 diﬀerent
SPR wavelengths (935 and 629 nm). The electric field monitor is positioned at a 4
nm height (middle of the nanostructure) and
! white arrows show the polarization
! the
of the incident electric field with intensity !E02 !.

Hot-carrier generation in metal nanostructures
After the excitation of plasmons in a metal nanostructure, the presence of imperfections in the structure, surface states or lattice vibrations lead to the dephasing of the
collective oscillations of electrons. This dephasing can occur either radiatively (light
scattering), with the emission of a photon at the same frequency as the excitation wavelength, or non-radiatively (Figure 1.4). The non-radiative decay of the plasmons mainly
takes place through Landau damping, where energy quanta from the plasmons are re-
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moved and transferred in the form of kinetic energy to conduction band electrons, exciting them to unoccupied energy states above the Fermi level. [34, 35] The generation of
highly energetic charges with Landau damping occurs the first 1 - 100 fs after the plasmon excitation and a non-thermal distribution of electrons is created above the Fermi
level of the metal. During the next few hundreds of femtoseconds (100 fs - 1 ps), the
initial non-thermal distribution changes to a Fermi-Dirac like electron distribution via
electron-electron scattering, where redistribution of energy takes place between higher
and lower energy electrons. The Fermi-Dirac distribution consists of electrons with a
temperature far above the lattice temperature. The electrons both in the non-thermal
and the Fermi-Dirac distributions are called “hot” due to their high energy and not
necessarily due to their high temperature (Fermi-Dirac distribution case). Additionally,
energy is transferred from the electrons to the lattice of the nanostructure via electronphonon interactions (1 - 10 ps) leading to an increase of the lattice’s temperature and
resulting in an equilibrium among the excited electrons. Finally, phonon-phonon interactions result in heat dissipation in the surroundings (100 ps - 10 ns). [20, 22, 36,
37]

Figure 1.4. Plasmon decay. Bottom row: Schematic of plasmon decay in metal
nanoparticles. Plasmons can decay either radiatevely, with the emission of a photon,
or non-radiatively. The non-radiative emission takes place through Landau damping
and hot-carriers are generated (1-100 fs), thermalization of carriers occurs through
electron-electron (100 fs - 1 ps) and electron-phonon (1 - 10 ps) scattering creating
a Fermi dirac distribution, to ultimately return to the equilibrium with heat dissipation to the surroundings (100 ps - 10 ns). Top row: The corresponding charge
population as a function of their energy with respect to the Fermi level of the metal
for every stage of the decay process, starting from the equilibrium.[34]

The electronic structure of metals allows mainly two transitions of electrons. The
transitions from d-bands to the sp-band, called interband, and transitions within the
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sp-band, called intraband.[38] In metal and specifically noble metal nanomaterials, dbands (i.e. energy states which belong to atoms from the d-orbitals) are located 2 - 4 eV
below the Fermi level (Ed−band , Figure 1.4).[39, 40] Transitions within the d-bands are
not allowed since all of them are already filled with electrons. Electron excitation though
within the sp-band is possible since it is only half-filled with electrons up to the metal’s
Fermi level (conduction band). As a result, depending on the photon energy absorbed
by the metal nanoparticle and the position of the electronic states, diﬀerent excitations
either interband or intraband can occur. The maximum energy an electron can have
according to the allowed transitions is equal to Ef + hv (Figure 1.4), when excitation of
electrons from the conduction band takes place (intraband). In gold the d-band lies 2.4
eV below the Fermi level, while in silver the energy needed for interband excitations is 3.7
eV. As a result, to excite electrons from the d-bands in silver a photon of at least 3.7 eV
is needed, which corresponds to a wavelength of around 335 nm, so UV light excitation
is necessary. In gold, interband excitations fall in the visible spectrum (below 517 nm),
which explains the broadband absorption of Au nanostructures in this wavelength range.
Electrons excited from the d-bands are not considered as hot because they reach energies
close to that of the Fermi level (5.5 eV for gold) and as a result they are not highlyenergetic (Ed−band + hv ≈ Ef ). Consequently, gold is considered as a material with a
higher population of energetic holes than electrons under white light illumination, while
silver has more uniform generation of both highly energetic holes and electrons.[41–43]
Nevertheless, in this thesis we are mostly focusing on gold nanostructures, due to their
high stability over oxidation, which is important for driving chemical reactions in the
presence of an aqueous electrolyte. The investigated gold nanostructures though are
excited far from their interband transitions (Eph < 2.4eV ) to ensure the predominant
generation of hot-carriers.
Hot-carriers are mostly generated at the hot-spots of plasmonic nanostructures since
these are the areas with the strongest field enhancement.[42] Nanostructures with sharp
features or assemblies of nanoparticles exhibit the strongest field enhancements through
the formation of hot-spots originating from the coupling of plasmon modes or the existence of multipolar modes. As a result, nanotriangles and nanocubes with sharp corners,
bow-tie antennas and island-like nanoparticle assemblies are excellent candidates for high
generation rates of hot-carriers.[36, 39, 44–46] The excitation wavelength strongly aﬀects
the generation rate of hot-carriers, since the amount of hot-carriers follows the absorption
spectrum of the nanostructure, where the highest amount of hot-carriers is generated
at the SPR. The electronic structure of the material in combination with the excitation
wavelength can also aﬀect the generation rates of hot-carriers as well as the hot-carrier
energy distribution. In plasmonic nanostructures excited with photon energies where
only intraband transitions take place, hot-electrons and hot-holes with continuous energy distribution (from the Fermi level up to the photon energy) are produced and this
distribution is not so sensitive to the type of material used. On the contrary, when
the excitation wavelength is within the interband spectral range, then the profile of hotelectron and hot-hole distributions is highly dependent on the material and its electronic
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structure. According to literature, materials such as gold and copper generate a high
population of highly energetic holes but a lower population of highly energetic electrons
in the interband spectral range. In silver and aluminum though, there is no diﬀerence
between the energy distribution profiles of hot-electrons and hot-holes.[40, 47, 48] The
size of metal nanoparticles also aﬀects the hot-carrier generation rate and profile (in
the interband regime). As the size increases, the homogeneous unoccupied energy state
profile of the nanoparticle results in a higher total amount of hot-carriers but with lower
energy, compared to smaller sizes, due to the higher amount of available transitions.[43,
49, 50]
Hot-carrier extraction
Extraction of hot-carriers from a metal nanostructure usually takes place through
a semiconductor (e.g. a metal oxide) placed in the close proximity of the metal.[51–
53] The presence of the semiconductor introduces new decay paths for the hot-carriers
delaying their thermalization. Instead of the fast thermalization of hot-electrons through
electron-electron or electron-phonon scattering, hot-electrons (or hot-holes) after their
photogeneration can be transferred to energy levels oﬀered by the semiconductor. Band
energy levels in semiconductor materials are not continuous as in the case of metals and
as a result two main bands appear: the conduction and the valence band. The former
consists of unoccupied energy states and the latter is fully occupied by electrons. As a
result, the conduction band of the semiconductor can host hot-electrons and the valence
band hot-holes. This transfer of hot-carriers to a semiconductor assists their separation
from the metal structure and as a result avoids thermalization. As soon as hot carriers
are injected to a semiconductor, they are converted to majority carriers, which have
much longer lifetimes (e.g. > 1 µs in anatase TiO2 ).[51, 54] In this thesis we are dealing
with only hot-electron transfer in the conduction band of a nearby semiconductor at
excitation energies lower than the bandgap energy of the semiconductor. Excitation
above the bandgap of the semiconductor would result in recombination of hot-electrons
injected in its conduction band with photogenerated holes from the excitation of the
semiconductor.
A semiconductor can facilitate hot-electron extraction from either the non-thermal distribution (before electron-electron scattering starts) or the thermal-distribution (before
electron-phonon interaction).[55] The type of hot-electrons extracted depends on the intrinsic characteristics of the metal, such as the hot-electron mean free path (the distance
electrons can travel before they collide with other electrons) and the electron-electron
scattering timescales.[43] The choice of the semiconductor is also very crucial to achieve
enhanced hot-electron extraction rates.[56–58] The energy of the conduction band of
the semiconductor has to be appropriate to allow for hot-electron transfer. Usually the
formation of a Schottky junction is used for hot-electron extraction, where the Schottky
barrier between the metal and the semiconductor allows for the transfer of hot-electrons
from the metal to semiconductor only when the energy of the former is higher than that
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of the Schottky barrier.[55, 59–62] The Schottky barrier facilitates the separation of hotcarriers from the metal by delaying their back transfer from the semiconductor to the
metal. A commonly used semiconductor is titanium dioxide (TiO2 ), mostly due to its
wide bandgap (Eg = 3.2 eV, anatase phase), the high density of states in its conduction
band and the availability of diﬀerent methods for its synthesis or deposition. [63–65]

1.1.2 Semiconductors
Semiconductor nanomaterials can also interact resonantly with light and result in
light confinement and enhanced absorption. The optical resonances of semiconductor
nanostructures can be also tuned as in the case of metals, altering the geometrical
characteristics of the nanostructures, the refractive index of the material and that of
the non-absorbing surrounding medium. Herein, we are specifically discussing the case
of vertical nanowires on a substrate, which have been extensively explored in literature
especially for applications in photovoltaics due to absorption enhancement. Vertical
nanowires can eﬃciently trap the incident light acting as waveguides and/or Fabry-Perot
cavities. The light confinement profile along the length of vertical nanowires can be also
tailored, providing a tunable landscape of absorption and charge generation useful for
spatially controlled chemical reactions.
Resonances in vertical semiconductor nanowires emerge from the coupling of light to
leaky waveguide modes supported by the nanowires. These leaky modes are actually electromagnetic confined modes, the excitation of which depends mostly on the dimensions
of the structure and on light’s polarization, wavelength and angle of incidence. Leaky
mode profile in semiconductor nanowires can be obtained by solving the dispersion relation, which is derived by Maxwell’s equations.[66, 67] In nanowires with subwavelength
diameters, excited with an electric field perpendicular to their long axis, the lowest order
leaky mode (HE11 ) is mainly accessible. The incident wave will couple eﬃciently to the
HE11 mode only when there is spatial overlap between the two and the mode can be still
excited from free space. As a result, in a nanowire with a specific diameter excited at
short wavelengths, the spatial overlap between the incident electromagnetic wave and
the supported mode is small, since the leaky mode is tightly confined in the nanowire,
leading to weak coupling. On the other extreme, longer wavelengths may not interact
at all with the broader leaky mode in the nanowire resulting in evanescent waves in the
surrounding medium. The maximum absorption should occur at the critical coupling
condition, when the loss rate from the mode to free space is the same as the loss rate
due to absorption.[68–74] Consequently, the spectral position of a resonance assosiated
with the HE11 mode is highly dependent on the diameter of the nanostructure and it
redshifts as the diameter increases (Figure 1.5b), resulting in tunable resonances ranging
from the visible to the NIR. For much larger nanowire diameters (Figure 1.5b), higher
order modes (HE12 ,HE13 etc.) can be supported by the nanostructure leading to more
than one resonant peak.
Tuning of the spatial profile of the electric field, consequently also the absorption, in a
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Figure 1.5. Leaky mode profile in vertical semiconductor nanowires. a)
Schematic illustration of the illumination configuration studied: A single nanowire
is illuminated with a plane wave propagating along a direction parallel to the axis
of the nanowire. The nanowire height is 4 µm. b) Absorption cross section data
for the nanowire as a function of its diameter and incident wavelength. The dashed
lines are the maxima of product of overlap integral between incident field and field
profile of the HE11 , HE12 and HE13 modes and the corresponding confinement
factors. c) Electric field intensity profiles across the cross section of the nanowire at
a wavelength of 700 nm for nanowire diameters of 125 nm and 300 nm. Reproduced
with permission from reference [68].

vertical nanowire can be achieved through changes in the length of the nanostructure and
introduction of tapering. In tapered nanowires, where the diameter of the nanostructure
is changing along its length, light will couple to diﬀerent HE11 leaky modes supported at
diﬀerent heights of the nanostructure.[75, 76] As a result, a change in the degree or direction of tapering can oﬀer control over the absorption profile in the nanowire. The length
of the vertical nanowire can also be a tuning parameter of the optical resonances and
the resulting absorption, due to the fact that such type of nanostructures can also act
as Fabry-Perot cavities.[77, 78] The Fabry-Perot behavior of vertical nanowires excited
from the top interface originates from the trapping of light inside the nanostructure, due
to the finite length of the nanostructure and the high refractive index contrast between
the semiconductor material and the non-absorbing surrounding medium. In a typical
Fabry-Perot cavity, light is trapped between two highly-reflective mirrors and resonances
occur when light meets its own reflections, which have a phase equal to a positive integer multiple of 2π of that of the incident light. In the case of a nanowire, the incident
light can be trapped between the top (air/semiconductor) and the bottom (semiconductor/substrate) interface and resonances can appear along its height. Absorption maxima
on the nanowire correspond to areas where the interference of the incident light with its
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own reflections is constructive and the spatial distribution of these absorption maxima
depend on the length of the nanowire, i.e. cavity. The amount of round trips of the light
inside the nanowire, before the complete attenuation of light, decrease as the length of
the nanowire increases. In that way, the Fabry-Perot supported modes in long vertical
nanowires will be quite weak and resonances corresponding to HE1m modes (where m
is the order of the mode) will be more prominent. The reflections of light inside the
nanowire and consequently the resonance and absorption maxima are also aﬀected by
the refractive index contrast of the nanowire/substrate and nanowire/medium interfaces.
Charge generation in semiconductor nanostructures
In this thesis, the absorption profile of vertical semiconductor nanostructures is tuned
by excitation of diﬀerent optical resonances, in order to manipulate the charge generation
along the axis of the nanostructures. Optical resonances are tuned to alter the absorption profile from the standard exponential decay seen with the Lambert-Beer law. By
moving absorption maxima throughout the nanowire length, it is then possible to control
where photocarriers are generated and therefore where a chemical reaction occurs for
the formation of another nanomaterial. This enables lithography-free patterning along
the length of vertical nanowires, with a spatial resolution on the order of the wavelength
of light in the material. As a result, the nanostructures can be designed appropriately
to support specific optical resonances to maximize absorption of light and/or spatially
tune the absorption profile on their volume and its proximity. [69, 79, 80]
The absorption profile in a bulk semiconductor follows Beer-Lambert law, where the
absorption is exponentially decaying as a function of the distance from the surface of
the material. The spatial tuning of the absorption profile in a bulk material is very
limited and it mostly depends on the absorption coeﬃcient and the refractive index of
the material, which in this case is considered constant for a specific wavelength. On the
other hand, the absorption profile in a vertical semiconductor nanowire can be changed
due to the supported optical resonances.[81–83] The eﬀective refractive index, which is
the ratio of the light’s phase delay in the waveguide (nanowire) to that in vacuum, is
diﬀerent than the refractive index of the respective bulk material and it also changes for
each of the supported modes in the nanowire. The eﬀective refractive index along the
length of a nanowire is altered due to the appearance of optical maxima and minima
corresponding to an excited supported mode. At optical maxima, the eﬀective refractive
index is related to the supported mode while at optical minima is similar to the refractive
index of air. As a result, an absorption spatial distribution along the nanowire’s length
can be created and tuned by exciting diﬀerent resonant modes. [71]
The absorption of a photon by a semiconductor can take place when the energy of
the former is equal or larger than the band gap energy (Eg ) of the semiconductor. The
absorption of the photon will excite an electron from the valence band of the semiconductor to its conduction band.[84, 85] If the energy of the photon is larger than Eg then
the electron excitation will take place in higher unoccupied energy states and then it
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will thermalize through electron-electron and electron-phonon scattering to the bottom
of the conduction band. As soon as the electron and hole are separated in the conduction
and valence band respectively, they are free to move, be collected and generate electricity
and participate in chemical reactions. Extraction of charges with energy in excess of Eg
has been also reported, but extraction eﬃciencies of these “hot” carriers are very low due
to their short lifetime and fast thermalization (few hundreds of ps) through electronelectron and electron-phonon interactions.[86–88] Herein we are not dealing with “hot”
carrier extraction from semiconductor nanomaterials, since the lifetime of the excitons
(around 1 µs) is already long enough for driving chemical reactions.

1.2 Driving light-induced chemical reactions with
nanomaterials
Optical resonances and localized charge generation in nanomaterials can be used to
drive chemical reactions in confined volumes, at the hot-spots of nanostructures. In that
way, spatially controlled chemical reactions with nanoscale resolution can be used for
synthesis of new materials on the optically excited nanostructures. As a result, light
combined with colloidal synthesis of nanostructures with controlled shape and size, can
constitute a tool for fabrication of complicated nanomaterials. Electrochemistry and
specifically photoelectrochemistry principles are used here for manipulation of chemical
reactions with light.

1.2.1 Redox reactions
Chemical reactions which include charge transfer with a change in the oxidation state
of an ion/molecule are called redox (reduction/oxidation) reactions. In redox reactions,
one substance gains electrons (i.e. is reduced), while another substance loses electrons
(or gains holes, i.e. is oxidized). According to the electroneutrality principle, where the
unbalance of charges in bulk matter is prohibited, for every electron removed from an
ion/molecule an electron has to be added to another one. As a result, a redox reaction
can be described by two parts, half-reactions, where one describes the oxidation and the
other one the reduction in a system and always take place simultaneously. It is possible
to physically separate the half-reactions, while ensuring electroneutrality, in a device
called an electrochemical cell. Usually, such a system consists of two electrodes (anode
and cathode), an electrolyte and an external circuit. The oxidation half-reaction occurs
at the anode, reduction half-reaction occurs at the cathode and electron flow from one
electrode to another is achieved through the external circuit. The electrolyte as an ionic
medium compensates the electron flow in the system with ionic transfer and ensures
electroneutrality.[89]
The ease with which a redox half reaction occurs is called redox potential, is measured
in volts and shows how easy a chemical species gains electrons. The redox potential on
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the vacuum scale is analogous to the Fermi level of a semiconductor, as it represents the
energy at which electrons are added to or removed from the system. Redox potentials are
conventionally presented with respect to the standard hydrogen electrode (SHE), which
is a reference electrode where the reversible H2 generation half-reaction takes place on the
surface of a Pt electrode. The redox potential of a SHE reference electrode is set to zero
(- 4.5 eV on the vacuum scale), since it is considered constant at any temperature under
standard conditions (1 bar, 1M of electrolyte).[90, 91] Any other redox potential can be
represented as the potential diﬀerence from the SHE potential, where the more positive
this diﬀerence is, the easier a chemical species receives electrons and the more negative,
the higher its tendency to lose electrons. Conventionally, the sign of redox potentials on
the SHE scale is opposite than that of the vacuum (i.e. more positive redox potential
is more negative on vacuum scale, Figure 1.6). This reference half reaction can be also
included in an electrochemical cell in the form of a third electrode (reference electrode)
to actively measure the redox potential of a half-reaction. In this thesis a silver chloride
reference electrode is used due to its stability and miniaturization ability. In the SHE
scale Ag/AgCl electrode has a redox potential of 0.197 V (Figure 1.6).

