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1. Introduction

1.1. Motivation

Growing consumption and dependence of fossil fuels has influenced our day-
to-day lives, the environment, the economy, and has shaken the foundation
of peace around the world. Strong interconnection between these areas has
become a main trigger towards the search for renewable energy resources.
Five key questions arise when moving towards a solution in this regard: why,
how, who, when, and what to do?

1) Why? Energy is a vital component of our everyday life. The world’s
demand for energy will keep growing, providing a strong motivation for re-
search into the development of environmentally clean, alternative energy re-
sources.' To sustain the life of 7.2 billion people, we need ~ 18 terawatts
(TW) of power. While by 2050, due to the rise in global population and the
appearance of new consumers, the energy consumption will need an extra
10 TW of energy.? About 50 % of the global oil reserve has been already
consumed, and search for new oil resources as well as new methods for their
extraction will not change the amount of oil existing on the planet.’ Before
we are put in a deadlock due to the exhaustion of fossil resources, it is worth
searching sustainable and affordable (cost-effective) long-term solutions.

The second industrial revolution introduced another blameworthy player,
namely greenhouse gas emission due to the burning of carbon based fossil
fuels. For more than 800,000 years until 1950, the atmospheric carbon diox-
ide level had never exceeded 300 ppm. While within the last seventy years,
it has increased by 30%, from ~300 ppm to ~ 400 ppm,* causing the rise of
the global mean surface temperature.’ In 2015, 195 countries agreed to cap
the overall rise of a maximum global temperature to 2 °C compared to the
preindustrial levels.® The abrupt changes in temperature and atmospheric pol-
lution in biosphere may have dramatic effects for us.

2) How? The growing energy demand and climate change are major chal-
lenges. The solution can be found via (1) the manufacturing of additional
nuclear power plants, (2) the development of carbon-neutral technologies,
where all CO; produced will be trapped,’ or (3) usage of renewable energy
sources. For gaining 10 TW energy from nuclear power, one will need to
construct a 1 GW nuclear power plant every day for at least 5 decades. Since
the first nuclear power plant was built in 1954, two major catastrophes con-
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cerning nuclear plants occurred in Chernobyl and in Fukushima. If we esti-
mate the probability of a reoccurrence of such an event, in the future, the
option of building more nuclear power plants is non-starter. On the other
hand, carbon-neutral technologies that are focused on usage of fossil fuels
without negative impact on the environment will require secure trapping of
gigantic quantities of greenhouse gases and their effective conversion. Thus,
the priority is given to renewable energy resources — hydroelectric power,
(0.5 TW), wind power (2—4 TW), wave power (2 TW), geothermal power
(12 TW) and solar power (120,000 TW) that constantly reach the earth.
Among these alternatives, solar power is able to provide sufficient energy to
satisfy global needs for a year within one hour.

3) Who? The characteristic feature of the solar energy is its wide distri-
bution and abundance. While fossil fuels are mainly locally concentrated,
sunlight is a dispersed source of energy. The intermission, dependence on
time of the day, geographic location, etc. demands for more effective initia-
tives for the sunlight harnessing. Instead of the resources being geologically
owned by a few hands, e.g. the few corporate entities that control the oil pro-
duction and distribution, solar power can be harvested and utilized by indi-
viduals (Figure 1).

Figure 1. 1dea of shared thinking.

Without the ownership of the resource, sharing the energy produced is a
stronger likelihood. The “shared thinking” becomes more popular nowadays,
and can be found in knowledge sharing (e.g. Wikipedia), book sharing, car
sharing, etc. often widely available and free of charge. This is in contrast to
the previous century, where power could be described as a pyramid. For Mil-
lennials, power is seen within the network of people you have. Instead of
being an autonomous unit, a trend from the 1950s, nowadays we would win
more by cooperating for the global benefit (the beginning of a third industrial
revolution).® Thus, the new energy system needs to be highly distributed and
less centralized; renewable energy meets this requirement. That is one of the
prerequisites for achieving the Sustainable Society.

4) When? Within the last decade, solar energy conversion to electric
power has expanded notably. From being an insignificant electricity distrib-
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utor, it has grown up to 2.1 % worldwide and 4 % within Europe in contribu-
tion to the electric power.’ In 2017, the total installed capacity of photovoltaic
reached 400 GW ak. Regional analysis revealed that the fraction of electricity
via photovoltaics reached 7 % in Italy, Germany and Greece, but only 0.2 %
in Sweden.'® The direct investment and subsidies to the renewable energy
sector enabled its development and proliferation, hence causing a reduction
in the production costs and an increase in price-competitiveness in the pho-
tovoltaic technology. The foundation has already been laid, and time is tick-
ing; we just need to know what to do?