Figure 1.6. Redox potentials and photoelectrochemical cell. a) Energy
band levels of TiO2 and Si and Fermi level of Au on the vacuum scale. Also,
water oxidation and reduction potentials and reference electrode (Ag/AgCl) redox
potential on SHE scale, where 0 V corresponds to - 4.5 eV on the vacuum scale.
b) Water splitting in a three-electrode photoelectrochemical cell, with TiO2 as the
anode electrode (working electrode), a reference electrode (Ag/AgCl) and a metal
(Pt) counter electrode in contact with the electrolyte (H2 O).
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An electronic device has to be added to an electrochemical cell in order to make the
connections between the three electrodes (anode, cathode, reference), measure redox
potentials of either the anode or the cathode with respect to the reference electrode,
record the current flow in the cell as well as provide additional energy to a reaction
when it is needed (nonspontaneous redox reaction). Such a device/instrument is called
potentiostat and controls the potential between the reference electrode and the anode
(or cathode), which is called working electrode and involves the reduction (or oxidation)
half-reaction. This potential control is achieved by sending current to the other electrode (counter electrode). A potential between the reference electrode and the working
electrode can be applied when a half-reaction cannot occur spontaneously on the working electrode and extra work has to be provided. This extra potential needed to start
detecting current flow as the result of the half-reaction occurring is the redox potential
of the reaction under these specific conditions measured. [92, 93]

1.2.2 Light-driven redox reactions
The working electrode in a 3-electrode electrochemical cell can consist of materials which
can absorb light (photoelectrodes), convert photons to charges and then either directly
to electricity and/or to chemical species through redox reactions. If a redox reaction
is nonspontaneous then instead of providing the extra energy needed by applying a
potential through the external circuit, illumination of the photoelectrodes can provide
the voltage bias. It is important the materials chosen as photoelectrodes absorb photons
and generate electrons with energy equal or higher than the redox potential of the desired
reaction.[69, 92, 94, 95]
Semiconductor nanostructures
In semiconductor photoelectrodes, absorption of a photon with energy hv > Eband−gap
leads to the excitation of an electron from the valence band to the conduction band,
resulting in generation of free charges with the same energy with the photon. The photogenerated charges can reach the semiconductor/electrolyte interface, meet the molecular species and either reduce or oxidize if hv is suﬃcient, i.e. the redox potential of
the chemical reaction lies within the bandgap of the semiconductor (Figure 1.6). During
the immersion of a semiconductor in an electrolyte with redox species, band bending
will occur in order to reach an equilibrium between the Fermi level of the semiconductor
and the redox potential of the electrolyte. This band bending is responsible for the
charge separation which drives the redox reaction. Many semiconductors have bandgaps
with suﬃcient energy to drive redox reactions and some of the most commonly used are
TiO2 , a-Fe2 O3 , WO3 and ZnO.[90] Recently silicon nanomaterials attracted attention
as promising photoelectrodes mostly due to the facile nanostructuring, material abundance, tunable electrical properties through doping and the highly investigated optical
and electrical properties in the field of photovoltaics.[96, 97]
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There are several examples of light-driven redox reactions mediated by semiconductor
nanostructures such as water splitting, CO2 reduction, water purification and ammonia
synthesis from nitrogen reduction.[98–100] Spatially selective deposition of other nanomaterials on semiconductor nanostructures was also achieved through photo-induced
redox reactions.[90] Selective deposition of diﬀerent metals and metal oxides on diﬀerent
facets of bismuth vanadate nanostructures was demonstrated, showing that each of those
facets corresponds to injection areas of either photogenerated electrons or holes.[95, 101]
Metal nanostructures
Metal nanostructures have drawn the attention in light-driven redox reactions due to the
extreme electric field enhancement in subwavelength volumes (hot-spots), their tunable
absorption across the whole visible spectrum and the generation of highly energetic carriers.[51, 102] Spatially selective chemical reactions for material overgrowth or deposition
of another nanomaterial on the hot-spots of plasmonic nanomaterials have been already
conducted. Silver nanoplate overgrowth associated with hot-electron participation was
one of the very first demonstrations that chemical reactions can be conducted localized
and at the hot-spots of plasmonic nanoparticles. Ever since, more examples came to
prove that hot-electron mediated chemistry can be controlled spatially and spectrally.
Overgrowth of gold nanoprisms, platinum nanoparticle formation on hot-spots of single
gold nanorods and reduction of diazonium salts on gold nanotriangles are some of these
examples.[103]
Photogenerated highly-energetic carriers can be extracted from plasmonic metal nanostructures to drive chemical reactions, but even with a Schottky junction assisting with
charge separation quantum eﬃciencies are typically very low.[104] These low eﬃciencies
originate from electron-hole recombination before the reaction occurs. For instance, a
hot-electron after its injection to the conduction band of a semiconductor will reach
the semiconductor interface to find adsorbed molecular species and reduce them. The
timescales of common redox reactions are 1 µs - 1 ms, usually longer than the recombination time of the electron in the conduction band with the hot-hole remaining in the
metal. This means electron-hole recombination can occur and the rate of the reaction
can be limited. The reaction rates though depend also on the time that a molecule will
“spend” at the semiconductor/electrolyte interface and if indeed adsorption of molecules
on the semiconductor or metal surface will take place or not.[105, 106] The surface of
the semiconductor and the nature of the chemical bonds can aﬀect the adsorption of a
molecular species.
There are two primary methods for reducing recombination of electrons and holes and
increasing the quantum eﬃciency in metals. The first approach includes the addition of
a cocatalyst nanomaterial to the plasmonic nanostructure. A cocatalyst is a material
which does not have good optical properties for eﬃcient light trapping and absorption,
but acts as a good catalyst in combination with a light absorbing material. The presence
of such a material can increase the kinetics of the chemical reaction facilitating lower en-
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ergy surface states for molecules to adsorb and/or desorb, resulting in chemical reaction
rates faster than electron-hole recombination timescales. Bimetallic heterostructures including both the plasmonic and the cocatalyst nanomaterial have been synthesized in
literature and explored in diﬀerent redox reactions. The second approach to decrease
electron-hole recombination in a plasmonic photocatalyst is to add an electron or hole
scavenger to the electrolyte. A hole (electron) scavenger is a molecular species with a
small enough reduction potential to be oxidized (reduced) faster than electron-hole recombination occurs. In that way, a hot-carrier has the time to participate in a chemical
reaction, while the respective hot-carrier is scavenged away by participating in a much
“easier” redox reaction.[107, 108]
In literature, both the hot-carriers and the increase of the local temperature (after the
complete thermalization of the hot-carriers) in plasmonic nanomaterials have been used
for light-driven redox reactions. The distinction though between these two plasmonic
mechanisms has raised a big debate in the field, specifically around the contribution of
each of them in a chemical reaction. In plasmonic heating, the increase in temperature
leads to an increase in the reaction rate for endothermic reactions. However, such an
eﬀect does not require optical excitation of hot carriers and can instead be achieved by
traditional heating methods. Additionally, the spatial sensitivity is often lost due to
rapid heat conduction. On the other hand, hot carrier induced chemical reactions have
demonstrated enhanced selectivity over chemical products and linear and superlinear
dependence of the reaction rate on the incident light’s intensity in contrast to traditional thermal catalysis. As a result, lower light intensities are needed to achieve high
reaction rates with hot-carriers than with a temperature increase. A comparison of the
two diﬀerent mechanisms on rhodium (Rh) plasmonic nanoparticles used for methane
(CH4 ) generation from CO2 hydrogenation, showed that hot-electrons can selectively
produce methane in contrast to thermal catalysis which resulted in a combination of
chemical products (CH4 and CO) at comparable rates.[109] The selectivity over specific
chemical products originates from the hot-carrier injection to specific molecular orbitals
responsible for the occurrence of a specific chemical reaction. In reality, it is very diﬃcult and maybe impossible to completely separate these two mechanisms: thermal and
hot-carrier-induced redox reactions in plasmonic nanomaterials. In the end, it is believed
that a synergistic eﬀect is behind the enhanced chemical reaction rates with plasmonic
photocatalysts compared to just thermal activation of chemical reactions. Eﬀorts to
separate these two mechanisms are just beginning to appear, but further work is needed
to clarify their exact contribution in diﬀerent plasmonic nanostructures. [110–112]

1.3 Motivation and outline
The aim of this thesis is to explore if optical resonances in metal and semiconductor
nanostructures can be used as a nanophotonics tool for driving spatially resolved chemical reactions for the formation of new nanomaterials.
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In Chapter 2 we fabricate vertical silicon nanowires with diﬀerent tapering angles and
first we explore their optical resonances and the absorption profile along their height with
FDTD simulations. We demonstrate the appearance of absorption maxima along the
height for 3 diﬀerent types of silicon nanostructures: nanowires, nanocones and inverted
nanocones and we use them for selective deposition of Pt nanoparticles. Excitation of
the nanostructures at two diﬀerent wavelengths, in presence of a Pt salt, reveals the
formation of metallic Pt nanoparticles as the result of the Pt salt reduction by the
photogenerated charges in silicon. The location of the photodeposited Pt is correlated
with the absorption maxima for the 3 diﬀerent types of vertical silicon nanowires.
In Chapter 3 we turn our focus to plasmonic nanoparticles. We fabricate photocathodes, made of gold nano-islands and coated with a thin TiO2 layer and we excite
them at their surface plasmon resonance in order to investigate their ability to generate
hot-electrons. We demonstrate through photoelectrochemical measurements that the
photogenerated hot-electrons can drive redox reactions and reduce a Pt salt to metallic
Pt cocatalyst nanoparticles. We also explore if this method of positioning the cocatalyst nanomaterial on the surface of the plasmonic photocathodes leads to a higher
photocatalytic activity than a random system.
In Chapter 4 we investigate if the same gold nano-islands in a slightly diﬀerent
configuration can be also used for the generation of hot-holes. By illuminating the
plasmonic nanostructures at their surface plasmon resonance, we explore the hot-hole
assisted oxidation of a manganese salt on the surface of the nanostructures. Both of the
hot-carriers are also used at the same time for simultaneous deposition of more than one
nanomaterial. We demonstrate that hot-electrons and hot-holes can also act at the same
time and drive with the same plasmonic nanostructrues more than one chemical-reaction
for deposition of diﬀerent nanomaterials.
Overall, this thesis provides evidence that manipulation of light at the nanoscale can
open new pathways for the eﬃcient design of complicated nanostructures, which cannot
be made with any other available nanofabrication method.
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2

Localized photodeposition of
catalysts using nanophotonic
resonances in silicon photocathodes

Nanostructured semiconductors feature resonant optical modes that
confine light absorption in specific areas called “hot-spots”. These areas can be used for localized extraction of the photo-generated charges,
which in turn could drive chemical reactions for synthesis of catalytic materials. In this work, we use these nanophotonic hot-spots
in vertical silicon nanowires to locally deposit platinum nanoparticles
in a photoelectrochemical system. The tapering angle of the silicon
nan-owires as well as the excitation wavelength are used to control
the location of the hot-spots together with the deposition sites of the
platinum catalyst. A combination of finite diﬀerence time domain
(FDTD) simulations with scanning electron microscopy image analysis showed a reasonable correlation between the simulated hot-spots
and the actual experimental localization and quantity of platinum
atoms. This nanophotonic approach of driving chemical reactions
at the nanoscale using the optical properties of the photoelectrode,
can be very promising for the design of lithography-free and eﬃcient
hierarchical nanostructures for solar fuels generation.
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2.1 Introduction
The relentless rise of CO2 levels in the atmosphere as well as the growth of the world’s
population, remind us of the importance of finding new, clean pathways to cover our
energy needs. Fuel generation from renewable energy resources could be one of the
“clean” approaches for meeting our energy requirements. Although, sunlight is the most
abundant source of green energy, its long-term storage is required, due to daily and
yearly fluctuations. The most promising medium for stable, high-density storage is in
the form of chemical energy, such as H2 or organic compounds, by using photochemical
fuel generators.[97, 113–115]
In the center of a photochemical fuel generator are the photoelectrodes, where light
absorption and conversion to chemical energy take place. The photoelectrodes are in
contact with an electrolyte which is the primary source of fuel together with the sunlight.
In such a system, light absorption by the electrodes leads to creation of electron-hole
pairs, which after their separation participate in chemical reactions in the electrolyte to
make fuels, such as water splitting for H2 generation.[95, 116] Carefully designed photoelectrodes are necessary for low-cost and high eﬃciency, which are both needed to make
solar fuels competitive with fossil fuels as an energy carrier. Nanostructuring the main
photoactive material, e.g. a semiconductor, has proven to be a promising method for
increasing solar fuel generation eﬃciency.[117, 118] The higher surface to volume ratio in
nanostructured semiconductors ensures the use of less material, reduces the requirements
on current density and often increases light absorption. This increased light absorption
comes from optical resonances in nanomaterials, which have been studied extensively in
both metallic (plasmonic) and dielectric material systems.[77, 119–122] One hallmark
of resonant absorption is the appearance of localized “hot spots”. In particular, semiconducting nanostructures can sustain Mie-like leaky modes due to their high-refractive
index and the occurrence of multiple internal light reflections from the boundaries of the
structure.[119, 123] However, in vertical nanowires with normal incidence illumination,
Mie modes cannot be excited and instead coupling to waveguide modes (e.g. the HE11 )
and subsequent Fabry-Perot cavity interference plays the dominant role in creating these
hot-spots.[78, 124] The highly concentrated electric fields at the hot-spots lead to elevated concentrations of photogenerated charge carriers that can be used to drive solar
fuel reactions.[20, 125–127] Additionally, photochemical fuel generators require a catalyst, such as platinum, to lower the overpotential to drive the chemical reaction.[95, 114,
128–132] The catalyst would be ideally located at the semiconductor-solution interface,
directly at the location of the hot-spots.
Placing the catalyst exclusively at the hot-spots would reduce both the catalyst loading (lowering the cost) and the average time between charge generation and chemical
reaction (increasing the eﬃciency). However, current catalysts are simply randomly
placed on semiconductor photoelectrodes with an optimized average density.[128, 132,
133] Photodeposition of the catalytic material, with the photogenerated charges from
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excited semiconductors, has been also achieved but without a good control on the deposition sites.[134–139] An exception is the work of Li et al.[135], where charge separation
was achieved at diﬀerent crystal facets of BiVO4 nanocrystals for selective photodeposition of metal and metal oxide catalytic nanoparticles. Nevertheless, this method for the
moment is limited to this specific material and structure.
Here we present a diﬀerent approach where localized nanophotonic resonances in semiconductors are used to place catalyst particles exactly where they are needed. We show
that the location of catalyst deposition on vertical silicon nanowires can be tuned by
adjusting their shape (tapering angle) or changing the excitation wavelength. The experimentally observed deposition profiles match reasonably well with optical simulations
of the photogenerated charge carrier distribution for each shape and wavelength. Most
notably, deposition profiles far from those expected from a simple Beer-Lambert law
have been obtained, in contrast to previous related work on silicon microwires.[140, 141]
Our results provide the first step for rationally designed catalyst positioning using the
underlying resonant properties of nanoscale photocatalysts, tunable simply by altering
the shape, size or excitation wavelength. The extensive literature on such nanophotonic tuning makes this an exciting approach for lithography-free, nanoscale catalyst
positioning control.[142–146]
We have chosen vertical silicon nanowires as a model nanophotonic system because of
their ease of fabrication, known optical constants and broad spectral absorption range.
In presence of a Pt-catalyst precursor (H2 PtCl6 ) in a 3-electrode photoelectrochemical
system (Figure 2.1), photogenerated electrons reach the surface of the silicon nanowires,
reducing the precursor to form metallic platinum nanoparticles (Pt0 ). The position
of the Pt deposition can be controlled by adjusting the tapering angle or the incident
wavelength. The platinum photodeposition results are observed with a scanning electron microscope (SEM) and compared with the output of finite diﬀerence time domain
(FDTD) simulations, which reveal the photogenerated carrier density distribution within
the silicon nanostructures.

2.2 Results
2.2.1 Fabrication of silicon nanostructures and calculation of their
optical modes
Silicon nanostructures were fabricated by etching a p-type silicon substrate using a combination of Cl2 and HBr/O2 plasmas, where 110 nm diameter SiO2 spheres were used as
an etch mask. Tuning the ratio of the HBr/O2 plasmas allowed for vertical nanowires
with variable sidewall tapering angle (see details in Methods section and Figure 2.5).
Vertical nanocones (height ≈ 720 nm, top diameter ≈ 60 nm , bottom diameter ≈
160 nm, angle ≈ 15°), inverted nanocones (height ≈ 1 µm, top diameter ≈ 70 nm,
base diameter ≈ 120 nm and smallest diameter ≈ 60 nm ) and nanowires (height ≈
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Figure 2.1. Schematic illustration of the photoelectrochemical deposition of metallic Pt on silicon nanostructures from hexachloroplatinate (PtCl6 2- ) in a threeelectrode photoelectrochemical cell with counter electrode (CE), reference electrode
(RE), and working electrode (WE). The location of catalyst deposition can be tuned
by adjusting the excitation wavelength from red to green to white, or (not shown)
the nanostructure shape.

790 nm, diameter ≈ 80 nm) were fabricated here and subsequently used to tune the
distribution of photogenerated carriers (Figure 2.2). An 18 nm amorphous TiO2 layer
was conformally deposited on the silicon nanostructures using atomic layer deposition
(ALD). This layer assists with charge separation, stabilizes the silicon surface and helps
passivate traps states, leading to well-known improvements in photoelectrochemical performance.[147–149] The amorphous TiO2 layer was further annealed at 350 °C for 3h to
form crystalline anatase TiO2 , which led to improved performance. The final TiO2 layers
were characterized with x-ray diﬀraction (XRD) (Figure 2.6) and ellipsometry (Figure
2.7) to verify their quality. Both the XRD pattern and optical constants (n & k values)
matched literature values for thin anatase TiO2 films.[150]
The photocarrier density distribution under monochromatic illumination (532 or 638
nm) in the Si-TiO2 nanostructures was simulated using the FDTD method. It was
assumed that every absorbed photon was converted to an electron-hole pair and only
the optical eﬀects were taken into account in the simulations. The dimensions of the
average silicon nanostructures extracted from SEM images were used for the simulations,
while the n & k values measured with ellipsometry were used for the TiO2 coating. Every
structure was simulated on a thick silicon substrate, also coated with 18 nm TiO2 , and
the surrounding refractive index was set to 1.33 to resemble the aqueous conditions of the
reaction environment. The simulations show the cross-sectional absorbed power profiles
(normalized to the maximum value per plot) of the 3 diﬀerent silicon nanostructures, for
excitation at 532 nm (Figure 2.2b) and 638 nm (Figure 2.2c). The location of the hot-
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Figure 2.2. a) SEM images of a silicon nanocone (left), an inverted nanocone
(middle) and a nanowire (right) coated with an 18 nm TiO2 layer. The tapering
angle was controlled by varying the Cl2 and HBr/O2 flow rates during plasma etching
b) and c) FDTD simulations of absorbed power in each nanostructure at 532 nm
(b) and 638 nm (c) normalized to the maximum value.

spots depend on the excitation wavelength and the shape of the nanostructure. Silicon
nanocones confine light mostly on the top of the structure at 532 nm (Figure 2.2b) in
contrast to an excitation at 638 nm, where most of the light is absorbed in the bottom of
the cone (Figure 2.2c). In the case of inverted nanocones, light is concentrated primarily
at the bottom for both wavelengths, although at 532 nm there are also additional hotspots along the height. In silicon nanowires, hot-spots are present on the top and the
middle of the structure for 532 nm but for excitation at 638 nm, more hot-spots appear.
Overall, the results of these simulations confirm the presence of distinct hot-spots in the
nanostructures and enable us to investigate whether the simulated hot-spots match the
location of the deposited catalytic material after illumination.

2.2.2 Photodeposition of platinum
A three-electrode photoelectrochemical cell, electrically connected with a potentiostat,
was used for deposition of the platinum catalyst on the nanostructures. The sample
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served as the working electrode (WE) with a platinum wire counter electrode (CE) and
Ag/AgCl reference electrode (RE) (Figure 2.1). During a typical photo-electrodeposition
experiment, the sample was mounted in direct contact with a Pt-precursor electrolyte
(4 mM H2 PtCl6 , pH 11) and the current flow to the working electrode was recorded as a
function of time at a constant electrochemical potential, i.e. chronoamperometry mode.
The samples had an open-circuit voltage potential of around −0.1 V (vs Ag/AgCl) and
were biased by 700 mV to a more reducing potential of −0.8 V (vs Ag/AgCl) during
deposition, to eﬃciently extract the photogenerated charges from the Si nanostructures
into the electrolyte and enhance the kinetics of the reaction. The flat-band potential
of TiO2 at pH 11 is above the conduction band edge of p-type silicon, so TiO2 acts as
an electron blocking layer here.[95, 151, 152] Therefore, the presence of TiO2 oﬀers a
control over the potential we could apply to selectively promote photodeposition while
avoiding electrodeposition, In the absence of a TiO2 layer the recorded dark current
is much higher than the corresponding photocurrent (Figure 2.8a), which means that
the electrons reaching the electrolyte by biasing the samples dominate over the photogenerated ones. SEM images (Figure 2.9) showed homogenous formation of platinum
nanoparticles both on the Si nanostructures and on the substrate, when the samples were
illuminated without the TiO2 layer but still in biased conditions. The final potential
value (−0.8 V) for photo-electrodeposition of platinum nanoparticles in the presence
of a TiO2 layer was chosen for the high current ratio under illumination versus dark
conditions (Figure 2.10). Even more negative potentials than −0.8 V could be used
here, but it was not necessary since the kinetics of the reaction were fast enough to drive
the photo-electrodeposition in few seconds. Typically, the current was 75-200 times
greater in illuminated than in dark conditions. As shown in Figure 2.3b, during the first
20 sec of a typical photo-electrodeposition experiment using 532 nm light, the laser beam
was blocked and the current was recorded. As soon as the laser beam hit the sample,
a current increase was observed due to the contribution of the photogenerated charges.
After an electrical charge of around 1.35 mC was passed to the illuminated sample, the
laser beam was blocked again and the measurement was stopped.
The area of the laser beam (0.06 mm2 for 532 nm and 0.35 mm2 for 638 nm beam) was
much smaller than the surface of the samples in contact with the electrolyte (0.3 cm2 ),
which allowed straightforward identification of the illuminated area and discrimination
of platinum deposition in light and dark conditions in the same experiment (Figure 2.11).
SEM images (Figure 2.3a and Figure 2.12) taken from the illuminated region revealed
the presence of new nanoparticles on the silicon nanostructures and substrate. These
were not observed far from the illuminated region (Figure 2.13), which confirmed that
the irradiation had caused nanoparticle formation. Energy-dispersive x-ray spectrometry
(EDS) mapping clearly confirmed the presence of platinum, when an individual newly
formed particle was analyzed (Figure 2.3d and Figure 2.3e). Furthermore, the oxidation
state of platinum was investigated with x-ray photoelectron spectroscopy (XPS) on
a sample with a higher amount of photo-electrodeposited platinum (∼ 2 mC). The
observed platinum 4f7/2 and 4f5/2 binding energy peaks corresponded very well to those
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Figure 2.3. a) An overlay image of a back scattered electron (red; in-lens mirror
detector) and secondary electron (grey; through-the-lens detector) SEM image of a
silicon nanocone after photo-electrodeposition of platinum. b) Current versus time
plot during a photo-electrodeposition experiment of silicon nanocones excited at
532 nm (laser on), at −0.8 V applied potential in an aqueous solution of H2 PtCl6
(pH 11). c) X-ray photoemission spectrum of photo-electrodeposited platinum on
silicon nanostructures (blue) compared with the spectrum of a metallic Pt reference
material (red). d) EDS elemental map where each color indicates a diﬀerent element:
Pt (green), Si (red), Ti (purple) and O (cyan). e) Elemental map retrieved from
an individual deposited particle (100 pA beam current, 10 kV acceleration beam
voltage).

of a metallic Pt reference material (Figure 2.3c). Overall, these results demonstrate that
light can be used as an external stimulus for the catalytic material (Pt0 ) formation on
Si nanostructures.

2.2.3 Correlation of hot-spots and Pt deposition sites
Next, a comparison was made of the Pt deposition sites and the simulated optical hotspots of the Si nanostructures with an SEM image analysis approach, as follows. First,
preliminary chronoamperometric experiments were conducted to indicate the conditions,
in which we could easily identify the location of the platinum particles on each nanostructure without the total overgrowth of the latter. A total amount of around 1 mC was
needed to achieve well separated Pt particles with a diameter of 11 nm, which typically
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corresponded to 15 – 20 sec of illumination at 532 or 638 nm with a light intensity
of 1.2 W/cm2 or 0.35 W/cm2 , respectively. The size of the deposited platinum nanoparticles was selected only for particle identification purposes and further optimization
of the photo-electrodeposition process is necessary for fabrication of eﬃcient photocatalytic samples. For each Si nanostructure morphology, overlays of secondary-electron
and backscattered-electron (collected with an in-lens mirror detector) SEM images were
acquired. This overlay method facilitates the identification of platinum nanoparticles
based on the high electron backscattering eﬃciency of this heavy element (Figure 2.4a,
Figure 2.14, Figure 2.15 and Figure 2.16). Images were collected from 100 individual
nanostructures of each morphology, while exclusively considering structures with dimensions within half a standard deviation of the average structure. Furthermore, platinum
particles with a diameter below 6 nm were excluded, as they could also originate from
electrodeposition (Figure 2.13). The volume of each Pt nanoparticle was estimated and
converted to the corresponding number of platinum atoms. Finally, histograms were
made to visualize the amount of deposition as a function of Si nanostructure height
(Figure 2.4b and Figure 2.4c). The results are presented together with the simulated
integrated absorbed power (normalized to the maximum value per plot) along the height
of every structure at 532 and 638 nm.
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Figure 2.4. a) Overlay images of a back scattered electron (red) and secondary
electron (grey) SEM images after photo-electrodeposition of platinum on a silicon
nanocone (left), inverted nanocone (middle), and nanowire (right). b and c) Total
amount of platinum atoms deposited (grey bars) along the height of each silicon
structure for excitation at 532 nm (b) and 638 nm (c). Each graph includes the
accumulated values of 100 structures. Green and red solid lines correspond to the
integrated absorbed power (normalized to the maximum value) as a function of
height at 532 nm and 638 nm, respectively.

Comparison of the platinum deposition distribution on the silicon nanostructures and
the integrated absorbed power profiles, reveals that they match reasonably. Specifically,
for silicon nanocones a correlation of the platinum deposition sites and the optical modes
is shown for both of the excitation wavelengths with some deviations. At 532 nm, the
two peaks of the platinum distribution are slightly shifted towards larger heights, while
at 638 nm deposition of platinum is also observed in locations not expected from the
absorbed power simulations, i.e. on the top of the nanostructure. In the case of inverted
nanocones, the platinum deposition profiles seem to follow the ones of the integrated
absorbed power. However, simulations showed that most of the light is absorbed on
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the bottom of the nanostructure, where no platinum is observed in the experiments.
In contrast, deposition of the catalytic material occurs primarily at a height of around
200 – 300 nm from the bottom. This discrepancy may be explained by the fact that
both nanocones and inverted nanocones exhibit structural diameter diﬀerences along
their height, which could lead to diﬀerences in carrier collection eﬃciency if the diﬀusion length is on the order of, or smaller than, the diameter. Such variations in carrier
collection eﬃciency would naturally alter the final deposition distribution in a manner
qualitatively consistent with our observations. Finally, silicon nanowires excited at 532
nm concentrate the incident light mostly on the top–middle of the structure, corresponding well with the platinum deposition analysis. For 638 nm excitation, the same
structures exhibited multiple deposition sites along their height, which is also correlated
to the integrated absorbed power peaks. Instead of formation of new small particles of
platinum on the silicon nanostructures, overgrowth of the already deposited ones was
noticed from the SEM images (Figure 2.14, Figure 2.15 and Figure 2.16). This eﬀect
could be explained by the fact that platinum nanoparticles act as electron-trapping centers on the surface of TiO2 .[153, 154] After the formation of the very first platinum
nanoparticles, photogenerated electrons from silicon nanostructures are transferred to
TiO2 and in sequence to the already-formed platinum. The Schottky barrier between
TiO2 and platinum nanoparticles does not allow the “back” transfer of electrons so charge
separation is promoted, which allows further reduction of hexachloroplatinate to Pt0 on
one of the existing platinum nanoparticles rather than in new locations. As a result,
the initial platinum nanoparticle formation may alter the final deposition profile from
the simulated one by prohibiting the deposition on other parts of the nanostructrure.
As mentioned earlier, an external electric field is applied to the samples for more efficient extraction of the photo-generated charges. This electric field is not taken into
account in the simulated distribution of the charges along the height of the Si nanostructures (Figure 2.2) and it is one more factor which could aﬀect the localization of the
photo-electrodeposition. The platinum deposition could also be broadened compared
to the simulated profile due to our method of measuring the height of each particle,
which extracts 3D distances from a 2D image. Noise could also be introduced by the
TiO2 layer itself. Although TiO2 has a shorter electron diﬀusion length compared to
silicon [155, 156], the TiO2 surface could also have randomly distributed surface sites
with higher catalytic activity, leading to preferential deposition, or traps that capture
carriers preventing deposition.

2.3 Conclusions
In summary, we show that the optical modes of silicon nanostructures can be used for
lithography-free patterning of catalytic nanoparticles. Tuning of the photoelectrochemical formation of platinum nanoparticles along the height of silicon nanostructures was
achieved, by changing either the shape (tapering angle) of the silicon nanostructures or
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the excitation wavelength (red or green light). This method utilizing the optical modes
of semiconducting nanostructures to pattern catalytic materials with nanoscale control
can be a very promising method for an easy and low-cost fabrication of eﬃcient photoelectrodes. It provides a lot of flexibility on the materials involved and on the design
of the final structure. Further research should be focused on improving the positioning
precision and implementing the approach in a state-of-the art photoelectrode/catalyst
system in order to demonstrate the potential for solar fuel production enhancement.

2.4 Supporting information
2.4.1 General
Chemical were purchased from major chemical suppliers and used as received. Scanning
electron microscopy (SEM) was performed on a FEI Verios 460 with a typical acceleration beam voltage of 5 kV and 100 pA beam current. Secondary electron images were
collected with a through-the-lens detector (TLD) and backscattered electron images were
collected with an in-lens mirror detector. Energy dispersive x-ray spectrometry (EDS)
was performed with an Oxford Instruments device with an acceleration beam voltage of
10 kV and beam current of 100 pA. X-ray diﬀraction was done with a Bruker D2 Phaser
with Cu Kα-radiation (wavelength = 1.5418 Å).

2.4.2 Simulations
Lumerical FDTD Solutions was used for simulations of single silicon nanostructures on
a 3.5 x 3.5 x 2 µm silicon substrate. Absorbed power simulations were conducted with
an 18 nm TiO2 layer, with refractive index values (n and k) retrieved from ellipsometry
(Figure 2.7). An example of the simulations environment can be found in Figure 2.11
where the inverted nanocone case is presented. The structures were excited with a
plane wave source with wavelengths 400-1100 nm and the absorbed power was retrieved
from an absorption per unit volume monitor with wavelength selection option. The
refractive index of the surrounding medium was set to 1.33. The mesh size during
the FDTD simulations was equal to 2 x 2 x 2 nm for all the structures. Fabrication
of silicon nanocones, inverted nanocones and vertical nanowires Silicon p-type samples
(Active Business Company GmbH, <100> orientation) 12×12 mm, with 1-10 Ω*cm
resistivity, were used as substrates for the fabrication of the 3 diﬀerent types of silicon
nanostructures. First, the samples were cleaned with soap and consecutively rinsed
with copious amounts of water, acetone and isopropanol. After that, the samples were
submerged in hot acid piranha (120 °C, 3:1 concentrated H2 SO4 :30% H2 O2 ) for 20 min
and rinsed with deionized water. Then 2-3 µL of 110 nm diameter SiO2 spheres dispersed
in ethanol were dropcast on the clean silicon samples and annealed for 1 min at 60 °C
on a hot plate. The samples were etched with a combination of plasmas (PlasmaPro 100
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Cobra ICP Etch). First Cl2 (20 sec, 50 sccm, HF forward power 40 W, 7 mTorr) was
used for removal of the native oxide and then HBr/O2 (5 min for nanocones and 11 min
for nanowires and inverted nanocones, HF forward power 30 W, 7 mTorr) etched silicon
to the desired structures. Before the etching steps an oxygen cleaning step was used (1
min and 30 sec, 50 sccm O2 , HF forward power 60 W, ICP forward power 100 W, 6
mTorr). The temperature used for all the steps of the plasma etching was 20 °C. The
ratio of HBr:O2 was very crucial for the control of the shape of the silicon structures.
For the nanocones a ratio of 48.2:1.8 sccm (HBr:O2 ) was chosen, 49.5:0.5 for inverted
nanocones and for stand-up nanowires 49:1. The ICP forward power during the Cl2
and the HBr:O2 etching was 750 W for silicon nanocones and nanowires, and 600 W
for inverted nanocones. After the etching the samples were treated with 7 vol % HF
solution for the removal of the SiO2 formed during the etching procedure, rinsed with
water, dipped in hot acid piranha for 20 min and rinsed one more time with water.
The last step (hot acid piranha) proved necessary to obtain a smooth coating of the
structures with TiO2 , probably due to the increase of the hydrophilicity.

2.4.3 Formation of TiO2 using atomic layer deposition (ALD)
A home built-up atomic layer deposition system was used for the deposition of thin and
compact TiO2 layers on the silicon nanostructures. For 18 nm TiO2 layers, subsequent
injection of MilliQ (18.2 MΩ-cm) H2 O and 99.995 % TiCl4 (for 10 ms each) took place
in a vacuum chamber with a delay of 18 sec between each injection. The samples were
heated by a copper stage at 100 °C. The base pressure of the system was < 5 × 10-2
mbar. The pressure during deposition was adjusted to 1.1 mbar using an N2 purging
flow to remove the formed gases and excess precursors. Post annealing of the samples in
a tube oven, in air, at 350 °C for 3 h with a ramp of 11 °C/min was needed for formation
of anatase TiO2 (Figure 2.6).

2.4.4 Photoelectrochemical deposition
For the deposition of platinum nanoparticles a photoelectrochemical cell (Zahner Scientific Instruments, PECC-1, slightly modified) made from Teflon was used (Figure 2.12).
The cell has 3 inputs for the 3 diﬀerent electrodes (working, reference and counter). Only
a small area (0.3 cm2 ) of the working electrode (i.e. sample) was in contact with the
electrolyte, which was illuminated through a quartz window. The electrolyte consisted
of an aqueous solution of chloroplatinic acid (4 mM) and Na2 SO4 (0.1 M), while the
pH was adjusted to 11 with 2 M NaOH. The back contact of the sample consisted of 4
nm of chromium (Cr) and 50 nm of gold (Au) deposited with a double target sputter
coater (Leica EM ACE600).The electrical connections of the sample with the potentiostat (BioLogic Science Instruments, SP-200) were made using conductive aluminum
tape (Advance Tapes AT521) adhered on the back metal contact of the sample, which
was not in contact with the elec-trolyte.
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2.4.5 X-ray photoemission spectroscopy (XPS)
X-ray photoemission spectroscopy (XPS) was performed in a home-built ultrahigh vacuum chamber, operating at a base pressure below 5 × 10-9 mbar. A XM1200 monochromatic x-ray source (Al α-K line, Scienta Omicron) was used for x-ray excitation of the
sample under a 45° angle. Photoemitted electrons were collected using a HIPP-3 analyzer (Scienta Omicron). A polished platinum pellet (99.99 %, Kurt J. Lesker Company)
was used for acquiring a Pt reference spectrum. Spectra were charge corrected using the
binding energy of 1s carbon (284.8 eV).

2.4.6 Supplementary figures

Figure 2.5. Description of the process steps for the preparation of silicon nanostructures with plasma etching.
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Figure 2.6. XRD data from an annealed TiO2 layer of around 54 nm on a p-type
silicon substrate. Anatase reference peaks (JCPDS Card no. 21-1272) shown as
grey lines.

Figure 2.7. Optical constants retrieved from ellipsometry measurements on 18 nm
TiO2 prepared with ALD on a flat p-type silicon substrate and subsequent annealing
for 3 h at 350 °C.[150]
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Figure 2.8. Chronoamperometry measurements of a silicon nanocone sample at
an applied potential of −0.5V vs Ag/AgCl and illuminated at 532 nm (when “Laser
on”) a) uncoated, the inset image indicates a zoom-in view of the graph to emphasize
the photocurrent of the sample (70 nA) and b) coated with a 18 nm TiO2 layer.

Figure 2.9. SEM image of a silicon nanocone after photo-electrodeposition at 532
nm without TiO2 coating and fully covered with platinum nanoparticles.
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Figure 2.10. Current versus applied potential (vs Ag/AgCl reference electrode)
plot of a silicon nanocones sample, coated with 18 nm TiO2 and excited at 638 nm,
with a light beam chopper to show the diﬀerence between the dark current and the
photocurrent. The excitation took place in presence of H2 PtCl6 (pH 11, 4 mM).
The scan rate was 50 mV/sec. The coverage of this sample with Si nanostructures is
diﬀerent than the one of Figure 3b and this also explains the much less photocurrent
observed here (∼ 4 µA) at −0.8V. The more the coverage of the samples, i.e. the
higher the amount of nanostructures excited, the higher the photocurrent.

Figure 2.11. SEM image of the illumination spot (Region 1; λexc = 532 nm) on
a silicon nanostructures sample. Region 2 is outside of the illumination area and
only the small electrodeposited nanoparticles (<6 nm, see main text) were identified
there. Both regions (Region 1 and 2) were in contact with the electrolyte and the
bright area corresponds to the diameter of the laser beam as well as to the area
where platinum particles are deposited.
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Figure 2.12. Secondary electron (a; through-the-lens detector) and backscattered
electron (b; in-lens mirror detector) SEM images for a silicon nanocone after photoelectrodeposition of platinum from the illuminated region (Region 1 from Figure
2.11).

Figure 2.13. Secondary electron (a; through-the-lens detector) and backscattered
electron (b; in-lens mirror detector) SEM images for a silicon nanoconeout the illuminated region. Only few and very small nanoparticles (diameter (D) ∼ 6 nm) are
observed outside of the illumination spot (Region 2 from Figure 2.11), which are
the result of electrodeposition.
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Figure 2.14. Overlays of secondary electron (grey color; through-the-lens detector)
and backscattered electron (red color; in-lens mirror detector) SEM images of silicon
nanocones after photo-electrodeposition of platinum nanoparticles at 532 nm. Scale
bar = 200 nm.
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Figure 2.15. Overlays of secondary electron (grey color; through-the-lens detector)
and backscattered electron (red color; in-lens mirror detector) SEM images of silicon
nanowires after photo-electrodeposition of platinum nanoparticles at 532 nm. Scale
bar = 200 nm.
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Figure 2.16. Overlays of secondary electron (grey color; through-the-lens detector)
and backscattered electron (red color; in-lens mirror detector) SEM images of silicon
inverted nanocones after photo-electrodeposition of platinum nanoparticles at 532
nm. Scale bar = 200 nm.
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Figure 2.17. a) Simulating schematic diagram of the FDTD simulations for a
silicon nanocone coated with 18 nm TiO2 (shown with pink color) on a silicon
substrate excited with a plane wave source (blue/pink arrows). The absorbed power
per volume monitor is indicated as a yellow box. b) Zoom in on the simulated silicon
nanostructure. The construction of the shape of the inverted nanocone, is the result
of a combination of 3 components (3 cones) so as the shape and the dimensions of
the structure to correspond to the average ones of the inverted nanocones examined
on the samples.