5) What to do? At present, the energy consumption is mainly based on
electricity (one fifth) and fuels (four fifths). In contrast to high efficiency of
electrical consumption (e.g. in motors), fuels offer high capacity to long-term
storage of energy. Additionally, fuels offer the possibility of production of
valuable goods, e.g. plastic and rubber items, synthetic fibers, clothes, anti-
septics, fertilizers, etc. We should consider that materials used for generation
of renewable energy need to be manufactured from low-cost and “endless”
available resources.'' In the long term it is beneficial to invest efforts in both
these directions — photovoltaics and solar fuel production.

1.2. Solar Light Harvesting

Harvesting of solar light and subsequent conversion into electrical or chemi-
cal forms of energy can be performed by various strategies.'” I will briefly
summarize a few appealing strategies of solar energy conversion.

Utilization of sunlight to produce electricity can be done with photovolta-
ics that operate on the working principle of a p-# junction. Currently, there
are four generations of photovoltaic devices. The weak side of the first gen-
eration of photovoltaic devices, thick crystalline films (single junction cells)
was the high costs of their fabrication and installation. The second generation
— the thin films solar cells"® — could have facilitated lower prices, while still
suffered from efficiency limitations.'* The third and fourth generation de-
vices (dye-sensitized solar cells,'” organic solar cells,'® and multi-junction
solar cells,'” quantum dot solar cells,'® perovskite solar cells,'® plasmonic so-
lar cells®®) showed the potential to overcome the Shockley—Queisser limit,
thus offering higher efficiencies at lower cost.”!

The second approach includes the direct conversion of sunlight into chem-
ical fuel, so-called solar fuel. It is more convenient to convert energy in the
form of a chemical fuel as it offers high storage capacities.” The key steps of
photochemical conversion include light absorption, charge separation and ca-
talysis for conversion of the substrate into the valuable chemicals. Appealing
and plentiful substrates that can be transformed into fuel are, for example
water and carbon dioxide. Photochemical water splitting can be divided into
two half reactions of hydrogen evolution and oxygen evolution. Electronic
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structure alignment of materials utilized for water splitting plays a crucial
role. Notably, for the two electron, two proton process, namely the hydrogen
evolution reaction (HER), the used materials must be able to provide a more
negative potential than 0 V vs NHE (normal hydrogen electrode) at pH = 0.
While for the four electron four proton process, namely the oxygen evolution
reaction, the provided potential must be more positive than 1.23 V vs NHE
atpH=0.

1.3. Importance of Accumulative Charge Separation

Nature has evolved a way for solar energy conversion via photosynthesis by
transforming water and carbon dioxide to oxygen and carbohydrates. Light
excitation of chlorophyll molecules ("Pgso) in Photosystem II induce charge
separation via an electron transport chain.” The energy of electrons that pass
through the electron transport chain is used to pump protons from the stroma
to the thylakoid membrane. The concentration gradient that is created is used
to power ATP synthase. The oxidative holes are then used for the generation
of oxygen with the help of the Mn4OsCa cluster, while low potential electrons
are driven towards Photosystem I, where they are reenergized and further
used to reduce NADP" to NADPH. Then NADPH and ATP are used for CO,
fixation to produce sugars in the Calvin cycle.

The efficacy of electron transport in natural photosynthesis systems lies in
the rapid shuttling of electrons from the central chlorophyll by the interme-
diate acceptors and donors. Thus, for effective photochemical water splitting
it is essential to efficiently transport photogenerated charge carriers (e” and
h*) to the desired destination.**

Previously established donorlphotosensitizerlacceptor (DIPIA) systems
have been designed for charge separation that are based on single electron
events.”>?® Use of such DIPIA systems will be problematic when multiple re-
dox equivalents are needed, such as in catalysis. In order to close the catalytic
cycle, multiple charge carriers need to be accumulated with sequential single
photon absorption processes for straightforward solar fuel generation — fur-
ther denoted as accumulative charge separation.?’

It may be possible to achieve accumulative charge separation by modify-
ing the components of well-established DIPIA systems:

1. Photosensitizer. Usage of stable light absorbers (with a long excited
state lifetime as well as a large extinction coefficient) capable of directly/se-
quentially generating more than one electron per photon absorbed is a key
goal. (a) In case of molecular light harvesters that could transfer two elec-
trons, preferences are given to the molecules, where the potential for the sec-
ond oxidation or reduction step is not that different from that of the first step;
this will minimize energy losses. For instance, this can be achieved by cou-
pling proton transfer to electron transfer steps. (b) With semiconductors as
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light absorbers, one needs to focus on increasing the range of wavelengths
absorbed in the visible part of the solar spectrum and have favorable band
gap energies for the catalytic reaction. (c) Metal nanoparticles (NPs) are able
to directly generate multiple charge carriers upon photon absorption by the
interband excitation and plasmon resonance of nanostructures.”® In ref. 28
multielectron generation has been quantitatively estimated in the presence of
hole scavengers under various excitation conditions, where laser power and
excitation wavelength were tuned.

2. Donor, acceptor. In some cases, to prolong the lifetime of short-lived
charges from the photosensitizer one will need to add an electron relay that
will be utilized for the charge storage of the redox equivalents required for
the further photocatalytic process. Various compounds and semiconductors
can be used for electron relays. For more efficient electron transfer to the
semiconductor the following properties are desirable: (a) high surface area
for enhanced loading of the sensitizer; (b) favorable conduction band (CB)
and valence band (VB) edges for the desired reaction; (c) high electron mo-
bility;?’ (d) inert activity towards reaction medium; (e) low toxicity and high
abundance.

Combination of the above stated guidelines could further promote accu-
mulative charge separation, if one takes into account the following aspects:

1. Kinetics of the redox processes. The rate of the charge recombination
must be suppressed, to allow accumulated charges be utilized in the catalytic
reaction.’** (a) For molecular systems, the redox potentials of components
(e.g. donor, bridge/photosensitizer, acceptor) must be chosen with great care
to ensure the flow of electrons proceeds in the desired direction, while mini-
mizing the rate of undesired recombination processes. For example, one must
ensure that newly formed products of charge separation will not interact with
each other so that they promote reverse reactions. (b) For semiconductors and
metal NPs, charge recombination can be suppressed by a guided control of
morphology, crystallinity, size, origin of precursors and synthetic methods.

2. Chemical binding within light harvesting DIP\A system. Here, the chal-
lenge is to create a linked DIPIA system, where linking promotes forward
charge transfer only in one way towards catalysts, while limiting the back
electron transfer. Very often, the length of the linker and its charge transfer
functions will play a crucial role. Linking of all components can be applied
in several ways. First, one can synthesize interconnected systems; however,
such a strategy can involve intense synthetic work and generally lead to low
yields. Second, components, like sensitizericatalyst can be coadsorbed on the
surface of a semiconductor.>® In this case, one assumes that coadsorbed com-
ponents have functional groups to promote both efficient charge transfer and
prevent desorption, functioning under the conditions suitable for photocatal-
ysis.**** Finally, a linker with bifunctional groups can be added to intercon-
nect the system components, where these components must have available
surface area to allow linking.
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Solar fuel devices should be capable of converting sunlight into fuel di-
rectly, without the necessity of an intermediate component, e.g. a photovol-
taic. Where the development of a complete solar fuel device is desired, it is
acceptable to compartmentalize or deconstruct the system for a deeper under-
standing of how to further improve and develop the system. Moreover, it
eliminates the necessity of the separation of the formed products, where ox-
ygen may act as an unwanted electron acceptor.

This thesis focuses primarily on hydrogen evolution, while progress on
water oxidation is discussed in papers VIL*® XV*" and XIX,* which are not
included in this thesis. Key aspects and strategies applied towards accumula-
tive charge separation will be discussed in more detail (vide infra).

1.4. Architectures for Solar Energy Conversion

Three means of harvesting solar light energy towards the production of solar
fuel, e.g. hydrogen, will be presented: (1) Molecular assembly model; (2)
Photocatalysis facilitated with semiconductor nanostructures towards hydro-
gen production; and (3) Plasmonic nanostructures for solar fuel production.
Recent developments and limitations within above-mentioned strategies will
be highlighted.

1. Molecular assembly model. Molecular assemblies are mainly composed
of components that function as antenna, electron donor and electron accep-
tor.**° These components can be both connected or remain unconnected, i.e.
covalent or non-covalent. Methyl viologen (MV?") is a known two-electron
acceptor, which is capable of generating a long-lived charge separated state
in pair with [Ru(bpy);]*" as photosensitizer. A close proximity between the
MV?* and the sensitizer, via covalent bonding, results in enhancement of un-
desired back-electron transfer, thus precluding utilization of this dyad for the
generation of solar fuels.*! In contrast, covalent linking of [Ru(bpy);]*" and
MV?** via a carbon chain has promoted generation of a long-lived charge sep-
arated states.** Photosensitizer-cobaloxime assemblies with covalent bonding
via a bridge, also resulted in higher turnover yields,*** with some excep-
tions,*® suggesting the key role of (a) proper linker that was applied, (b) the
kinetics of electron transfer,*’ (c) redox properties of its components. Light
induced generation of double reduced acceptor (PDI*") was the first evidence
of accumulative electron transfer.*® There were many examples of the accu-
mulation of either electrons***” or holes,” while no examples for accumula-
tion of both of them within the same molecular assembly. The weak stability
of such linked dyads and triads predominantly caused their fast decomposi-
tion and low activity in HER in the presence of sacrificial electron donor.**
Obstacles that precluded utilization of molecular assembly systems towards
accumulative charge separation are clarified in ref 53, 54.
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2. Photocatalysis facilitated with semiconductor nanostructures. Many
semiconductors (oxides, nitrides, chalcogenides, etc.)® with suitable CB
edge positions have been extensively studied for H, evolution, notably TiO»,
Zn0, Nby0s,”° PbWO,,”” CdS,? BiVOs, Cu,0 etc. In 1972, Honda and Fuji-
shima demonstrated for the first time the photolysis of water with TiO, sem-
iconductor in electrochemical cell under UV illumination.® Most semicon-
ductors suffered from low absorption of the visible light. To promote visible
light absorption, Z-scheme photocatalytic systems inspired by natural photo-
synthesis were developed.” In case of TiO,, the red shifting of the band gaps
edges was achieved by co-doping, with both metal and non-metal impuri-
ties.®¢! However, co-dopants can generate new problems by acting as elec-
tron-hole recombination centers.®* Changes in morphology instead, can im-
prove both light harvesting properties, and charge separation inside the ma-
terial.”® The created disorder within surface layers of TiO, has promoted
charge separation and localization thus, resulting in increased amounts of
photogenerated hydrogen.** Electron mobility within the semiconductor is
another factor to be considered, for effective charge separation, notably ZnO
offers orders of magnitude higher electron mobility, in comparison with
Ti0,.”