Figure 2.18. Detailed setup for electrodeposition of Pt on silicon nanostructures.
1) Photoelectrochemical cell made from PTFE, 2) Sample (silicon) with Au/Cr
back contact, 3) Electrical connection of the back contact of the sample with the
potentiostat and the reference electrode through a conductive aluminum tape, 4)
Electrical connection of the back contact of the sample with the counter Pt electrode
through the potentiostat, 5) Electrolyte (H2 PtCl6 in 0.1 M Na2 SO4 ), 6) Reference
Ag/AgCl electrode, 7) Counter electrode (Platinum wire), 8) Quartz window, 9)
Laser beam (532 nm).
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Self-optimized catalysts:
Hot-electron driven photosynthesis
of catalytic photocathodes

Photogenerated hot-electrons from plasmonic nanostructures are very
promising for photocatalysis, mostly due to their potential for enhanced chemical selectivity. Here, we present a self-optimized fabrication method of plasmonic photocathodes using hot-electron chemistry, for enhanced photocatalytic eﬃciencies. Plasmonic Au/TiO2
nano-islands are excited at their surface plasmon resonance to generate hot-electrons in an aqueous bath containing a platinum (cocatalyst) precursor. Hot-electrons drive the deposition of Pt cocatalyst nanoparticles, without any nanoparticle functionalization and
negligible applied bias, close to the hot-spots of the plasmonic nanoislands. The presence of TiO2 is crucial for achieving higher chemical reaction rates. The Au/TiO2 /Pt photocathodes synthesized using hot-electron chemistry show photocatalytic activity up to 2 times
higher than a control made with random electrodeposited Pt nanoparticles. This light-driven positioning of the cocatalyst close to the same
positions where hot electrons are most eﬃciently generated and transferred represents a novel and simple method for synthesizing complex,
self-optimized photocatalytic nanostructures with improved eﬃciency
and selectivity.
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3.1 Introduction
Plasmonic nanoparticles can oﬀer alternative pathways for driving chemical reactions
compared to common semiconductors. The light-controlled selectivity over chemical
products on plasmonic nanoparticles make them interesting for photocatalysis.[109, 157–
159] The diﬀerent reactivity from standard thermal catalysis is thought to arise from
highly energetic, “hot” electron-hole pairs formed upon plasmonic excitation and decay.[20, 127, 160] Excitation of the plasmonic nanoparticle at the resonant wavelength
results in the collective coherent oscillation of conduction band electrons with a concomitant enhancement of the electric field at specific hotspots. At these hotspots, the
plasmon excitation can decay via Landau damping and thereby excites a single electron
to create a highly-energetic electron-hole pair which is initially out of thermal equilibrium
with the surroundings, i.e. “hot”.[51, 161, 162] Hot carriers from plasmonic nanoparticles
have so far been used for reduction of chemisorbed p-nitrothiophenol[161] or aryl diazonium salts,[163] oxidation of citrate,[164] hydrogen production,[165–168] and conversion
of CO2 to formic acid.[169]
Plasmon driven photoelectrochemical reactions seem very promising, but the recorded
eﬃciencies are still too low for practical use. This low eﬃciency is mostly due to the
short hot-carrier lifetime (<3 ps for Au or Ag nanoparticles).[107, 170, 171] Higher efficiencies have been reached by bringing the metal nanostructures in contact with an
appropriately chosen semiconducting layer, allowing for rapid hot electron extraction
and reduced recombination via a Schottky barrier.[51, 58, 168, 171–175] Similarly, hot
holes can be extracted with a hole-transfer layer such as nickel oxide,[167] to leave the
electrons on the structure. However, hot carrier extraction alone is often not suﬃcient;
cocatalytic nanoparticles are necessary to achieve high eﬃciencies in almost all photoelectrochemical processes. Ideally this cocatalyst has the lowest possible loading, both to
reduce the amount of costly precious metals such as platinum and rhodium, as well as to
minimize reflection and parasitic absorption of incident light. Furthermore, it should be
optimal to localize the cocatalyst only near the plasmonic hotspots, where hot electrons
are generated most eﬃciently and catalysis is driven most favorably.[176–179] Nevertheless, there are few practical, low-cost and eﬃcient techniques to position a cocatalyst
with such nanoscale precision. For instance, Mubeen et al.[168] demonstrated fully autonomous plasmonic water splitting with an Au nanorod device with two individually
deposited cocatalysts. However, the fabrication techniques dictated the localization of
both cocatalyst, which does not necessarily imply an optimal spatial configuration, i.e.
the hotspots and cocatalyst sites are potentially mismatched.
Here we propose a self-optimized fabrication strategy, where hot-electrons are used
both for the localized deposition of cocatalyst nanoparticles and the subsequent photocatalysis (Figure 3.1). Our approach removes the need for lithographic patterning
of either the plasmonic nanoparticles or cocatalyst, while simultaneously allowing for
the ideal spatial distribution at any given loading. We used random Au plasmonic
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nano-islands on ITO coated with TiO2 as the plasmonically active substrate. Both
the deposition of Pt cocatalyst nanoparticles from solution and the subsequent photocatalysis were conducted under 638 nm illumination (within the plasmonic absorption
peak). By comparing the photocatalytic performance of our self-optimized photodeposition method to that from random electrodeposition (with identical loading and dark
current characteristics), we see up to a factor of 2 increase in eﬃciency of photocatalysis.

Figure 3.1. Schematic illustration of the self-optimized catalysts. i) Hot-electrons
and hot-holes are created in Au/TiO2 nano-islands after excitation at 638 nm, ii)
hot-electrons reduce hexachloroplatinate at the plasmonic hot-spots (light yellow
areas) to form platinum nanoparticles (cocatalyst) and iii) hot-electrons reach the
newly formed platinum nanoparticles and accelerate hydrogen production at the
same excitation wavelength.

3.2 Results and discussion
Plasmonic Au nano-islands were prepared on ITO-covered glass slides with the aim of
using them as absorbing platforms for the selective hot-electron driven deposition of
the cocatalytic nanoparticles. It has already been shown that this type of sample is
photocatalytic and can also support hot-spots.[46, 167] Briefly, an 8 nm gold film was
sputtered-coated on ITO substrates and subsequently annealed at 300 °C for 1 hour to
spontaneously form Au nano-islands (Figure 3.2a). The nano-islands were coated with
a thin TiO2 layer with atomic layer deposition (ALD), which acts as a hot-electron filter prohibiting recombination of the photogenerated charges in the metal by providing
a high density of electron-accepting states.[180] X-ray diﬀraction (XRD) showed that
the TiO2 layer had crystallized in the anatase phase (Figure 3.8) after annealing, which
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has been shown to be favorable for accepting hot electrons compared to rutile or amorphous TiO2 .[181] SEM images (Figure 3.2a) and AFM maps (Figure 2b) showed final
structures (Au/TiO2 ) with a mean largest diameter of 151 ± 56 nm and a mean height
of 44 ± 8 nm (Figure 3.9). Overlays of secondary electron and backscattered electron
SEM images (Figure 3.2c and Figure 3.10) revealed the presence of a 18 ± 2 nm TiO2
layer around the gold nano-islands the thickness of which was further confirmed by size
distribution measurements before and after the ALD step (Figure 3.2d and Figure 3.11)
and ellipsometry data (Figure 3.7). The chosen TiO2 thickness arose from preliminary
results for optimization of the photocurrent of our system (see below).
Absorption spectra showed a strong plasmonic peak of the Au/TiO2 structures centered between 640 – 700 nm, depending on small sample thickness diﬀerences (Figure
3.2e), which is an ideal wavelength range for the generation of hot electrons, as plasmonic excitations below 600 nm are strongly dampened by interband transitions in bulk
Au.Au.[182, 183] The size distribution of the nano-structures could strongly aﬀect the
surface plasmon resonance of the final samples and could be easily tuned by altering the
thickness of the sputter-coated Au film. The size distribution chosen here gave a resonance far from the interband transition wavelength region but still in a high electron
energy range. A redshift and a broadening of the absorption peak of the Au nanoislands was observed (Figure 3.12) after the addition of TiO2 , which can be attributed
to the higher embedding refractive index and possibly also to increased interparticle coupling.[46, 184] The TiO2 layer has negligible optical absorption at 638 nm with an onset
of bandgap absorption in the ultraviolet, as expected (Figure 3.7). When deposited on
ITO there is some parasitic absorption, but this is far below (∼ 9 times) that of the
plasmonic nano-islands (Figure 3.12) and does not contribute significantly to photocurrent (Figure 3.13). The Au-TiO2 nano-islands were easily prepared on bulk scale and
were suitable for studying hot-electron photoreactions with red light.
The ability of Au/TiO2 nano-islands to generate hot-e− which can drive a chemical reaction for the synthesis of cocatalytic nanoparticles was investigated. The nano-islands
were excited by a 638 nm laser beam (0.5 W/cm2 ) in a three-electrode photoelectrochemical cell under potentiostatic control using a Ag/AgCl reference electrode. The
current flow from the sample (working electrode) to a platinum wire (counter electrode),
was recorded in presence of an aqueous platinum precursor (0.04 mM H2 PtCl6 in 0.1
M Na2 SO4 , pH 3, deoxygenated). At open circuit voltage conditions (OCV = 470-580
mV vs RHE), very little photocurrent was observed but sweeping the potential to more
negative values increased the Pt photodeposition rate (Figure 3.13c). 3.3a shows a typical current density vs time curve of the Au/TiO2 nano-islands both under 638 nm light
illumination (laser on) and in the dark (laser oﬀ) at 450 mV vs. RHE. While the dark
current was negligible throughout the whole measurement, the photocurrent gradually
increased as a function of time (t = 30-55 s and 55-65 s, Figure 3.3a). Furthermore,
almost no photocurrent ( 16 nA/cm2 , 40-1000 times lower than Au/TiO2 samples) was
recorded from bare TiO2 (Figure 3.13), indicating that the photoactivity comes from
plasmonic absorption in the Au and hot-electron photoreduction. In our approach, cur-
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Figure 3.2. Characterization of Au/TiO2 nano-islands on ITO/glass substrate.
a) SEM image, b) AFM map, c) overlay of backscattered (yellow) and secondary
electron (red) images where the strong contrast between TiO2 and Au nano-islands
originates from the lack of electron backscatter by the lighter elements of the TiO2
shell, d) size distribution of Au/TiO2 nano-islands after SEM imaging analysis with
a fitting Gaussian curve (orange solid line) and e) absorbance spectrum.

rent measurements are retrieved from the whole photoelectrode, a bulk method that has
already been used as evidence for hot-electron flow.[167, 168, 185] Single nanoparticle
photocurrent measurements have also confirmed that the presence of photocurrent at the
surface plasmon resonance of the nanostructure is related to the flow of hot-carriers.[186]
SEM images showed that after an electrical charge of 125 µC/cm2 was passed to the
sample, new nanoparticles appeared on the Au/TiO2 samples (bright clusters, Figure
3.3b). The newly formed nanoparticles corresponded to a mixture of Pt(II)/Pt(IV)
salts/oxides according to XPS (Figure 3.14) and EDX measurements (Figure 3.15), so
they were further reduced by a “photoconditioning” step and using again hot-electron
chemistry. During this step, the platinum containing electrolyte was exchanged with
an aqueous phosphate buﬀer to avoid further deposition of Pt species and the sample
was irradiated for 25 s at 638 nm (0.5 W/cm2 ) at an applied potential of −250 mV
vs. RHE (Figure 3.16). After the photoconditioning procedure, the observed platinum
4f7/2 and 4f5/2 binding energy peaks matched a metallic Pt reference (Figure 3.3c),
indicating that the reduced particles consisted mainly of metallic platinum, favorable
for catalyzing many chemical reactions.[187] The fact that the initial photoreaction did
not produce any metallic Pt may be ascribed to Pt4+ kinetically outcompeting Pt2+
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species for hot electrons. However, photoconditioning at the same potential as the initial
photodeposition step (450 mV) did not result in Pt0 nanoparticles. This indicates that it
is the extra potential that is crucial for the full reduction of Pt species. Apparently, hot
electrons that have been injected in the TiO2 conduction band do not possess suﬃcient
reducing power to fully reduce hexachloroplatinate to metallic platinum. These results
mirror those from Xi et al.[188] who have shown that the electrochemical reduction of
hexachloroplatinate leads to mixed valence materials. More reducing potentials (than
−250 mV vs. RHE) were avoided during the photoconditioning step, because then the
distinction between hot electron mechanism and bare electrochemical reduction of Pt
species would be diﬃcult. As a result, the photocurrent measured in the Au/TiO2
nano-islands could eventually be correlated with the deposition of Pt nanoparticles.
We thus examined the correlation of the photocurrent generation (i.e. the hot-electron
production) with the absorptance of the Au plasmonic nano-islands. Au nano-islands
coated with TiO2 were excited at diﬀerent wavelengths (440-760 nm, with 20 nm step)
with a supercontinuum laser, while the current was recorded (Figure 3.17) in presence of
hexachloroplatinate. The Incident Photon to Current Eﬃciency (IPCE) was calculated
(see SI for more information) for every excitation wavelength and plotted together with
the absorptance spectrum of the same sample as a function of the wavelength (Figure
3.18). The results show that there is a good correlation between the absorptance of
the Au nano-islands and the IPCE values, except for in the blue region (440-500 nm).
Seemingly, photogenerated electrons resulting from interband transitions (high energy
electrons) barely participate in the photoreduction of hexachloroplatinate. This is reasonable since these electrons are excited from d band levels to energy levels close to or
below the Fermi-level of Au.[171] These electrons therefore do not have enough energy
to surpass the Au/TiO2 Schottky barrier and contribute to the generation of photocurrent. So, apparently only hot-electrons with energy high enough to be injected to the
conduction band of TiO2 can reach the hexachloroplatinate molecules and reduce them
to Pt species.
The plasmonic excitation of Au nano-islands clearly leads to Pt nanoparticle formation, but in order to further confirm this occurs via a hot-electron mechanism, we have
conducted several control experiments. The most obvious alternative explanation is a
simple heating eﬀect. The large increase in photocurrent after the addition of TiO2
(Figure The plasmonic excitation of Au nano-islands clearly leads to Pt nanoparticle
formation, but in order to further confirm this occurs via a hot-electron mechanism,
we have conducted several control experiments. The most obvious alternative explanation is a simple heating eﬀect. The large increase in photocurrent after the addition of
TiO2 (Figure 3.3a and Figure 3.13), as well as the correlation between the absorptance
and IPCE spectra (Figure 3.18) already point toward a hot-electron rather than thermal
mechanism. Hot-electrons with energy high enough to overcome the Schottky barrier are
transferred into the TiO2 layer, where the barrier reduces the chances of back-transfer
and recombination, increasing the eﬃciency of Pt formation (Figure 3.3d). The improved yield of Pt with the addition of TiO2 alone cannot completely rule out a thermal
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eﬀect, since hexachloroplatinate molecules bind much better to the TiO2 surface than
on Au, which allows for suitable electron acceptors being always present as the hot electron arrives at the TiO2 /H2 O interface.[181] However, the better surface binding cannot
explain the correlation between the absorption and IPCE spectra described above. Additionally, the photocurrent showed a linear dependence on laser intensity over a range
of two orders of magnitude (Figure 3.19), consistent with a hot-electron mechanism and
inconsistent with laser heating.[160, 185] The temperature on the surface of the sample was measured with a FLIR thermal camera (Figure 3.20) during irradiation at 638
nm (0.5 W/cm2 ) and reached up to 30 °C. As a follow up control test, we conducted
dark heating experiments and saw no Pt nanoparticle formation at 40 °C even after 20
minutes (Figure 3.21), showing that thermal decomposition is not playing a role in our
experiments.
The observed photocurrent density increase as a function of time during the photoelectrodeposition of Pt on the Au/TiO2 nano-islands (Figure 3.3a) can be explained by
the presence of the first atoms of Pt formed on the surface of TiO2 acting as electronsinks and enhancing the reaction rate.[154] The sudden current transient (“spikes” at
30 and around 55 sec, Figure 3.3a) every time the laser is switched on could be the
result of charge recombination at the electrode/electrolyte interface. As a function
of time the amplitude of the current transients seems decreased (∼ 55 sec) and this
could be correlated with the presence of the first Pt atoms, which reduce the charge
recombination and improve the separation of the hot-electrons from the hot-holes.[189]
The correlation between plasmonic hot-spots and Pt deposition sites was unfortunately
very challenging to be investigated because the hot-spots were not very well-defined;
FDTD simulations of the three-dimensional AFM-deduced structures (without Pt deposits) showed that the hot-spots on this type of nanostructures are generally spread
out across large distances around the nanoparticle edges (Figure 3.22 and Figure 3.23).
In Figure 3.3b, some Pt nanoparticles form in areas between the Au nano-islands, where
according to FDTD simulations no plasmonic hot-spots appear and the enhancement
of the absorbed power is mostly observed on the Au nano-islands (Figure 3.22 and Figure 3.23). This indicates that hot-electrons injected into the TiO2 layer can diﬀuse and
form Pt nanoparticles somewhat removed from the plasmonic hot-spots, in contrast with
previous reports where TiO2 was not used.[190] Nevertheless, even in the case that hotelectrons are reaching the electrolyte and reduce hexachloroplatinate further from the
actual hot-spots, the positioning of the cocatalyst can be still considered as optimal for
the photocathode as a whole. Hot-electrons are created and then diﬀusing until they
meet a site that supports an eﬃcient transfer to the photoelectrode surface. After further
illumination of the Au/TiO2 /Pt photocathodes the new photogenerated hot-electrons
will probably follow the same path as the first time to the electrolyte but now meeting
the cocatalyst nanoparticles first. In that way the whole process is not limited by the
exact characteristics of the TiO2 film but lets any imperfections “work” in its favor.
To illustrate the photocatalytic behavior of the hot-electron driven prepared photocathodes (Au/TiO2 /Ptphoto ), we performed current density versus potential (CV) scans

55

3 Self-optimized catalysts: Hot-electron driven photosynthesis of catalytic
photocathodes

Figure 3.3. a) Current density vs time plot of Au/TiO2 nano-islands in presence of
hexachloroplatinate (pH 3, 0.04 mM in 0.1 M Na2 SO4 aqueous solution, 450 mV vs.
RHE), b) SEM image of Pt nanoparticles on Au/TiO2 nano-islands after illumination of the latter at 638 nm (0.5 W/cm2 ) in hexachloroplatinate and recording of 125
µC/cm2 of electrical charge from the sample, c) X-Ray photoemission spectrum of
the samples before (light blue line) and after photoelectrodeposition of Pt nanoparticles (red line). Dashed lines indicate literature values for metallic Pt 4f7/2 and
4f5/2 binding energies.[191] d) Simplified band diagram of Au/TiO2 nano-islands on
ITO and flow of hot electrons and holes during the photo-electrodeposition process.