Utilization of visible light was achieved by sensitization of dyes onto the
high surface area semiconductors in the early 1980’s by Grétzel and co-work-
ers.® Since then this field has expanded tremendously.®”*’ The first example
of'accumulative charge separation was proven with the help of time-resolved
spectroscopy  for the hybrid, molecularlsemiconductor  system
(OTAIRulTiO,) analogous to dye-sensitized solar cells (DSSCs), with no
need for external sacrificial agents.’' The rapid electron injection into the CB
of the semiconductor and further slow recombination were considered as the
key factors for the generation of the double charge-separated state.’> "

3. Solar fuel production with plasmonic nanostructures. Generation of hot
electrons and hot holes in plasmonic nanostructures is performed by the res-
onant excitation of surface plasmons.”' The electron dynamics of the photo-
generated charges is orders of magnitude faster (100s of fs) than kinetics of
photochemical reactions (ms — s), where these charges may be utilized. Thus,
the following strategies are usually applied for harvesting solar light energy:

(a) Bimetallic systems. There is limited number of purely plasmonic sys-
tems for the direct solar fuel production. Majima and co-workers reported
two systems for efficient hydrogen evolution performance, namely Pt-modi-
fied Au nanorods,”? and Pt-Au triangular nanoprisms (Au-TNPs).”*> Morphol-
ogy control of Pt-edged Au-TNPs enabled controlled charge separation to-
wards corners and edges of triangular nanoprisms coated with Pt, where Au
had strong electric fields. In contrast, then Au-TNPs were covered with ran-
domly distributed Pt NPs, recombination dominated over forward electron
transfer.
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(b) Metal | Adsorbate systems. Hot electrons that come from metal nano-
particles may accumulatively deposit their energy in the electron accepting
orbitals of an adsorbate via a set of forward/backward electron transfer
events, thus prolonging the lifetime of photogenerated charges (has been ac-
tively used in surface-enhanced Raman spectroscopy).”* Theoretical calcula-
tions predicted that Au NPs might directly initiate water splitting due to over-
lap of oscillating electron density of these NPs with the electron-accepting
orbitals of water.”

(¢) Metal | Semiconductor systems. Here, harvesting of sunlight is trig-
gered by the injection of hot electrons (with sufficient energy to overcome
the Schottky barrier) into the CB of the semiconductor. An autonomous pho-
tosynthetic device composed of light harvester (Au nanorods), electron relay
(TiO,), and both H» evolution catalyst (Pt) and O, evolution catalyst (Co-
containing water oxidation catalyst) has been developed by Moskovits and
co-workers.”® The Z-scheme system (black phosphorous/AulLa,Ti,07) was
able to both efficiently separate photogenerated charges and utilize them for
hydrogen production.”” Furthermore, enhanced electron-hole separation was
achieved by the morphology control,”® size control,” addition of electron sink
layers,*® and utilization of intrinsic electronic heterogeneity of semiconduc-
tors.®! Suppression of the charge recombination pathway also enabled accu-
mulation of hot electrons in the semiconductors conduction band.**

1.5. Aim of this Thesis

The focus of this thesis is to unveil photophysical and photochemical pro-
cesses that lead to accumulative charge separation. The goal is to couple light
induced electron transfer process with multi-electron catalytic process of hy-
drogen evolution. In this regard, light harvesters (molecules, metal nanostruc-
tures) capable to direct generation of at least two electrons per absorbed pho-
ton were studied. Additionally, semiconductors capable of generating long-
lived charge separated states were utilized for accumulation of several redox
equivalents necessary for hydrogen evolution.
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2. Light-Matter interaction: Fundamentals

2.1. Molecules

Light may interact with matter on an atomic scale, provided the energy of its
photons matches the energy level difference between atomic or molecular
states (Bohr’s basic principle of spectroscopy): AE (E> — E;) = hw, where @
is the radiation angular frequency. Light with low energy photons (radio, mi-
crowave, infrared) can induce excitation into the translational, rotational and
vibrational degrees of freedom of the matter, while ultraviolet and visible
light can trigger electronic transitions. Under infrared illumination, the tran-
sitions between vibrational states will be induced, where for observing infra-
red spectra a dipole moment additionally needs to change. UV or visible light
absorption by a molecule causes an electronic transition, commonly from the
highest occupied molecular orbital (HOMO) to the lowest occupied molecu-
lar orbital (LUMO). The strength of the corresponding absorption band will
be defined by the transition dipole moment.