in presence of an aqueous phosphate buﬀer (0.1 M, pH 7, de-oxygenated). The current flow of the Au/TiO2 /Ptphoto samples was recorded under chopped illumination at
638 nm while sweeping the electrochemical potential of the working electrode to more
negative (reducing) values (Figure 3.4a and Figure 3.4b, blue solid line). The CV scan
shows an increase of the current density under illumination (laser on), which becomes
higher towards more negative potentials. The dark current (laser oﬀ) remains negligible
( 130 times lower than the photocurrent) until an applied potential of around −0.35 V vs
RHE, where it starts increasing rapidly. The diﬀerence between onset potential of photo
and dark current can be explained by the Schottky barrier between Au and TiO2 . The
more negative the applied potential, the smaller the Au/TiO2 Schottky barrier, due to
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the shift of the Fermi level of Au towards the vacuum level and the conduction band of
TiO2 .[192] In absence of light, the Au/TiO2 Schottky barrier does not allow electrons to
flow from Au to TiO2 and drive the chemical reaction, so almost no current is recorded
until the Fermi level of Au equalizes with the conduction band of TiO2 at −0.3V vs
RHE. Assuming a Fermi-Dirac hot-electron distribution in the Au nanoparticles under
illumination,[20] more electrons will have high enough energy for transfer to the TiO2 ,
increasing the photocurrent. Control measurements were also conducted on bare TiO2 as
well as Au/TiO2 to investigate performance without the cocatalyst and plasmonic light
absorber, respectively. CV scans on both of these configurations (Figure 3.4a and Figure
3.4b, black and green solid line respectively) revealed that the recorded photocurrent
was 1000 and 30 times lower, for TiO2 ( 4 nA) and Au/TiO2 (140 nA) respectively,
than for the Au/TiO2 /Ptphoto samples at 0 V versus RHE. This proves that both the
plasmonic absorber and cocatalyst play key roles in the photocatalytic behavior. Considering the potential onset of the photoreduction reaction and the species available in
solution, water reduction to hydrogen is the most likely photochemical reaction product.
In order to test the self-optimized behavior of our approach, we investigated if our
method of preparing photocathodes with hot-electron injection performs better in photocatalysis than a common electrodeposition method of depositing the cocatalyst (see
SI for more details) under the same conditions. In order to warrant a valid comparison, we carefully controlled the electrodeposition conditions to achieve samples with an
identical amount of platinum, with the same morphology and oxidation state, verified
by ICP-MS, XPS and SEM (Table 3.2, Figure 3.24, Figure 3.4c and Figure 3.4d). CV
scans (Figure 3.4a and Figure 3.4b, blue and red solid lines) showed that when we let
the plasmonic nanostructures decide where the cocatalyst will be deposited (i.e. hotelectron deposition, Au/TiO2 /Ptphoto ), the photocurrent density was higher (up to 2
times) than when the cocatalyst was randomly electrodeposited (Au/TiO2 /Ptelectro ), especially at small applied potentials. This suggests that the localization of the cocatalyst
close to the hot-spots of the plasmonic photocathodes, where the hot-electrons reach the
photocathode/electrolyte interface, promotes the chemical reaction. The positioning of
the cocatalyst exactly on the pathway of the photogenerated hot-electrons towards the
electrolyte could contribute to the better utilization of the hot-electrons participating in
the chemical reaction. In case of a random cocatalyst distribution on the plasmonic photocathodes, the hot-electrons will have to diﬀuse further than their original path to find
the cocatalyst. During this additional diﬀusion the probability of their recombination
with the respective hot-holes, remaining in the gold, is increased. The potential dependence of the photocurrent varied somewhat from sample to sample (Figure 3.4a, Figure
3.25 and Figure 3.26), suggesting that the hot electron energy distribution is sensitive
to the exact Au nano-island geometry and/or diﬀerences on the TiO2 surface. Therefore
only samples which had exactly the same amount of deposited platinum (retrieved from
XPS data) and the same dark current (see CV scans for photo-electrodeposited and
electrodeposited samples, Figure 3.25 and Figure 3.26) were compared. Further work
trying to use this potential distribution to map out hot electron energy distributions is
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Figure 3.4. a) Current density vs potential plots of TiO2 (black solid line),
Au/TiO2 nano-islands (green solid line), Au/TiO2 nano-islands with randomly electrodeposited Pt nanoparticles (Au/TiO2 /Ptelectro , red solid line) and localized photoelectrodeposited Pt (Au/TiO2 /Ptphoto , blue solid line) in pH 7 phosphate buﬀer
under chopped 638 nm illumination (0.5 W/cm2 ). b) Zoom-in of plot a) at low
applied potentials (0.0-0.3 V vs RHE). c) and d) SEM images of Au/TiO2 /Ptelectro
and Au/TiO2 /Ptphoto photocathodes respectively.

3.3 Conclusions
In summary, we demonstrate a lithography-free method for creating plasmonic photocathodes with cocatalyst nanoparticles placed selectively at hot-electron generation
sites. The plasmonic hot-spots on Au/TiO2 nano-islands were used both to localize the
Pt nanoparticle cocatalyst and to do photocatalysis. The presence of TiO2 proved es-
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sential for reducing recombination of hot carriers and led to higher photocurrent values.
Besides providing a good hot-electron filter, the TiO2 may also enhance binding of the Pt
precursor molecules on its surface. We also showed that photocathodes with cocatalyst
deposited using hot-electrons have better photocatalytic performance than those made
with randomly placed electrodeposited Pt. This self-optimized photoelectrode strategy,
where plasmonic nanostructures themselves determine the cocatalyst position, is a very
promising route for simple fabrication of complex photocatalytic nanostructures that
could lead to enhanced plasmonic solar fuel production.

3.4 Supporting information
3.4.1 General
Chemicals were purchased from major chemical suppliers and used as received. Sample
characterization was done with Scanning Electron Microscopy (FEI Verios 460, acceleration beam voltage 5 kV, beam current 100 pA), X-Ray Diﬀraction (Bruker D2 Phaser, Cu
Kα-radiation, wavelength = 1.5418 Å) and Atomic Force Microscopy (Veeco Dimension
3100 AFM). X-ray photoemission spectroscopy (XPS) was performed in a home-built ultrahigh vacuum chamber, operating at a base pressure below 5 × 10−9 mbar. A XM1200
monochromatic x-ray source (Al α-K line, Scienta Omicron) was used for x-ray excitation of the sample under a 45° angle. Photo-emitted electrons were collected using a
HIPP-3 analyser (Scienta Omicron). Spectra were charge corrected using the binding
energy of 1s carbon (284.8 eV). A UV/Vis/NIR spectrophotometer (PerkinElmer, L750)
was used for acquiring the absorbance spectra.

3.4.2 Preparation of Au nano-islands
Plasmonic Au nano-islands were prepared on ITO-covered glass slides (Figure 3.5) following a literature procedure.[167] 15 × 15 mm indium tin oxide (ITO) substrates (150
nm on glass) were cleaned with detergent, rinsed with demineralized water, acetone,
isopropanol and dried in a stream of N2 . The substrates were placed in a sputter coater
(Leica EM ACE600), where 8 nm of Au were sputtered with a rate of 0.35 nm/s,
measured with a quartz crystal thickness monitor during sputtering. After deposition
of the thin Au layer, the samples were placed in a tube oven, which was brought to 300
°C with 9.2 °C/min and kept at constant temperature for 1 h and subsequently allowed
to cool down to room temperature. Atomic layer deposition of TiO2 on Au nano-islands
Atomic-layer deposition (ALD) of TiO2 on Au nano-islands was conducted in a custom
thermal ALD system developed in-house at 100 °C. The base pressure of the system
was 0.03 – 0.07 mbar and during deposition the pressure was kept at 1.1 mbar with an
influx of N2 . Each cycle of TiO2 deposition consisted of injecting a 10 ms pulse of TiCl4
vapor, waiting for 18 s, injecting a 10 ms pulse of H2 O vapor, and waiting another 18
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s. The deposition rate was 0.4 Å per cycle. The TiO2 thickness on Au nano-islands
was estimated by depositing TiO2 in parallel on a Si substrate and measuring the layer
thickness by ellipsometry using a dielectric model of TiO2 and native SiO2 on a Si substrate. Typically, 300 cycles of TiO2 (18 nm) were deposited on the Au nano-islands.
For purpose of electrical connection (see below), a 2 mm strip of the substrates was
masked with Kapton tape during ALD.

3.4.3 Photoelectrodeposition of Pt on Au/TiO2 nano-islands
Photoelectrodeposition of platinum on Au/TiO2 nano-island substrates was conducted
in a three-electrode photoelectrochemical cell (PEC) connected to a potentiostat (Biologic, SP-200) (Figure 3.6). The Au/TiO2 substrate (working electrode) was electrically
connected to the potentiostat with a conductive aluminium tape (Advance Tapes AT521)
on the top 2 mm of the substrate. A rubber ring (Ø 8 mm) was placed centrally on
the Au/TiO2 working electrode and this assembly was clamped tightly on a 6 mm hole
on the outside of the electrochemical cell. Only the central 6 mm was thus in contact
with the electrolyte. A leakless miniature Ag/AgCl electrode (Mengel Engineering EDET072) was used as reference electrode and a Pt wire was used as counter electrode.
The electrolyte was prepared with 100 mM Na2 SO4 and 4 mM H2 PtCl6 in MilliQ water
(18.2 MΩ.cm) and adjusted to pH 3.0 – 3.4 with aliquots of NaOH (2 M). The electrolyte was prepared at least 48 h in advance to allow hydrolysis of H2 PtCl6 , which has
been found important for the deposition of Pt on TiO2 .[188] The PEC was filled with 8
mL electrolyte and the sample was illuminated from the back without interacting first
with the electrolyte with a laser beam (0.5 W/cm2 ). Meanwhile, the potential of the
working electrode was kept constant (chronoamperometry mode), typically at + 0.25
V vs Ag/AgCl. After photoelectrodeposition, samples were rinsed with H2 O and dried
with N2 .

3.4.4 Wavelength dependence measurements
Wavelength dependence measurements on Au/TiO2 photocathodes were conducted in
presence of hexachloroplatinate under the same conditions as the photoelectrodeposition
of Pt using now a diﬀerent light source (supercontinuum laser, Fianium WL-SC-3903), which was made monochromatic using an acousto-optical tunable filter (AOTFCrystal Technologies). The signal was read out from the potentiostat (Biologic, SP-200)
after lock-in amplification (Stanford Research Systems SR830), while the transmission
of the AOTF was digitally modulated at 70 Hz. The potential of the working electrode
was kept constant (chronoamperometry mode), at + 0.25 V vs Ag/AgCl. The current
measurement was started in the dark (beam was blocked manually) and every 20 sec
was alternated between a diﬀerent excitation wavelength and the dark.
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3.4.5 IPCE calculation
The Incident Photon to Current Eﬃciency (IPCE) was calculated as follows:
IP CE(%) =

j ph (mA/cm2 ) ∗ 1241(V ∗ nm)
∗ 100
P (mW/cm2 ) ∗ λ(nm)

, where jph (mA/cm2 ) is the average photocurrent retrieved from the Figure 3.17 for
each wavelength, 1241 (V × nm) represents a multiplication of h (Planck’s constant)
and c (the speed of light) divided by q (the electron charge), P (mW⁄cm2 ) is the power
intensity of each wavelength measured with a Si photodiode power sensor (Thorlabs
S120C, see Table 3.1 for more information, with surface area of the photoelectrode equal
to 0.28 cm2 ) and λ (nm) is the wavelength. The IPCE vs wavelength curve is compared
with the absorptance spectrum of the same sample in Figure 3.18.

3.4.6 Electrodeposition of Pt nanoparticles
Random deposition of platinum nanoparticles was performed on the Au/TiO2 photocathodes in presence of hexachloroplatinate (H2 PtCl6 , pH 3), using a pulsed electrodeposition method introduced by Liu et al.[193] Specifically, we used diﬀerential pulsed
amperometry to control the sequence and the duration of the pulses sent to the sample.
In absence of light, first a -0.6 V vs RHE potential was applied to the sample for 5 s.
In sequence, the potential was changed to 0.6 V vs RHE and kept at this value for 25
s. This total period of 30 s is considered one cycle and the amount of deposited Pt was
controlled by the number of cycles.

3.4.7 Photoconditioning
During this step, −0.25 V vs RHE were applied to the Pt/Au/TiO2 samples in the 3electrode photoelectrochemical cell in presence of a de-oxygenated (purged for 1 h with
N2 ) phosphate buﬀer (pH 7, 0.1 M). The duration of the photoconditioning step was 45
sec; the first 20 sec the sample was kept in the dark, followed by 25 sec of illumination
with a 638 nm beam (0.5 W/cm2 ).

3.4.8 Photocatalysis measurements on Au/TiO2 /Pt photocathodes
Photocatalysis measurements of the Au/TiO2 /Pt photocathodes were conducted in
the same three-electrode photoelectrochemical cell as the photoelectrodeposition of Pt
nanoparticles, but with a diﬀerent electrolyte (phosphate buﬀer, pH 7, purged with nitrogen for 1 hour). The current flow from the samples was measured as a function of the
potential with a scan rate of 20 mV/s, under 638 nm (0.5 W/cm2 ) chopped illumination,
with a chopping frequency of 25 Hz.
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3.4.9 FDTD simulations of Au/TiO2 nano-islands
Finite Diﬀerence Time Domain (FDTD) simulations were performed using the 3D Maxwell
solver software package Lumerical. An AFM height map of Au/TiO2 nano-islands (2x2
µm) was imported as a surface, which functioned as the TiO2 layer. Optical constants
retrieved by ellipsometry (Figure 3.7) were used for this layer. The bare Au nano-islands
layer was retrieved from the same AFM height map by importing it in the 3D simulation
program Blender and using the displacement modifier algorithm to mimic subtraction of
the 18 nm conformal TiO2 layer. The resulting Au nano-island height map was exported,
interpolated to uniform x-y spacing using Origin Software, and imported in Lumerical as
surface to function as the Au layer. Finally, an ITO substrate was added to complete the
sample geometry. The background index was water (n = 1.33). The simulation space
additionally consisted of a 2.3×2.3×0.5 µm (l×w×h) FDTD box with perfectly matched
layer boundary conditions and a 4×4 nm mesh size, a 2.1×2.1×0.4 µm plane wave source
at 638 nm, and a 1.8×1.8×0.2 µm advanced power absorption monitor. Here the power
absorption is proportional to the electric field intensity and the imaginary part of the
permittivity and is given in fraction of absorbed power per m3 (Pabs/m3 ).

3.4.10 Inductively coupled plasma mass spectrometry
measurements
The preparation of the samples for the inductively coupled plasma mass spectrometry
(ICP-MS) measurements took place via the transfer of the glass/ITO/Au/TiO2 /Pt samples in the liquid phase. Each sample was immersed in 1 ml of an aqua regia solution,
HNO3 (! 65 %, puriss. p.a.) :HCl (37 %) (1:3), for 5.5 h at 60 °C until the glass substrate was completely transparent. The aqua regia solution was then left to cool down
overnight. The transfer of the solution was being done carefully to a centrifuge tube,
where it was further diluted with MilliQ water (18.2 MΩ.cm) in a total volume of 10 ml.
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3.4.11 Supplementary figures

Figure 3.5. Photograph of Au nano-islands on glass/ITO.

Figure 3.6. Photoelectrochemical setup used for deposition of Pt: Teflon cell (1),
Au-TiO2 substrate as working electrode (2), conductive aluminum tape (3), potentiostat connections (4), electrolyte (5), reference electrode (6), counter electrode (7),
quartz window (8), and laser beam (9).
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Figure 3.7. Optical constants (n,k) of the TiO2 layer on a Si substrate, retrieved
by ellipsometry measurements.

Figure 3.8. XRD spectrum of TiO2 layer deposited with ALD on a Si substrate. Dashed lines show the position of the diﬀraction peaks of the TiO2 anatase
phase.[194]
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Figure 3.9. Maximum height distribution derived from AFM measurements for
Au nano-islands covered with TiO2 .

Figure 3.10. a) Secondary, b) backscattered and an overlay SEM image of a) and
b) depicting the Au nano-islands coated with a TiO2 layer on glass/ITO.
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Figure 3.11. Particle distribution curves derived from SEM image analysis before
(blue bottom curve) and after (red top curve) TiO2 deposition.

Figure 3.12. Absorption spectra of Au nano-islands with (yellow line) and without (blue line) TiO2 and bare TiO2 (red line) on ITO/glass. The absorbance of
ITO/glass has been subtracted from the spectra presented here.
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Figure 3.13. Photocurrent density vs applied potential scans of bare TiO2 (blue
solid line), un-coated Au nano-islands (red solid line) and Au nano-islands coated
with 18 nm TiO2 in hexachloroplatinate (pH 3, 0.04 mM, in 0.1 M Na2 SO4 aqueous
solution) under chopped 638 nm illumination (0.5 W/cm2 ), b) Table of photocurrent
and dark-current values, derived from plot (a), at applied potential 0.45 V vs RHE,
which is the potential used for the hot-e driven deposition of platinum nanoparticles,
c), d) and e) Zoom-in images of plot (a) for Au nano-islands/TiO2 , Au nano-islands
and bare TiO2 respectively.
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Figure 3.14. XPS spectrum of Au/TiO2 nano-islands with photodeposited Pt
nanoparticles before photoconditioning at -0.25 V vs RHE. The dashed lines correspond to the 3s, 4f7/2 and 4f5/2 binding energies of Ti (green color), Pt(II) (black
color) and Pt(IV) (red color).[191] The XPS spectrum after photoconditioning can
be find in the main text (Figure 3c). In the same figure is clear that most of the
Pt oxides were converted to metallic Pt, which allowed for a fair comparison between the samples prepared with hot-electron deposition and electrodeposition of
the cocatalyst.
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Figure 3.15. a) and c) SEM images of 2 diﬀerent regions of the same sample of
Au/TiO2 nano-islands on glass/ITO after an electrical charge of 125 µC/cm2 was
passed to the sample in presence of hexachloroplatinate (pH 3, 0.04 mM, in 0.1 M
Na2 SO4 aqueous solution) under 638 nm illumination (0.5 W/cm2 ). b) and d) the
EDX measurements of regions a) and c) respectively, where each curve is associated
with a number which corresponds to the exact spot investigated and depicted in the
SEM images. Solid grey lines correspond to the x-ray emission peaks of Pt, Au and
Ti.
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Figure 3.16. Photoconditioning curve (current density vs time) of Au/TiO2 samples for conversion of the Pt oxides to metallic platinum, in pH 7 phosphate buﬀer,
at -0.25V applied potential, where the first 20 sec the sample was kept in the dark
while the following 45 sec the 638 nm laser beam (0.5 W/cm2 ) hits the sample. The
photocurrent is increasing gradually and then remains constant after full conversion
of platinum oxides to metallic platinum.

Wavelength (nm)
440
460
480
500
520
540
560
580
600
620
640
660
680
700
720
740
760

Power (µW)
22
23
32
47
51
71
105
149
199
203
269
395
492
435
291
171
48

Table 3.1. The diﬀerent wavelengths (nm) used to excite the Au/TiO2 photocathodes for the IPCE measurements (Figures S11 and S12) and their respective power
(µW).
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Figure 3.17. Photocurrent density vs time at diﬀerent excitation wavelengths of
a Au/TiO2 sample in presence of hexachloroplatinate (pH 3, 0.04 mM, in 0.1 M
Na2 SO4 aqueous solution) at applied potential 0.45 V vs RHE. The width of each
of the colored bars corresponds to the time where a diﬀerent excitation wavelength
was used. The respective excitation wavelength (nm) is also depicted on each of the
colored bars.

Figure 3.18. Incident Photon to Current Eﬃciency (IPCE, blue data points) vs
wavelength of Au/TiO2 photocathode in presence of hexachloroplatinate (pH 3, 0.04
mM, in 0.1 M Na2 SO4 aqueous solution) and absorptance vs wavelength (red solid
line) of the same sample before the IPCE measurement.
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Figure 3.19. Photocurrent density vs 638 nm laser intensity of Au/TiO2 in presence of hexachloroplatinate (pH 3, 0.04 mM, in 0.1 M Na2 SO4 aqueous solution)
in logarithmic (a) and linear (b) scale. Our photodeposition and photocatalysis
experiments were conducted at an intensity of 0.5 W/cm2 .

Figure 3.20. Image from thermal camera from a) the back side of the sample
(sample in contact with hexachloroplatinate) and , b) the front side of the sample
(the quartz window was removed in this case and the sample was in contact with
air).
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Figure 3.21. SEM image of Au nano-islands coated with 18 nm TiO2 on ITO/glass.
The sample was immersed in H2 PtCl6 solution (pH 3, 0.04 mM, 0.1M Na2 SO4 ) for
20 min, while the solution was heated up to 40°.

Deposited amount
of Pt (nano grams)
Data set # 1
(Figure 3.4a & 3.4b,
3.24)

19.4

Data set # 2
(Figure 3.25)

22

Data set # 3
(Figure 3.26)

17.3

35.8
25.1
25.6

Deposition method
Hot-e- assisted
(Au/TiO2 /Ptphoto)
Electrodeposition
(Au/TiO2 /Ptelectro )
Hot-e- assisted
(Au/TiO2 /Ptphoto )
Electrodeposition
(Au/TiO2 /Ptelectro )
Hot-e- assisted
(Au/TiO2 /Ptphoto )
Electrodeposition
(Au/TiO2 /Ptelectro )

Table 3.2. The total amount of deposited Pt on glass/Au/TiO2 samples, in nano
grams, retrieved from ICP-MS measurements; Samples prepared with the 2 diﬀerent
methods: hot-electron assisted deposition (photo) and electrodeposition (electro) are
compared. Data sets #1, #2 and #3 correspond to 3 diﬀerent groups of samples,
whose photoelectrochemical performance was compared (see Figures 3.4a & 3.4b in
the main text, Figure 3.25 and Figure 3.26 respectively).
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Figure 3.22. FDTD simulations on Au/TiO2 nanoislands for 638 nm excitation.
Experimental details given above. a) Schematic 3D representation of the simulation
space in Lumerical, with an ITO substrate (white), Au nano-islands (yellow), and a
18 nm conformal TiO2 layer (red transparent). b-d) Cross sections of the absorbed
power (in fraction of absorbed power/m3) at 10 nm above the ITO substrate surface
for light injection polarized along the x-axis (b) and along the y-axis (c), and a
material map (d). e) Cross section of the absorbed power in a single Au/TiO2
nanoisland at 22 nm above the ITO substrate. The corresponding material map is
shown in panel (f). Note the lack of absorbed power in the TiO2 shell. g) Orthogonal
projections along the yellow lines for a 500x500 nm absorbed power map at 10 nm
above the ITO substrate.
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Figure 3.23. Three-dimensional simulation view of the absorbed power in a section
of Au-TiO2 nanoislands (2×2 µm square), made using the Volume Viewer in ImageJ
v1.52 in volume mode and with tricubic sharp interpolation. For clarity, the fraction
of absorbed power volume (in blue to red color gradient) is overlaid on top of the
nanoisland bodies (in grey). The voxel size is 5×5×5 nm. We observe that most of
the absorbed power is near the base of structures and that the absorption hotspots
are localized all around each particle (i.e. not very well localized).
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Figure 3.24. XPS spectra of Au/TiO2 /Pt samples presented and compared in
Figure 4, prepared with hot-electron driven chemistry (red line) and with electrodeposition (black line). XPS peak with a binding energy of around 62 eV corresponds
to Ti 3s and peaks at 71 eV and 74.3 eV to Pt 4f7/2 and Pt 4f5/2 respectively.
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Figure 3.25. Data set #2 of the photocatalytic performance comparison of two
Au/TiO2 /Pt samples prepared with hot-electron driven chemistry (red line) and
electro-deposition (black line), a) current density vs applied potential and b) XPS
spectra. XPS peak with a binding energy of around 62 eV corresponds to Ti 3s
and peaks at 71 eV and 74.3 eV to Pt 4f7/2 and Pt 4f5/2 respectively. In this data
set the deposited amount of Pt is higher on the sample made with electrodeposition (according also to ICP-MS measurements), which could explain why in higher
applied potentials the same sample performs better than the sample made with
photo-electrodeposition.
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Figure 3.26. Data set #3 of the photocatalytic performance comparison of two
Au/TiO2 /Pt samples prepared with hot-electron driven chemistry (green line) and
electro-deposition (black line), a) current density vs applied potential and b) XPS
spectra. XPS peak with a binding energy of around 62 eV corresponds to Ti 3s and
peaks at 71 eV and 74.3 eV to Pt 4f7/2 and Pt 4f5/2 respectively.
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4

Utilization of all hot-carriers in
plasmonic nanostructures for
selective deposition of nanomaterials

Hot-electrons generated in metal nanoparticles can drive chemical reactions
and selectively deposit cocatalyst materials on the plasmonic hot-spots, the areas where the decay of plasmons takes place and the hot-electrons are created.
Herein, the use of hot-holes for deposition of nanomaterials with nanoscale
resolution is explored as well as the use of both hot-electrons and hot-holes
for simultaneous deposition of more than one cocatalyst. For this purpose,
Au plasmonic nano-islands on a thin TiO2 layer are excited at their surface
plasmon resonance first in presence of a manganese precursor in an aqueous
electrolyte, in order to use hot-holes for the oxidation of the precursor and the
deposition of a cocatalyst (MnOx ). Then a platinum precursor is combined with
the manganese one for the simultaneous deposition of more than one cocatalyst
through the hot-electron reduction of the former and the hot-hole oxidation of
the latter. SEM images and elemental EDX and XPS analysis verified the formation of cocatalysts in both of these two cases on the surface of the plasmonic
nanoparticles. Au nanostructures with more confined hot-spots (Au nanotriangles) were also used to explore the correlation of the deposition sites of one
of the cocatalysts with the plasmonic hot-spot location, identified with FDTD
simulations, and a good overlap was found. These results add more flexibility to the use of hot-carriers and open up the way for the design of complex
photocatalytic nanostructures.
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4.1 Introduction
Plasmonic nanoparticles are considered good candidates for photocatalysis mostly due
to their large and tunable absorption cross sections in the visible spectrum and their
ability to generate highly energetic carriers.[20, 127, 195–198] The light-driven resonant
collective oscillations of the free electrons (i.e. plasmons) in noble metal nanostructures
are responsible for their unique properties. Plasmons can concentrate the light in the
vicinity of the nanostructure in sub-wavelength volumes (i.e. “hot”-spots), where the intensity of the electric near-field can be extremely enhanced.[28, 199] The location of these
hot-spots can be easily tuned on the same nanostructure by changing the polarization
or the wavelength of the incident light. The decay of the plasmons at the hot-spots, via
Landau damping, can give rise to the excitation of conduction band electrons to energy
states higher than the Fermi level (Ef ) of the metal, with maximum energy Ef + hv.
These initially non-thermal high energy electrons (hot-electrons) and the respective holes
(hot-holes) can be extracted from the nanostructure and react with nearby molecules by
injection to their unoccupied orbitals.[34, 161, 200, 201] The energy of the photogenerated hot-carriers can be tuned by changing the energy of the incident photons, which
can be useful for promoting certain chemical pathways according to their energy requirements and increase the selectivity over specific chemical products.[109, 202, 203] It
has also been demonstrated that hot carriers have reaction rates scaling super-linearly
under high photon flux and/or in dense particle systems, in contrast to conventional
semiconductor photocatalysts (they usually scale with the square root of light intensity), which can open diﬀerent pathways in light-driven chemical reactions.[160, 204]
Hot-carriers have already been used for a plethora of chemical reactions such as water
splitting,[167, 168, 205, 206] H2 dissociation,[207] CO oxidation,[208] NH3 decomposition
[112], reduction of diazonium salts[163] and synthesis of nanomaterials. [209, 210]
Although hot-carriers in plasmonic nanoparticles seem very promising for driving
chemical reactions with light, the quantum eﬃciency of these reactions is still very
low (∼ 1%).[111] Hot-electrons and hot-holes thermalize very fast to a Fermi-Dirac distribution through electron-electron (100 fs to 1 ps) and electron-phonon scattering (1
to 10 ps) to finally dissipate heat to the local environment (100 ps to 10 ns).[34, 50,
107] A common way to cope with these short lifetimes is to separate the hot-carriers
using a Schottky barrier, by adding a semiconductor (e.g. TiO2 ), which can accept the
hot-electrons or hot-holes.[177, 211] The timescales of the extraction of the hot-electrons
(holes) to the conduction (valence) band of the semiconductor is usually much shorter
than the electron-phonon scattering.[107] For highly energy demanding chemical reactions though such as water splitting, the addition of cocatalyst nanoparticles is also
necessary to achieve higher photon to electron eﬃciencies.[212–214] However, cocatalysts are often very expensive materials (e.g. Pt) and they lack good optical properties.
So, a smart design of plasmonic/cocatalyst nanostructures is necessary, in order to combine the optical properties of the former and the good catalytic activity of the latter.
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This could be achieved by the careful positioning of the cocatalyst on the surface of the
plasmonic nanostructures.
The hot-spots of the plasmonic nanostructures are the areas where the hot-electrons
and hot-holes are mostly generated, so a cocatalyst at these locations could help the
charge separation and increase the fraction of carriers participating in the chemical reactions.[168, 176, 215] Several studies have already shown that the positioning of the
cocatalyst on the plasmonic hot-spots can increase the eﬃciency of the metal nanostructure and at the same time reduce the amount of the material needed, decreasing
the cost.[178, 210, 216, 217] In the most of those studies, surfactant chemistry is used
to position the cocatalyst at the hot-spots, where ligands bind preferentially to specific
sites on the metal nanostructure allowing the deposition of the new material (cocatalyst) at localized free surface site. Such an approach though cannot always ensure a
match between the deposition sites.[178, 179] As a result, surfactant chemistry is not
able to “engineer” nanostructures in such a way that every time the plasmonic hot-spots
coincide with the location of the cocatalyst. Here, we want to use the photogenerated
hot-carriers themselves to localize the formation of the cocatalysts on the plasmonic
hot-spots. Hot-electrons have already been used for reduction reactions resulting in
the deposition of catalytic Pt nanoparticles on plasmonic nanostructures,[162, 190, 210]
but to our knowledge the utilization of both hot carriers for the deposition of diﬀerent
cocatalysts has not been demonstrated before.
In this work, gold plasmonic nano-islands are excited at their local surface plasmon
resonance to generate hot-electrons and hot-holes, which are used for reduction and oxidation reactions respectively, for the simultaneous formation of 2 diﬀerent cocatalyst
materials. First, the photodeposition of one cocatalyst is investigated using the photogenerated hot-holes. The gold nano-islands prepared on a thin TiO2 anatase layer are
illuminated in the presence of MnSO4 and an electron scavenger (NaIO3 ). Hot-holes are
used for the oxidation of MnSO4 (Mn2+ ) to MnOx (cocatalyst 1), while hot-electrons
are either injected to the conduction band of the nearby semiconductor layer (TiO2 ) or
scavenged by the electron acceptor (Figure 4.1a). The simultaneous deposition of two different cocatalysts is also explored by substituting the electron scavenger with a platinum
precursor to drive the reduction of the latter to Pt metal nanoparticles (cocatalyst 2)
using the photogenerated hot-electrons (Figure 4.1c). This approach of using all the hotcarriers of plasmonic nanoparticles for the selective deposition of cocatalytic materials
to synthesize nanostructures, where the optical properties of the plasmonic material are
combined with the catalytic properties of the added cocatalysts, can be very promising
for photocatalysis. Our results add more flexibility to the design of plasmonic nanocatalysts through the utilization of both hot-electrons and hot-holes, without the need of
additional applied potential or extra functionalization of the plasmonic nanostructures.

81

4 Utilization of all hot-carriers in plasmonic nanostructures for selective deposition of
nanomaterials

Figure 4.1. Plasmonic Au nano-islands on TiO2 are excited at their surface plasmon resonance (638 nm) in a (a) MnSO4 /NaIO3 or in a (c) MnSO4 /H2 PtCl6 aqueous
solution, hot-electrons and hot-holes are photogenerated at the plasmonic hot-spots,
hot-electrons reduce NaIO3 to the soluble NaI (I 3− to I − ) in (a)) or H2 PtCl6 to
Pt solid species, (P t4+ to P t2+ in (c)) while hot-holes oxidize M n2+ to solid state
MnOx (M n2+ to M n3+ and/or M n4+ ). b) and d) Simplified energy diagrams where
the reduction potentials of the redox reactions are depicted together with the energy
levels of the Schottky junction and the Fermi-Dirac distribution of the hot-carriers.

4.2 Results and Discussion
Gold plasmonic nano-islands were fabricated on a TiO2 substrate with the aim of using
them for the photogeneration of hot electrons and hot-holes and to drive redox reactions for the deposition of cocatalyst nanoparticles. A thin TiO2 layer (∼ 22 nm) was
deposited on ITO/glass with atomic layer deposition at 100 °C and annealed for 3 h
at 350 °C to form the anatase phase, which acts as an eﬃcient hot-electron extraction
medium.[218] An 8 nm Au film was sputter-coated on the TiO2 layer and was converted
to Au plasmonic nano-islands after annealing for 1h at 300 °C in air. The prepared Au
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nano-islands with mean largest diameter of 67 ± 35 nm (Figure 4.5), have a surface
plasmon resonance at ∼ 638 nm (Figure 4.6b). The samples are illuminated at the peak
of their surface plasmon resonance with a laser diode (638 nm, 0.5 W/cm2 ) to generate
hot-electrons and hot-holes. The excitation of the plasmonic nano-islands takes place
in presence of an aqueous solution of MnSO4 (0.01 M, pH 5.2, N2 purged) and NaIO3
(0.02 M) to facilitate the oxidation of MnSO4 (Mn2+ ) to the cocatalyst MnOx (possible redox reactions: reaction 4.1 and 4.2) using the photogenerated hot-holes.[135, 219]
NaIO3 (IO3 - in water) acts as a secondary channel for hot-electron scavenging since it
can be reduced to I- (reaction 4.3)[220, 221] by any electrons not immediately injected
into TiO2 .
+
M n2+ + 2H2 O + 2h+
hot → M nO2 + 4H

(4.1)

+
2M n2+ + 3H2 O + 2h+
hot → M n2 O3 + 6H

(4.2)

−
−
IO3− + 6e−
hot + 3H2 O → I + 6OH

(4.3)

SEM images (Figure 4.2c and Figure 4.6a), in two diﬀerent modes (in-column detector,
ICD, and through the lens detector, TLD) for separation of the heavier Au nano-islands,
retrieved after 10 min of continuous illumination of the samples reveal the formation
of a new material mostly on the Au nano-islands and not on the TiO2 surface. The
morphology of the newly formed material looks very similar to photodeposited MnOx
on semiconductor crystals in the work of Li et al.[135] EDX (Figure 4.2d) and XPS
(Figure 4.2g) measurements were conducted for the elemental analysis of the samples
after their irradiation. EDX data demonstrate that the deposited compound corresponds
to Mn (Mn peak, red solid line, Figure 4.2d) and this is also verified by the XPS spectra.
Information for the exact oxidation state of the deposited Mn was recovered from XPS
analysis in the Mn 2p region, where several new peaks are detected on illuminated
samples (Figure 4.2g, "TiO2 /Au after 10 min in MnSO4 /NaIO3 ") compared to the nonirradiated samples (Figure 4.2g, "TiO2 /Au"). The binding energies of the Mn 2p3/2
(641.7 and 644.9 eV) and Mn 2p1/2 (653.4 eV) peaks can be assigned, according to
literature, to a mixture of Mn3+ (Mn2 O3 ) and Mn4+ (MnO2 ) species.[222–224] Note
that the Au 4p1/2 peak (Figure 4.2g, "TiO2 /Au", green solid line) in principle overlaps
with the Mn 2p3/2 peak, but this does not prohibit the distinction between the two peaks
in the illuminated sample; the Au signal is strongly suppressed in the Mn-covered sample
(Figure 4.2g, "TiO2 /Au after 10 min in MnSO4 /NaIO3 ") due to the surface sensitivity
of XPS measurement. Illumination of the plasmonic nano-islands results in deposition of
a cocatalytic material (MnOx , with 1.5 ! x ! 2), which is the result of hot-hole oxidized
Mn2+ (control experiments discussed below).
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Figure 4.2. a) SEM image of Au nano-islands on TiO2 /ITO/glass substrate (200
nm scale bar). b) Absorptance spectrum of the Au nano-islands on TiO2 (red solid
line, after subtracting the ITO/glass contribution), of the Au film (8 nm) before the
annealing to form the Au nano-islands (black solid line) and of 22 nm anatase TiO2
film (grey solid line). c) SEM images of Au nano-islands after 10 minute and e) 2
hour illumination at 638 nm (0.5 W/cm2 ) in MnSO4 /NaIO3 and MnSO4 /H2 PtCl6
respectively. These panels overlay SEM images from two diﬀerent detectors to help
diﬀerentiate between the Au (or Pt) and MnOx (details is SI): the ICD (red-false
coloring) which provides mostly z-contrast (Au and Pt) and the in-lens detector
(greyscale) which provides mostly topographical contrast (MnOx , Au and Pt). The
scale bar is 200 nm. d) and f) are the EDX spectra of samples c) and e) respectively,
where each numbers on the spectrum corresponds to a specific and depicted point
on the SEM image. g) XPS spectra (black dots) of the samples shown in panels a),
c) and e) in the Mn 2p region. h) XPS spectrum of sample e) in the Pt 4f region.
Red lines represent cumulative fitting curves, grey lines represent individual peak
fits annotated per element and oxidation state, and green lines in g) represent the
Au 4p1/2 peak. A Shirley-type baseline was used.