Relaxation from the excited state in molecules occurs in solution via a set
of radiative (fluorescence S;—Sy and phosphorescence T1—Sy) and/or non-
radiative processes (internal conversion, intersystem crossing, thermaliza-
tion). Before the electronic relaxation processes, the excess vibrational en-
ergy is dissipated to the surrounding solvent with relaxation to the lowest
vibrational level within S;.

Besides absorption, light can be scattered by the matter both elastically
and inelastically. Inelastic scattering is the basis for Raman spectroscopy,
where a change in polarizability needs to be fulfilled.

2.2. Semiconductor nanoparticles

In the simple approximation according to the band structure theory, semicon-
ductors are composed of bands (closely spaced energy levels that are formed
from the combined atomic and molecular orbitals) with a band gap less than
4.5 eV (range not covered by any energy level). Under thermal equilibrium,
the probability of finding electrons in the valence band is determined by the
Fermi-Dirac distribution:

p(E) =(eEI:_7§—F+1)’
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where £ is the specific energy within the VB, £ is the Boltzmann constant, T
is the temperature, and Er is the Fermi level (the energy at which there is a
50% probability of finding an electron).

Once the semiconductor material is exposed to light with photons of en-
ergy higher than the band gap, light absorption will trigger the generation of
excitons. Only some of them will break apart to form electron-hole pair: an
electron in the conduction band and a hole in the valence band.

The semiconductors are classified as direct and indirect band gap semi-
conductors based on how their bands are aligned with respect to the momen-
tum. For the direct band gap semiconductor, the lowest energy state above
the band gap and the highest energy state beneath the band gap remain
aligned within the energy-momentum space. However, k-vectors are differ-
ent for the indirect band gap semiconductor. Thus, the direct and indirect
band gap semiconductors have different mechanisms of generating the
charges after an excitation event.*

Electrons in the conduction band have finite lifetimes, thus the relaxation
of the system via recombination with the hole in the valence band will occur
via emission of a photon (photoluminescence) and/or non-radiatively. Simi-
larly to the light absorption event, during the radiative recombination the con-
servation of energy and crystal momentum need to be fulfilled. Thus, the
emission of the photon from the band edge is allowed for a direct band gap
semiconductor and is forbidden for an indirect band gap semiconductor.
Much slower recombination may be observed in indirect band gap semicon-
ductors due to the involvement of the phonon that carries momentum.

2.3. Metal Nanoparticles

Prior the generation of charge carriers, the photons need to be absorbed by
the metal NPs, where the probability of the absorption event is proportional
to the square of the local electric field inside the metal.”® Light absorption
may be further enhanced by exciting the metal nanoparticles at the resonant
frequency of the free electron gas (Figure 2a), resulting in the amplification
of its localized oscillations, a process also known as localized surface plas-
mon resonance (LSPR). Under illumination, the excitation of the plasmon
induces a displacement of the electron density and redirects the light towards
and into the nanoparticle. The dielectric permittivity of the metal will reflect
the ability of the metal nanostructures to exhibit LSPRs.

The optical properties, (e.g. absorption/scattering events) of spherical
metal NPs can be described through the Mie Theory, which is essentially the
solution of Maxwell's equation with specific boundary conditions.

5.6 — 2
_ 128m~a Emetal Emedium
Oscat = 34 !

Emetal — ngedium
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where a — radius of spherical NPs, A —the wavelength of the incident light,
and &meras and Emedinm — are the dielectric permittivity for the metal and medium.
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Figure 2. (a) Localized surface plasmon on a metal nanosphere. (b) Dependence of
the amount of light that is absorbed (blue line)/scattered (red line) on the particle
diameter (reproduced from ref. 69).

There are several key factors that will influence the amount of light ab-
sorbed/scattered. The first factor is the size of metal nanoparticles (Figure
2b). For example, Au nanoparticles of 90 nm, have an equal probability be-
tween the absorption and scattering event. However, once their size exceeds
90 nm, scattering will dominate over absorption, and vice versa. Second is
the shape/geometry of nanoparticles that may enhance the polarizability at
the edges/spikes of the nanostructure. The third factor is the composition of
the material, where for instance Ag will have higher scattering efficiency than
Au due to lower Ohmic losses. The forth factor is the permittivity of the me-
dium around metal nanoparticle. Tuning the size, shape, composition and me-
dium origin for metal nanostructures enables the utilization of plasmonic na-
noparticles via different strategies.