Several control experiments were conducted to elucidate the deposition of the cocatalysts on the Au plasmonic nano-islands on TiO2 . The samples were immersed in the
MnSO4 /NaIO3 electrolyte and kept in the dark for 30 min, to exclude any spontaneous
oxidation of MnSO4 due to the presence of the electron scavenger. SEM images (Figure
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4.8) were retrieved and no deposition of MnOx or any other material was observed on the
plasmonic nanostructures. Simple heating experiments, where the temperature of the
solution was heated to ∼ 40 °C (Figure 4.9a) and kept constant for around 30 min, did
not result either in the formation of any material on the surface of the samples (Figure
4.9b), while as mentioned above 10 min of illumination of the samples were enough to
form MnOx (Figure 4.2c). Note that 40 °C is well above the surface temperature measured by a thermal camera during 0.5 W/cm2 irradiation of the sample (Figure 4.9c).
The role of the electron scavenger NaIO3 in the photodeposition of MnOx was also investigated by running experiments without it. MnOx formation was observed even in the
absence of NaIO3 , but at a slower deposition rate, as expected (see SEM image, Figure
4.10). If there is no NaIO3 present in the solution, which acts as an eﬃcient electron
acceptor, hot-electrons that are not energetic enough to get injected to the conduction
band of TiO2 , recombine with the hot-holes in the plasmonic nanostructure. Naturally,
more recombination of hot-carriers leads to less deposited material.
The simultaneous deposition of two diﬀerent cocatalysts (MnOx and Pt) driven by
hot-carrier chemistry was also investigated. For this experiment all parameters were
kept constant, except for replacement of the sacrificial electron scavenger NaIO3 with
the Pt nanoparticle precursor hexachloroplatinic acid (H2 PtCl6 ), which now takes the
role of hot electron acceptor. Now, the role of the electron scavenger is taken by the
hexachloroplatinate in the electrolyte, the reduction of which could result in solid Pt
species. Indeed, after 20 min of continuous irradiation of the samples, formation of
new material was observed by SEM images and its morphology looked diﬀerent than in
absence of H2 PtCl6 (Figure 4.6b). Subsequently, EDX (Figure 4.2f) and XPS measurements (Figure 4.2g and Figure 4.2h) were conducted for the elemental analysis of the
material deposited on the Au nano-islands. Samples illuminated for 2h (Figure 4.2e)
were used for the elemental analysis to increase the signal. EDX spectra (Figure 4.2f)
showed that both Pt and Mn are present on the surface of the Au nano-islands after
the experiment but more information about the oxidation state of the deposited species
was retrieved by the XPS analysis. The presence of new peaks in the Mn 2p region in
the XPS spectra, in similar binding energies as in the case of only MnOx deposition (see
Table 4.1), showed that the formed Mn is again a mixture of Mn3+ and Mn4+ species.
The analysis of the Pt 4f XPS region (Figure 4.2h) shows that the Pt species presented
on the surface of the sample can be assigned to binding energies of the Pt2+ and Pt4+
doublets. The binding energies of the Pt2+ can be associated with Pt(OH)2 formation
as the product of the reduction of a hydrolyzed product of hexachloroplatinate (reaction
4.4). The Pt4+ binding energies correspond to PtO2 , which can only be the product of
an oxidation reaction (reaction 4.5).[225] As a result, the substitution of NaIO3 in the
electrolyte with hexachloroplatinate leads to the deposition of a complex combination
of metal oxide and hydroxide cocatalysts (MnOx with 1.5 ! x ! 2, Pt(OH)2 and PtO2 ).
−
P t(OH)2 Cl42− + 2e−
hot → P t(OH)2 + 4Cl

(4.4)
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+
−
P t(OH)4 Cl22− + 4h+
hot → P tO2 + 4H + O2 + 2Cl

(4.5)

The presence of TiO2 has been also found to be very crucial for driving the oxidation
of MnSO4 and the reduction of H2 PtCl6 . No deposition of MnOx was observed on Au
nano-islands on ITO/glass, in MnSO4 /NaIO3 electrolyte, even after 6 h of continuous
illumination at 638 nm (Figure 4.11). The fact that TiO2 alone absorbs 4 times less light
compared to the combination of Au nano-islands on TiO2 (Figure 4.2b) and that no
deposition of MnOx was observed on the TiO2 surface, shows that the MnSO4 oxidation
could not be the result of just light absorption in the TiO2 . Au nano-islands on ITO/glass
in H2 PtCl6 /MnSO4 were also illuminated for 1 h and again no deposition of material
was noticed. This indicates that TiO2 has probably a double role in the experiment.
TiO2 promotes the oxidation reaction for the formation of the cocatalysts by either
providing energy states to improve hot-electron extraction or contributing to the better
binding of the MnSO4 and H2 PtCl6 molecules on the TiO2 /Au/electrolyte interface.[181,
226] In that way the probability of hot-holes and hot-electrons interacting with MnSO4
and H2 PtCl6 molecules on the TiO2 /Au/electrolyte interface can be strongly enhanced
together with the reaction rate, since the molecules spend more time there.
Photoelectrochemical measurements were conducted to verify that the deposition of
the cocatalysts was achieved with hot-carrier chemistry. With that aim, Au nanoislands on TiO2 were placed in a 3-electrode photoelectrochemical cell (see simplified
schematic in Figure 4.3a) to explore any correlation of the generated photocurrent with
the optical properties of the nanostructures (absorptance). In our previous work, a
direct correlation between hot-electron generation and Pt nanoparticle formation was
found.[210] Therefore, the reaction that was mostly investigated here was the oxidation
of MnSO4 to MnOx in absence of the electron scavenger, in order to collect as many hotelectrons as possible through an external electrical circuit. During these experiments,
a potential was applied to the sample (working electrode) with respect to a reference
electrode (Ag/AgCl), while the current flow to a counter electrode (a platinum wire)
was recorded to monitor the electron consumption by the chemical reaction. The Au
nano-islands on TiO2 /ITO/glass were excited with a low-intensity supercontinuum laser
at diﬀerent wavelengths in presence of MnSO4 (0.01 M, pH 5.2), at an applied potential
of 0.4 V vs RHE (OCV value of the sample tested, i.e. without additional electrical bias
to the system). At each excitation wavelength, the photocurrent was measured (Figure
4.12) and used for the calculation of the Incident-Photon-to-Current-Eﬃciency (IPCE,
see SI for more information) of the samples. IPCE values were plotted as a function
of the wavelength together with the absorptance spectrum of the same sample (Figure
4.3b). The peak of the IPCE values matches quite well with the LSPR of the gold nanoislands with exception of the short wavelength region, which corresponds to interband
transitions of Au. These transitions lead to excited electrons with energy close to the
Fermi level and do not have enough energy to get transferred to the conduction band
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of TiO2 . In this case, there is no separation of the hot-electrons from the hot-holes,
and fast recombination of the hot-carriers could limit the oxidation of Mn2+ , since less
hot-holes reach the electrolyte.[227] The IPCE peak seems also blueshifted and more
narrow compared to the absorptance spectrum of the Au nano-islands. This could
be due to the fact that smaller particles on the sample, which absorb light in shorter
wavelengths, generate more energetic hot-holes which can drive the redox reaction than
bigger nanoparticles.[43]

Figure 4.3. a) Simplified schematic of the 3-electrode photoelectrochemical system
used for retrieving the data in image (b). WE stands for working electrode (i.e. the
sample), CE for counter electrode (platinum wire) and RE for reference electrode
(Ag/AgCl). b) Incident photon to current eﬃciency (IPCE, red circles) of Au nanoislands on TiO2 /ITO/glass substrate in aqueous MnSO4 solution (pH 5.2, 0.01 M)
and the respective absorptance spectrum (green solid line) of the same sample. c)
Photocurrent density vs potential curves of Au nano-islands on TiO2 /ITO/glass as
prepared (black solid line, “0 nm”) and coated with 1 (red solid line, “1 nm”), 2 (green
solid line, “2 nm”), 5 (grey solid line, “5 nm”) and 10 nm (blue solid line, “10 nm”) of
Al2 O3 excited at 638 nm (0.5 W/cm2 ) in presence of MnSO4 (pH 5.2, 0.01 M). d)
SEM image of Au nano-islands on TiO2 /ITO/glass coated with 1 nm of Al2 O3 after
20 min excitation at 638 nm (0.5 W/cm2 ) in presence of MnSO4 aqueous solution
(pH 5.2, 0.01 M) without applying any potential.

Au nano-islands on TiO2 were coated with 1, 2, 5 and 10 nm thick Al2 O3 layer
with atomic layer deposition, to further investigate the photodeposition mechanism and
rule out any thermal eﬀects. Coating the plasmonic nanostructures with an insulating
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layer can prohibit the injection of the hot-holes to the electrolyte, except in the case
where hot-holes are tunneling through the insulating layer, or transferred via pinholes
or oxide defects. On the other hand, 10 nm of Al2 O3 should not substantially change
the temperature at the solution interface. Therefore, a decrease in photocurrent with
increasing oxide thickness would provide further evidence that hot-carriers rather than
thermal eﬀects are responsible for the photodeposition. The photocurrent of samples
with diﬀerent Al2 O3 thicknesses was recorded as a function of the applied potential
(Figure 4.3c), in the same 3-electrode photoelectrochemical cell mentioned above, in
presence of MnSO4 . The photocurrent of the samples initially increases up to 2 nm
and then rapidly decreases with increasing Al2 O3 thickness. This is consistent with the
competing eﬀects of improved adhesion of Au nano-islands to the surface with increasing
ALD thickness (Figure 4.13) and decreased photocurrent from inhibited charge transport
at larger thicknesses. Already after the addition of few nanometers of an insulating layer,
tunneling should be constrained but in our case a thickness of 10 nm of Al2 O3 is needed
to make the photocurrent negligible (i.e. minimize the amount of hot-holes reaching
the Al2 O3 /electrolyte interface). Trimethylaluminum oxide (ALD precursor for Al2 O3
deposition) does not bind well on the Au surface, so probably a deposition of 1-5 nm
of Al2 O3 does not result in full coverage of the Au nano-islands.[228] The addition
of thicker layers of ALD Al2 O3 before current is eliminated has also been observed
in halide perovskite solar cells recently.[229] The dependence of the photocurrent on
the thickness of the insulating layer provides additional verification that the oxidation
of Mn2+ to MnOx is the result of a hot-hole rather than purely thermal or chemical
reaction mechanism.
Au nano-islands are a very good system to monitor the hot-hole chemical reaction due
to the high coverage of the sample and the easily detectable photocurrent, but do not
have well-defined hot-spots.[45] However, plasmonic nano-triangles (Figure 4.4a) with
an average side of 112 ± 18 nm and around 30 nm height (Figure 4.14) fabricated with
nanosphere lithography, allow us to investigate the location of the deposition sites of one
of the cocatalysts (MnOx ) and correlate them with the plasmonic hot-spots. The absorption spectrum of the prepared Au nanotriangles on TiO2 /ITO/glass (Figure 4.4b, green
circles and Figure 4.15) was retrieved with integrating sphere microscopy, a technique developed previously in our group.[230] FDTD simulations based on backscattered electron
images were used to extract the average fraction of absorbed power (Figure 4.4b, red solid
line) of 163 individual Au nano-triangles as well as the location of their plasmonic hotspots (Figure 4.16d). The samples were illuminated also at 638 nm (0.5 W/cm2 ), in one
of their surface plasmon resonance peaks, for 10 min in the MnSO4 /NaIO3 electrolyte to
repeat the MnOx deposition. SEM images after the illumination of the samples (Figure
4.4c) showed that MnOx was deposited on the surface of the plasmonic nanostructures.
This specific wavelength was chosen due to the higher energy of the photogenerated hot
holes compared to the ones generated at the dipolar peak (800-1000 nm), in order to
maximize the probability of driving the oxidation of MnSO4 and the comparability with
the previous experiment. Illumination of the Au nano-triangles was also conducted at a
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diﬀerent wavelength (808 nm, 0.11 W/cm2 for 1h), but no deposition of MnOx was observed (Figure 4.18). This could be explained by the lower energy of the photogenerated
holes at this excitation wavelength, which is not enough to drive the chemical reaction
in similar time scales as at 638 nm.

Figure 4.4. a) SEM image of Au nano-triangles on TiO2 /ITO/glass prepared with
nanosphere lithography. Green circle corresponds to the illumination spot during
absorption measurements. b) Absorption spectra (green dots) of region in the green
circle in image (a) retrieved with integrating sphere microscopy and average FDTD
simulated fraction of absorbed power spectrum of 163 Au nanotriangles (red solid
line) which were imported to the simulation file as SEM images, c) SEM image of
Au nano-triangles after illumination for 10 min at 638 nm in MnSO4 /NaIO3 (0.01
M / 0.02 M, pH 5.2), d) Overlap of simulated absorbed power map (see color bar)
and location of MnOx deposition sites (red). More data sets can be found in the SI
(Figure 4.17) Amount of MnOx deposits on 163 Au nanotriangles correlated with
e) the distance from a plasmonic hot-spot. f) Amount of MnOx deposits on a nanotriangle’s tip and correlation with the nature of the tip as a hot-spot. All scale bars
are 200 nm.

SEM images of the Au nano-triangles after the illumination of the samples were compared with the simulated hot-spots to investigate any correlation of the latter with the
deposition sites of the cocatalyst. From a population of 163 nano-triangles, with 82
% of them covered with one or two MnOx deposits, 57 % of the deposited MnOx was
directly overlapping with a plasmonic hotspot from the corresponding FDTD simulation
(Figure 4.19a). When we account for a typical hot-hole diﬀusion length radius of 30 nm
in Au,[231] 80 % of the MnOx deposits are located within this distance (Figure 4.4e).
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This may indicate that the initial nucleation site of the catalyst particle may be located
within 30 nm of the hotspot, and acts as a hot-hole trap for subsequently created hot
holes. Therefore we see only one or two MnOx deposits per particle. It is also observed
that most of the MnOx deposits are located on an Au nano-triangle tip (Figure 4.19b).
However, the majority of the tips with a MnOx deposit are indeed a plasmonic hot-spot
(Figure 4.4f) originating from the optical field enhancement due to the sharp curvature.

4.3 Conclusions
In summary, we showed that both types of hot-carriers generated in plasmonic nanostructures can be utilized for simultaneous reduction and oxidation of diﬀerent cocatalyst
species. Hot-hole assisted deposition of Mn oxides and hot-electron assisted formation
of Pt species was conducted on plasmonic Au nano-islands excited at their surface plasmon resonance. Au nano-triangles were also used as a platform to investigate the spatial
localization of the deposition of the cocatalyst materials driven by hot-hole oxidation
reactions. We showed that deposition sites can be controlled by engineering the location of plasmonic hot-spots, with 80% fidelity. Such solid-state deposition can be used
to visualize hot-carrier dynamics, including diﬀusion and contribute to the light-driven
design of hierarchical nanomaterials.

4.4 Supporting information
4.4.1 General
Chemicals were purchased from major chemical suppliers and used as received. Sample
characterization was done with scanning electron microscopy (FEI Verios 460, acceleration beam voltage 5 kV, beam current 100 pA) and energy-dispersive x-ray spectrometry
(EDS, Oxford Instruments, acceleration beam voltage 25 kV, beam current 100 pA). Xray photoelectron spectroscopy (XPS) was performed using a Kα setup from Thermo
Fisher Scientific that is equipped with a detector at normal incidence. The composition
of the top surface was studied in a vacuum environment of 1x10-8 mbar where monochromatic Al-Kα radiation has been used to investigate the surface. CasaXPS was used for
baseline and peak fitting (with a Voigt funtion in a Shirley background). A UV/Vis/NIR
spectrophotometer (PerkinElmer, L750) was used for acquiring the absorbance spectra.

4.4.2 Atomic Layer Deposition
ITO/glass substrates (15 x 15 mm) were cleaned with detergent, rinsed with demineralized water, acetone, isopropanol and dried with a N2 stream. A thin TiO2 layer was
then deposited on the substrates with atomic layer deposition in a home-built system.
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The first few millimeters of the sample’s surface were covered with a Kapton tape, in
order to leave a part of the surface conductive to do the electrical connections during
the photoelectrochemical characterization of the samples. The samples were positioned
in the chamber on a stainless steel plate, heated up to 100 °C, and and TiCl4 ( ≥ 99.995
%, Sigma Aldrich) and H2 O (MilliQ) vapor pulses were injected with 18 seconds delay
in between each pulse (of a 20 ms duration for both TiCl4 and H2 O). The base pressure
of the system was 0.04-0.07 mbar while during the deposition the pressure was kept at
1.1 mbar with an influx of N2 . After the deposition of around 22 nm of TiO2 which
corresponded to 300 cycles ( 0.07 nm/cycle) the samples were annealed in a tube oven
in air for 3 h at 350 °C and a rate of 11 °C/min.

4.4.3 Au nano-islands preparation
The formation of the plasmonic Au nano-islands on the TiO2 surface was achieved by
starting with the sputtering (Leica EM ACE600 sputter coater) of an 8 nm Au film with
a 0.33 nm/sec deposition rate. The current of the process was adjusted to make sure
that the deposition rate is every time the same and it was varying between 30-100 mA.
The thickness of the deposited Au film was monitored through a quartz crystal mounted
inside the sputter coater. The annealing of the Au thin film was conducted in a tube
oven in air, which was brought to 300 °C with a 9.2 °C/ min heating rate, kept at a
constant temperature for 1 h to form the Au nano-islands and then allowed to cool down
to room temperature.

4.4.4 Au nano-triangles preparation
The fabrication of Au nanotriangles was achieved by nanosphere lithography on the
TiO2 /ITO/glass substrates. A monolayer of carboxylated polystyrene (PS) spheres
(bought from microParticles GmbH, Germany) with a diameter of 527 nm was deposited via convective assembly in a hexagonal packing on the aforementioned substrates
using a home-build setup. The sample was held by vacuum on a motorized stage while
a hydrophobic 0.5 mm microscopy slide was kept ∼ 100 µm above it at an angle of 5°
with the horizontal. 10 µl of the suspension of PS spheres in aqueous solution (1 wt.
%) was dispensed at the interface between the substrate and the glass blade and as a
result of the capillary forces it was quickly sucked between them. A Peltier heating
element is attached underneath the vacuum stage to control the temperature and it was
maintained at 23 °C for the entire process of convective assembly. The motorized stage
moved the substrate against the glass blade with a speed of 500 – 600 µm/min which
yielded monolayer of PS spheres of the order of mm2 area. The system is also coupled to
a microscope that allows control over the whole process, and the deposition parameters
can be controlled by an in-house written software. After the assembly of the PS spheres
on the sample, 30 nm of Au was evaporated at a rate of 0.01 nm/s with a thermal evaporator (Angstrom Engineering). Finally, the PS spheres were removed from the substrate

91

4 Utilization of all hot-carriers in plasmonic nanostructures for selective deposition of
nanomaterials
after ∼ 4 min of sonication in chloroform (CHCl3 ) leaving only the Au layer in-between
the spheres, which corresponded to Au nanotriangles of around 112 ± 18 nm edge. The
samples were rinsed with H2 O before photodeposition.

4.4.5 Photoelectrochemical measurements
Photoelectrochemical measurements were conducted in a three-electrode photoelectrochemical cell connected to a potentiostat (Biologic, SP-200). The sample was connected
electrically to the potentiostat, as the working electrode, with a conductive aluminum
tape (Advance Tapes AT521) placed on the first 2 mm of the sample (TiO2 uncoated).
A leakless Ag/AgCl electrode (Mengel Engineering ED-ET072) was used as the reference and a Pt wire acted as the counter electrode. After each photoelectrochemical
measurement the samples were rinsed with H2 O and dried with N2 .

4.4.6 Wavelength dependent measurements (IPCE)
For the wavelength dependent measurements, which were used for the calculation of the
IPCE values, the same PEC cell was used as before (see photoelectrochemical measurements). The excitation source was a supercontinuum laser (Fianium WL-SC-390-3),
which was made monochromatic using an acousto-optical tunable filter (AOTF-Crystal
Technologies) and the illumination of the sample was performed from the back side
(ITO/glass). The potentiostat was connected with the PEC cell and with a lock-in
amplifier (Stanford Research Systems SR830). The current signal detected from the
sample was sent through the potentiostat to the lock-in amplifier (100 ms sensitivity, ±
10 V output) with a DB-9 to 8 BNC multi-coaxial adapter cable. The lock-in amplifier
isolated the signal coming from the light, which was chopped with a 70 Hz frequency,
far from any other noise of the system. The final signal was sent back to the potentiostat, where the recorded photocurrent was plotted as a function of time. Every 20
seconds the incident beam was blocked and every 40 seconds the excitation wavelength
was redshifted by 20 nm, in order for the measurement per wavelength to become more
visible.

4.4.7 FDTD simulations and image processing
23 SEM images (1536×1103 pixels) were acquired of Au nanotriangles using detectors
sensitive for secondary electrons and backscattered electrons (Figure 4.16b and Figure
4.16c). Comparing both images revealed the accurate location of Mn deposits. The
backscattered electron image provided the accurate structural dimensions of the Au
nanotriangles for FDTD simulations and were image-processed as followed using ImageJ
2.0 software. The grey-scale images were first converted to binary using an appropriate
grey-value threshold, and image noise was removed using the despeckle algorithm (3×3
pixel median value filter). Small Au defects around the triangles were removed using
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a 4 pixel Gaussian blur, converting once more to binary values with an appropriate
grey-value threshold, and minor manual detailing to remove any remaining artifacts.
The binary image was imported in Lumerical (using image import) and the particle
height was set to 30 nm, according to AFM-retrieved values. The absorbed power
in the structures was simulated using an advanced absorbed power monitor and total
field scattered field (TFSF) type source at λ = 638 nm with the experiment-matching
polarization. A 5 nm mesh was used. The absorbed power map was integrated over the
height of the particles (Figure 4.16d) and was overlaid with a map of Mn deposition sites
(Figure 4.16e). Each individual nanotriangle (163 in total) was manually scored on (i)
number of Mn deposits, (ii) Mn deposit location (on tip, side, or top), (iii) Mn deposit
size in nm2 , (iv) whether the Mn deposit was attached to the Au nanoparticle, (v)
position overlap between Mn deposition site and absorption hotspot, and (vi) distance
of Mn deposit to absorption hotspot.

4.4.8 Incident photon to current eﬃciency (IPCE) calculation
The IPCE values were calculated from the following equation:
IP CE(%) =

j ph (mA/cm2 ) ∗ 1241(V ∗ nm)
∗ 100
P (mW/cm2 ) ∗ λ(nm)

, where jph (mA/cm2 ) is the average photocurrent retrieved from Figure 4.18 for each
wavelength, 1241 (V×nm) represents a multiplication of h (Planck’s constant) and c (the
speed of light) divided by q (the electron charge) , P (mW⁄(cm2 )) is the power intensity
of each wavelength measured with a Si photodiode power sensor (Thorlabs S120C, see
Table 3.1 for more information, with surface area of the photoelectrode equal to 0.28
cm2 ) and λ (nm) is the wavelength.
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4.4.9 Supplementary figures

Figure 4.5. Particle distribution curve derived from SEM images of Au nanoislands prepared on TiO2 /ITO/glass substrate, where Feret diameter corresponds
to the longest measured distance between any two points for every nanostructure.
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Figure 4.6. SEM image of TiO2 /Au nano-islands after a) 10 min of illumination at
638 nm (0.5 W/cm2 ) in MnSO4 /NaIO3 (pH 5.2, 0.01 M/0.02 M, aqueous solution)
and b) 20 min) in MnSO4 /H2 PtCl6 (pH 3.8, 0.01 M/0.04 mM, 0.1 M Na2 SO4
aqueous solution). Scale bars are 200 nm.

Figure 4.7. XPS survey data for 3 diﬀerent samples; TiO2 /Au nano-islands as
prepared (black curve), TiO2 /Au nano-islands after 10 min of illumination (red
curve) at 638 nm (0.5 W/cm2 ) in MnSO4 /NaIO3 (pH 5.2, 0.01 M/0.02 M, aqueous
solution) and 2h (blue curve) in MnSO4 /H2 PtCl6 (pH 3.8, 0.01 M/0.04 mM, 0.1 M
Na2 SO4 aqueous solution).

95

4 Utilization of all hot-carriers in plasmonic nanostructures for selective deposition of
nanomaterials

XPS region
Mn 2p3/2
Mn 2p1/2
Pt 4f7/2
Pt 4f5/2
Au 4p1/2

Binding Energies (eV)
Au on TiO2 after 10 min Au on TiO2 after 2 h
in MnSO4 /NaIO3
in MnSO4 /H2 PtCl6
641.7
641.7
644.9
644.5
653.5
653.6
72.9
75.0
76.2
78.4
642.55
642.6

Table 4.1.
Binding energies of the Mn 2p, Pt 4f and Au 4p XPS regions of Au nano-islands on TiO2 after 10 min of illumination at 638 nm (0.5
W/cm2 ) in MnSO4 /NaIO3 (pH 5.2, 0.01 M/0.02 M, aqueous solution) and 2h in
MnSO4 /H2 PtCl6 (pH 3.8, 0.01 M/0.04 mM, 0.1 M Na2 SO4 aqueous solution).

Figure 4.8. SEM image of Au nano-islands on TiO2 after being in presence of
MnSO4 /NaIO3 (pH 5.2, 0.01 M/0.02 M, aqueous solution) for 30 min in the dark.
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Figure 4.9. a) Temperature profile of the back side of the sample (sample’s location
is indicated with the arrow) while heated up to 40 °C. b) SEM image of Au nanoislands on TiO2 after a heat control measurement in MnSO4 /NaIO3 (pH 5.2, 0.01
M/0.02 M, aqueous solution), where the temperature was kept at around 40 °C for 30
min. During the experiment the temperature was controlled with a thermocouple in
the solution and the temperature was also verified with an IR camera (temperature
within the squared area in (a)). c) Temperature on the surface of the sample during
illumination with a 638 nm laser (0.5 W/cm2 ).

Figure 4.10. SEM image of Au nano-islands after illumination for 10 min at
638 nm (0.5W/cm2 ) in MnSO4 (pH 5.2, 0.01 M, aqueous solution) but without an
electron scavenger (NaIO3 ).
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Figure 4.11. SEM image of Au nano-islands on ITO/glass (without TiO2 this
time) after illumination for 6 h at 638 nm (0.5W/cm2 ) in MnSO4 /NaIO3 (pH 5.2,
0.01 M/0.02 M, aqueous solution). No deposition of MnOx was observed here which
shows the importance of the TiO2 layer.

Figure 4.12. Photocurrent density vs time at diﬀerent excitation wavelengths of
Au nano-islands on TiO2 in presence of MnSO4 (pH 5.2, 0.01 M, aqueous solution)
at applied potential 0.2 V vs Ag/AgCl. The dashed lines correspond to a diﬀerent
excitation wavelength, which is noted on the top side of the graph (in nm).
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Figure 4.13. a) and b) Au nano-islands on TiO2 after voltage sweeping measurements in MnSO4 (pH 5.2, 0.01 M, aqueous solution) excited at 638 nm.

Figure 4.14. a) AFM map of Au nano-triangles on TiO2 and b) a thickness
spectrum of an Au nano-triangle (marked with a red solid line on (a)) retrieved also
from the AFM measurements.
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Figure 4.15. a),b) and c) Overlays of SEM images and bright field microscopy
camera images of 3 diﬀerent regions of an Au nanotriangles sample prepared with
nanosphere lithography on TiO2 used for identification of the laser spot (red area).
d), e) and f) Higher magnification SEM images of the areas which are illuminated
by the laser in a), b) and c) respectively. g), h) and i) the corresponding absorption spectrum of the three diﬀerent areas d), e) and f) respectively measured with
integrating sphere microscopy.
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Figure 4.16. a) Simulation space screenshot from Lumerical software with indicated simulation elements. b/c) Secondary electron (b) and backscattered electron
(c) SEM images of Au nanotriangles with MnOx deposits. d) FDTD simulated
absorbed power map in Au nanotriangles at 638 nm excitation at horizontal polarization. e) Overlap of simulated absorbed power map (panel d) and location of
MnOx deposition sites (red). Scale bar is 200 nm for panels b-e.
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Figure 4.17. More examples of overlaps of simulated absorbed power maps and
location of MnOx deposition sites (red) on Au nano-triangles on TiO2 . Scale bars
are 300 nm
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Figure 4.18. Au nano-triangles prepared with nanosphere lithography on TiO2
after illumination for 1h at 808 nm (0.11 W/cm2 ) in MnSO4 /NaIO3 (pH 5.2, 0.01
M/0.02 M, aqueous solution).

Figure 4.19. Statistical analysis of 163 Au nano-triangles on TiO2 retrieved from
FDTD simulations and SEM image processing (Figure 4.16 and Figure 4.17) to
identify the MnOx deposition sites and correlate them with the plasmonic hot-spots.
a) Amount of MnOx deposits overlapping with a plasmonic hot-spot; not overlapping
with a plasmonic hot-spot and amount of nano-triangles without any deposit (some
nano-triangles had 2 MnOx deposits) b) Amount of total MnOx deposits on the
163 Au nano-triangles, amount of MnOx deposits only on a tip (MnOx on tip), a
side (Mn on side), the top surface (MnOx on top) of a nano-triangle and when the
deposit was not attached the nanostructure (MnOx not attached).
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Summary
Light-matter interactions at the nanoscale have found great applications in photovoltaics
and photocatalysis. Semiconductors and metals are two groups of materials where nanostructuring has opened new pathways in the development of light-matter interactions.
Both of them have the ability to absorb light eﬃciently and confine it to very small
volumes (hot-spots) through the appearance of optical resonances. Optical resonances
of semiconductor and metal nanostructures as well as the location of the hot-spots are
highly tunable with the geometry of the nanostructure and the nature of the material.
These resonant nanomaterials can be used as platforms for localized generation of carriers, as the result of enhanced light absorption at the hot-spots. The photogenerated
carriers can be used to drive chemical reactions at the nanoscale confined close to the
hot-spots of the nanostructures. As a result, light can be used as a tool for the spatially
controlled occurrence of chemical reactions. In this thesis, we fabricate and investigate
how optical resonances of both semiconductor and metal nanostructures can be used
for selective deposition of new nanomaterials at the hot-spots with the aim of designing
hierarchical nanostructures which could play a role in photocatalysis.
In Chapter 2 we use optical resonances in silicon nanostructures and specifically in
vertical nanowires to drive localized chemical reactions along their height. For this
purpose, we fabricate three diﬀerent vertical silicon nanostructures having control over
their tapering angle, height and diameter. Numerical simulations are used to verify the
optical resonances and the absorption profile along the height of the fabricated nanowires,
nanocones and inverted nanocones. We show that indeed by changing the wavelength of
the incident light or the tapering angle of the nanostructure we can tune the absorption
profile of the nanostructures in the visible spectrum. We continue by using the three
diﬀerent nanostructures for driving a chemical reaction for the deposition of metallic
Pt nanoparticles. After illumination of the silicon nanostructures in presence of a Pt
precursor, we observe the deposition of metallic Pt attributing it to the injection and
participation of the photogenerated electrons in the reduction of the Pt precursor. The
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deposition sites of the Pt nanoparticles are then compared with the location of the
absorption maxima per nanostructure, retrieved from the numerical simulations, and a
fair correlation is found.
In Chapter 3 we turn our focus on driving localized chemical reactions with the optical
resonances in plasmonic metal nanostructures. In this case the decay of the plasmons
leads to the generation of hot-carriers, the lifetime of which is much shorter than excitons
in semiconductors, which we use for selective deposition of Pt cocatalyst nanoparticles.
For this purpose, we fabricate photoelectrodes with Au nano-islands coated with a thin
TiO2 layer, which promotes the charge separation of hot-carriers. We show that illumination of the nano-islands at their surface plasmon resonance results in the formation
of Pt nanoparticles with a minimum applied bias. We verify that hot-electrons are
responsible for the Pt deposition on the plasmonic nanostructrues and that they are
able to change in situ the oxidation state of the material deposited. Then we compare
the photocatalytic activity of photoelectrodes with hot-electron positioned Pt cocatalyst, with Au nano-islands with randomly electrodeposited Pt of the same morphology,
amount and oxidation state. The results of the comparison show that localization of
the cocatalyst on the plasmonic Au nano-islands by hot-electrons can increase the photocatalytic activity of the photoelectrodes compared to a random system. As a result,
plasmonic photoelectrodes can self-optimize the location of the cocatalyst on their surface and position it exactly where the hot-electrons are generated and extracted to the
electrolyte.
In chapter 4 we explore the deposition of more than one nanomaterial with both the
hot-carriers generated in the same Au plasmonic nano-islands in a slightly diﬀerent configuration than in Chapter 3. Now, instead of coating the plasmonic nanostructrues with
a TiO2 layer we fabricate them on top of it, in order to promote the extraction of hotholes in the electrolyte. We first show that hot-holes can also drive a chemical reaction
for deposition of a cocatalyst (MnOx ) through the oxidation of a manganese precursor
without applying any bias. After that, the simultaneous deposition of more than one
nanomaterial is investigated by combining two diﬀerent precursors: a manganese and a
platinum precursor. Indeed we show that illumination of Au nano-islands in presence
of these two precursors results in deposition of a combination of Mn and Pt oxides. We
attribute the formation of these nanomaterials to the hot-hole assisted oxidation of the
Mn precursor and hot-electron reduction of the Pt precursor. The role of TiO2 in these
reactions is very crucial, since we believe that not only can it enhance the hot-carrier
separation but also improve the binding of the precursors at the TiO2 /Au/electrolyte
interface. We also investigate the spatial resolution of the hot-hole driven reaction on
Au nanostructures (nanotriangles) with more confined hot-spots. Photodeposition of
manganese oxides is repeated on the Au nanotriangles and the deposition sites are correlated with the simulated plasmonic hot-spots. We argue that the deposition sites of
manganese oxides on these nanostructures can be controlled with an 80% fidelity.
Overall, our findings provide more insight in light-driven chemical reactions confined
at the nanoscale, by using both semiconductor and metal nanostructures. The photosyn-

126

Summary
thesis of nanomaterials using optical resonances could lead to the design of complicated
photocatalysts, where eﬃcient charge separation can be achieved by the light-driven
spatial formation and separation of cocatalyst materials.
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Samenvatting
De interacties tussen licht en materie op de nanometerschaal bieden vele mogelijkheden voor toepassingen in de fotovoltaica en de fotokatalyse. Halfgeleiders en metalen
zijn twee klassen materialen waarbij structurering op de nanoschaal heeft geleid tot
nieuwe routes in de ontwikkeling van licht-materie interacties. Beiden hebben de mogelijkheid tot het eﬃciënt absorberen van het licht en het opsluiten ervan in hele kleine
volumes (zogenaamde hotspots) door het ontstaan van optische resonanties in de nanostructuren. Zulke optische resonanties kunnen nauwkeurig worden afgestemd door
het geometrische ontwerp van de structuur en materiaalkeuze. Deze resonante nanomaterialen kunnen gebruikt worden als platform voor de gelokaliseerde opwekking van
ladingsdragers (elektronen en gaten), door de grote toename in de absorptie van licht in
de resonantie-hotspots. Deze licht-gegeneerde ladingsdragers kunnen worden gebruikt
voor het aandrijven van chemische reacties op de nanoschaal dichtbij de hotspots van
de nanostructuur. Daardoor kan licht gebruikt worden als gereedschap om chemische
reacties heel lokaal uit te voeren met grote precisie. In dit proefschrift fabriceren we
halfgeleider en metalen nanostructuren en onderzoeken wij hoe de optische resonanties
in beide structuren kunnen worden gebruikt voor de lokale synthese van een nieuw materiaal, selectief op de hotspots, met als doel het ontwerpen van geordende nanostructuren
die gebruikt kunnen worden in fotokatalyse.
In Hoofdstuk 2 gebruiken we optische resonanties in rechtopstaande silicium nanostructuren om de gelokaliseerde chemische reacties aan te drijven langs de verticale
as van de structuur. Hiervoor fabriceren we drie verschillende rechtopstaande silicium
nanostructuren waarbij we de hoogte, diameter, en spitsheid variëren. Met numerieke
simulaties identificeren we de optische resonanties en het absorptieprofiel langs de hoogte
van de gefabriceerde nanodraden, nanokegels en omgekeerde nanokegels. Inderdaad laten we zien dat we door zowel de golflengte van het inkomende licht als de spitsheid van
de structuur te variëren het absorptieprofiel van de nanostructuren kunnen aanpassen in
het zichtbare spectrum. Vervolgens gebruiken we de drie verschillende nanostructuren
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om de chemische reactie uit te voeren die leidt tot de afzetting van metallische platina
nanodeeltjes. Na beschijning van de silicium nanostructuren in aanwezigheid van een
platina precursor in water observeren we de afzetting van metallisch platina. Dit kennen
we toe aan de injectie en deelname van de licht-gegeneerde elektronen aan de elektrochemische reductie van de platina precursor. Daarna vergelijken we de afzettingsplaatsen
van de platina nanodeeltjes met de absorptiemaxima per nanostructuur die we verkregen uit de numerieke simulaties, en een redelijke correlatie tussen afzetting en absorptie
werd gevonden.
In Hoofdstuk 3 verleggen we onze aandacht naar het aandrijven van gelokaliseerde
chemische reacties met optische resonanties in metalen nanostructuren. In dit geval
leidt het verval van aangeslagen plasmon-resonanties tot de opwekking van “hete” ladingsdragers, die een veel kortere levensduur hebben dan de aangeslagen ladingsdragers
in halfgeleiders, en gebruiken deze voor de selectieve afzetting van platina nanodeeltjes
als co-katalysator voor licht-aangedreven wateropsplitsing. Tevens laten we zien dat
we hete elektronen kunnen gebruiken voor het veranderen van de oxidatietoestand van
het platina. Hiervoor fabriceren we licht-elektrodes met gouden nano-eilandjes die bedekt zijn met een dunne TiO2 laag, die de ladingscheiding van de hete ladingsdragers
bewerkstelligt. We laten zien dat beschijning van de nano-eilandjes met licht dat hun
resonantie eﬀectief aanslaat resulteert in de afzetting van platina nanodeeltjes. Slechts
een minimaal extern elektrisch veld is toegepast om de reactie enigszins te versnellen.
Vervolgens vergelijken we de fotokatalytische activiteit van deze licht-elektrodes, die met
hete elektronen zijn gefabriceerd, met die van licht-elektrodes die met enkel elektriciteit,
zonder beschijning met licht, zijn gefabriceerd. Hierbij zijn de vorm, hoeveelheid, en
oxidatietoestand van de platinadeeltjes in beide synthesemethodes zorgvuldig identiek
gemaakt. De resultaten laten zien dat de gelokaliseerde afzetting van de co-katalysator
door middel van hete elektronen de fotokatalytische activiteit kan verhogen ten opzichte
van een systeem met een willekeurige plaatsing van de co-katalysator nanodeeltjes. Dit
betekent dat de plasmonische licht-elektrodes zichzelf kunnen optimaliseren en de cokatalysator precies daar kunnen positioneren waar de hete elektronen gemaakt worden
en gebruikt worden voor reductie-reacties in het elektrolyt.
In Hoofdstuk 4 verkennen we de afzetting van meer dan één nanomateriaal met behulp
van beide hete ladingsdragers (elektronen én gaten) die worden gegenereerd in dezelfde
gouden nano-eilandjes, maar in een andere ruimtelijke configuratie dan in Hoofdstuk
3. In plaats van de nano-eilandjes te bedekken met titaandioxide, fabriceren we nu de
eilandjes bovenop de titaandioxide zodat beide ladingsdragers beschikbaar zijn voor chemische reacties in het elektrolyt. We laten eerst zien dat hete gaten kunnen worden gebruikt voor de afzetting van een co-katalysator materiaal (MnOx ) door de oxidatiereactie
van een mangaan precursor zonder een extern voltage aan te brengen. Daarna onderzoeken we de gelijktijdige afzetting van twee materialen door twee chemische precursors te
combineren in hetzelfde elektrolyt, namelijk een mangaan en een platina precursorzout.
Inderdaad laten de resultaten zien dat beschijning van de gouden nano-eilandjes in aanwezigheid van beide precursorzouten leidt tot afzetting van een combinatie van Mn en
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Pt oxides. We schrijven de synthese van deze oxides toe aan enerzijds de oxidatie van
de Mn precursor door middel van hete gaten en de reductie van de Pt precursor door
middel van hete elektronen. De rol van TiO2 is zeer cruciaal in deze reacties, omdat
het niet alleen zorgt voor ladingscheiding van hete gaten en elektronen, maar ook voor
de binding van precursorzouten dichtbij het scheidingsvlak van TiO2 , Au en elektrolyt.
We onderzoeken ook de ruimtelijke resolutie van de oxidatiereactie die door hete gaten
wordt aangedreven in Au nanostructuren met meer gelokaliseerde hot-spots, zijnde Au
nanodriehoeken. Licht-afzetting van mangaanoxides wordt herhaald op de nanodriehoeken en de afzettingslocaties worden gecorreleerd met de gesimuleerde plasmonische
absorptie-hotspots. We betogen dat de afzettingslocaties van mangaanoxide op deze
nanostructuren gecontroleerd kan worden met 80% betrouwbaarheid. Onze bevindingen verschaﬀen meer inzicht in de licht-aangedreven chemische reacties met behulp van
optische resonanties in halfgeleider en metalen nanostructuren. Deze licht-synthese van
nanomaterialen kan in de toekomst leiden tot het ontwerp van gecompliceerde fotokatalysatoren, waarbij eﬃciënte ladingscheiding kan worden gerealiseerd door de licht-gedreven
ruimtelijke formatie en scheiding van co-katalysator materialen.
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