Plasmon resonance is damped radiatively or non-radiatively, where both
of these pathways may be utilized in solar devices (Figure 3).

% Radiative Non-Radiative
(a)

I

(b)

Figure 3. Two paths for the plasmon resonance damping: radiative (a) far-field scat-
tering — scattering of incident light from the metal NP hundreds nanometers away
with further reabsorption of this light by sensitizers.?*%¢ (b) near-field enhancement
— focusing of incident light on the metal NP with further enhancement of local elec-
tromagnetic fields in close proximity.®” Non-Radiative (c) hot-electron transfer (de-
scribed below). (d) plasmon resonance-energy transfer is similar to Forster resonance
energy transfer, where the LSPR dipole is utilized instead of a fluorescent donor
molecule.
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Hot electron transfer (HET) is a purely quantum mechanical phenomenon,
when damping of the plasmon resonance occurs via the generation of hot
electron-hole pairs within 1-100 fs. These charge carriers are called hot if
their energies are higher than those generated under thermal equilibrium. In
contrast to radiative effects of plasmon resonance damping, hot electron
transfer allow utilization of photons with energy below the band gap of the
semiconductor.

Several theoretical models have been proposed to clarify the mechanism
of hot carrier generation. The distribution of the carriers’ energies was found
to depend on the electronic band structure of metal NPs.*** It was shown
that some metals (Au, Cu) produce holes with higher (hotter) energies than
that for electrons, while others (Ag, Al) generate equally energetically hot
electrons and holes.
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Figure 4. (a) Excitation of LSPR and generation of hot electron and hot holes pairs.
(b) Plasmon resonance is damped radiatively / non-radiatively (c) Two mechanism
of hot electrons transfer, namely direct and indirect electron transfers. At the interface
of metal NP and semiconductor the Schottky barrier is created. (d) Relaxation of hot
carriers (electron-electron scattering, electron-phonon scattering, and phonon-pho-
non scattering), and thermal dissipation to the surrounding.

At the interface of a NP (yellow sphere, Figure 4a) and semiconductor a
Schottky barrier will be created, allowing only hot electrons with higher en-
ergies than this barrier to be injected into the semiconductor.”™®' Electron
may be transferred via two mechanisms, namely direct and indirect electron
transfer (Figure 4c).””®® The Schottky barrier helps delaying back electron
transfer by trapping those electrons that got sufficient energy to be trans-
ferred.”* Initially hot charge carriers in a non-thermal distribution quickly
thermalize obeying Fermi-Dirac distribution via several processes (Figure
4),” namely electron-electron scattering (100 fs—1 ps), followed by electron-
phonon scattering (1 ps—5 ps) and phonon-phonon scattering (>50 ps).”® The
heat is then dissipated to the surrounding (100 ps—10 ns).”’

26



3. Methods

This section will present the main governing principles that stand behind the
techniques used in the framework of the dissertation. Herein, I will discuss
the basics of the performed measurements and calculations.

3.1. Steady-State Spectroscopy

Processes under constant illumination and observations are called steady-
state processes. These processes can be regarded as an average of the time-
resolved events over the intensity decay of the sample after a single excita-
tion, where our detections tools are often too slow to detect the ultrafast-trig-
gered changes of the sample.”® Absorption of light is instantaneous (<10 s),
meaning that during transitions between states, nuclei do not have enough
time for significant displacements (Franck-Condon principle). According to
Beer-Lambert law, the intensity of electromagnetic radiation that travels
through a layer of matter with the thickness (/) and concentration (c) changes
from initial (/) to a certain transmitted value (Z;) as follows: 1, = Ip-e *'. With
the help of the spectrophotometer one can determine /y and /; and calculate
the absorption: 4 =—logo(T) = —logo(l/1y) = logio(ly/],) = ecl, where T is the
transmittance and ¢ is the wavelength dependent molar extinction coefficient
(e = k/2.303).

Once the sample is excited, it can relax via a set of radiative or non-radia-
tive processes that were discussed in detail in chapter 2. The amount of emit-
ted photons relative to the number of absorbed photons (quantum yields,
QYs) of the light harvesters were estimated by comparison with quantum
yield of standard fluorophores.”®

3.2. Time-Resolved Spectroscopy

In contrast to steady-state measurements, where we investigate averaged
events in a sample upon continuous illumination, the time-resolved spec-
troscopy provides the ability to resolve physicochemical events collec-
tively induced by light in real time. Time-resolved processes can be stud-
ied once matter interacts with a pulse of light, the width of which is shorter
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than the decay time of the process under investigation. To detect the ultra-
fast events (the main scope of this thesis) initiated by light absorption, high-
speed detection systems with sophisticated electronics and optics are re-
quired. Thus, as tools I use laser-based systems — transient absorption (TAS,
TIRAS) and transient photoluminiscence (TRPL) spectroscopy methods.

The kinetic processes induced by excitation and charge transfer events
were in the focus of this thesis. Desired kinetic traces were extracted from the
time-resolved data by plotting the intensities of the signal (absorption, emis-
sion changes) at specified wavelengths and their decay over time. Further
analysis was done with a home-written Matlab code by fitting kinetic traces
as sum of single exponential decays I(t) = X, a; exp(—t/t;), where a;
stands for the amplitudes of the components at t=0. In some cases, e.g. paper
I, there was a need of using a stretched exponential function. Lifetimes were
extracted by global and single wavelength fitting procedures. During photo-
luminescence studies I assumed that the excited-state population decayed as
dn(t)/dt = (I'tkn)n(t), where I' and ki were the corresponding radiative and
nonradiative rate constants. Additional corrections for chirp (wavelength de-
pendent factor of overlap between pump and probe) and cross-phase modu-
lation artifact (pump and probe non-linear interaction) were performed in
case of transient absorption data.

3.2.1 Time-Resolved Absorption

Time-resolved absorption spectroscopy methods are pump-probe techniques.
Here, the kinetics of the involved processes can be measured by the applied
change of the time delays between the pump (monochromatic excitation of
the sample) and the probe pulses (measuring the pump-induced sample alter-
ations, Figure 5).

Detector

' Sample

: & Delay time Monochromator

Figure 5. Scheme for pump-probe measurement.

I have used either UV-Vis light (polychromatic laser pulse) or mid-IR light
as the sources of probe light to promote either electronic or vibrational exci-
tations (Figure 6) within the sample. The first method is further denoted as
the transient absorption spectroscopy (TAS), while the second one as transi-
ent infrared absorption spectroscopy (TIRAS). For our setups, delay of either
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pump (in TIRAS) or probe light (in TAS) to obtain the kinetic data, was done
by sending them through an optical delay line. Here the path length was

changed, but direction and position of the beam remain unchanged.
(b

Figure 6. Example of ultrafast transient absorption spectroscopy design with 400 nm
pump light, and (a) probe in mid-infrared region for monitoring vibrational transi-
tions and (b) white-light probe for monitoring electronic transitions.

During excitation, only a small fraction of the sample is excited. To account
for contribution from unexcited species, it is common to subtract the un-
pumped sample spectrum (before excitation) from the pumped spectrum (af-
ter sample excitation). The resulted difference spectrum can originate from
one or several of the following effects: (a) induced absorption (IA), (b)
ground-state bleach (GSB) and (c) stimulated emission (SE). IA arises as a
positive feature from the newly formed species upon excitation, while GSB
appears as a negative feature in the spectrum due to the decrease of ground
state population by the formation of the excited state population. SE is seen
as a negative signal due to emission of a photon in the same direction as a
probe pulse that targeted this molecule, hence the detector will see more light
than was sent in.

In semiconductors and nanoparticles TIRAS is seen as a sensitive tool to
probe free carriers in the conduction and/or valence band. In case of differ-
ence spectrum for nanoparticles after the excitation of plasmon absorption
band, it will contain features of overall plasmon dynamics, namely electron-
electron, electron-phonon and phonon-phonon scattering (see chapter 2.3).

The fs laser setup has three main components for the generation of ultra-
short pulses — a seed laser, a pump laser and an amplifier. In the seed laser
the mode-locked 800 nm pulses are generated, which are then temporally
stretched from fs to ns and then subsequently amplified using the pump laser
in the Ti:Sapphire amplifier, and subsequently compressed again. The gener-
ated beam is split by a beam splitter into two fractions — first fraction is used
to create the desired excitation wavelength either in an optical parametric
amplifier (TOPAS) or by using a doubling crystal (for the generation of
400 nm light), while the second one is used for the generation of the desired
probe light (UV-Vis or mid-IR light). The difference spectrum is generated
by measuring the absorbance with and without excitation (pump) with the
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help of the chopper, which blocks every other pulse. The more detail specifi-
cations of the used instruments can be found in experimental sections of the
manuscripts.

3.2.2 Time-Resolved Photoluminescence

Ultrafast photoluminescence events were studied with the help of a streak-
camera. Among advantages of using this technique was the ability to simul-
taneously resolve emission signals in energy, intensity, and time. After sam-
ple excitation with a monochromatic femtosecond laser pulse, the emitted
photons reach the photocathode and are converted to electrons in quantities
proportional to the intensity of the light. The electrons are subsequently
passed through a voltage sweep where they are deflected vertically and in
different angles before entering the micro-channel plate. Here electrons are
multiplied and sent to a phosphor screen. On the phosphor screen, multiplied
electrons are converted to light to produce a phosphor image. The optical
pulse that reached the phosphor screen first is set in the uppermost position,
while all others are set beneath in order. Here, brightness of the phosphor
image will be proportional to the intensity of corresponding optical pulse,
while the location on the phosphor image will provide time-space infor-
mation. Finally, high-sensitive camera reads the overall time-wavelength-in-
tensity resolved data (Figure 7).
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Figure 7. Operating principle of the streak camera tube.

Some of the samples showed long lifetimes (>2 ns), which were out of the
detection range. Consequently, their emission was analyzed with flash pho-
tolysis nanosecond setup.

To overcome the problem of sample damage due to prolonged excitation,
the samples were circulated in a microliquid jet, which provides the constant
stream of fresh, undamaged sample.”
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3.3 Photocatalysis and Energy Conversion Efficiency

Photocatalytic studies were performed using a photoreactor connected to both
a quadrupole mass spectrometer (QMS) and a UV-Vis spectrometer with a
fiber optic cable.'” The general scheme of the photoreactor is depicted in
Figure 8. The sample was placed inside a 4 ml quartz cuvette and illuminated
with the monochromatic continuous wave (CW) laser light, which was fo-
cused on the sample by a mirror. Continuous stirring provided homogeneous
distribution of the sample inside the cell. Perpendicularly to the CW laser,
UV-Vis fiber optic cables were connected for simultaneous detection of the
spectral changes during photocatalysis. Produced gaseous products were ex-
tracted from the solution with the help of an inert carrier gas (argon). The
mass-flow controller regulated the flow of Ar to be 16 mL/min. Afterwards,
the photo-reactor gaseous exhaust was connected directly to the transmission
quadrupole mass-analyzer (QMS) via a heated capillary.

! £ e B
Carrier gas (Ar) » r———
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Figure 8. Operating principle of photo-reactor.

The QMS is composed of four parallel metal rods with electrically intercon-
nected opposing pares. By varying the applied voltage, QMS scans through
arange of m/z values and transmits the ions with certain mass to charge ratio.
Here “z” is the number of elementary charges of the ion. Finally, transmitted
ions reach one of the available detectors: a Faraday cup detector or a second-
ary electron multiplier. The Faraday detector is made of a conductive metal
cup designed to catch charged particles in vacuum. The amount of charges
carried by the ions can be determined from the electrical charge generated
during bombarding of the Faraday cup. It is accurate (K = 10 ~*A/hPa),'"' but
is less sensitive than the secondary electron multiplier detector. The second-
ary electron multiplier is more suitable for detection of small ion currents
(K =10 A/hPa). Here the initial signal is amplified as the ions strike a sheet
of metal known as a dynode. In this case generated multiple secondary elec-
trons will strike nearby dynodes between which a positive voltage is applied,
and promote generation of even higher amounts of secondary electrons.

For H» evolution reactions, both secondary electron multiplier and Faraday
detectors were calibrated with the reference gas: 7.5% H, in Ar. The produc-
tion flow rate (mL/min) of hydrogen was calculated from the ideal gas law.
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The efficiency is a key measure for defining conversion of solar light into
chemical fuel. The predicted theoretical efficiency is slightly above 30 %."
Solar-to-hydrogen efficiency (nstu) is generally defined as hydrogen energy
output from solar energy input.'”? As during photocatalysis I used monochro-
matic irradiation of a selected light absorber, the efficiency was calculated as
photon-to-hydrogen quantum yield (ptn). At first, I determined the energy
of photons, from the laser wavelength used: Eppoion = h-c/A. Afterwards I de-
termined how many of those photons were absorbed by our system within the
course of photocatalysis by subtracting the non-absorbed photons from the
total number of photons incident on the sample. Finally, photon-to-hydrogen
quantum yield was calculated as:

2Ny,

hv

The amount of photogenerated H, molecules per time unit was determined
from the production flow rate (mL/min).

32



4. Natural Dye for Solar Energy Conversion

This chapter will introduce the application of a natural dye capable of gener-
ation two electrons per photon absorbed, and the possibility to extract photo-
generated charges with the help of a molecular electron relay.

4.1. Betanin as Promising Photosensitizer

The allure in using betanin, a natural dye, as the light absorber lies in its abil-
ity to inject two electrons upon one photon absorption.'”® As presented in
chapter 1.3, there are several ways to achieve accumulation of multiple redox
equivalents necessary for H, formation. Among them, there is the possibility
of direct generation of multiple carriers upon one photon absorption. In 2008,
McHale et.al.'™ reported the first utilization of betanin in DSSCs with inci-
dent photon-to-current conversion efficiencies over 100 % (data were cor-
rected for unavoidable reflection and absorption losses). Moser and cowork-
ers suggested that upon one photon absorption betanin undergoes simultane-
ous injection of two-electrons, leading to a doubly oxidized product. The en-
zymatic oxidation of betanin proved also to proceed through the formation of
doubly oxidized product, 2-decarboxy-2,3-dehydrobetanin; similar to that
formed upon photon absorption.'® Lastly, the slope of the electrochemical
potential for betanin oxidation —0.034 + 0.003 V/pH under pH dependence
studies suggested a two-electron one-proton oxidation.'*

In general, natural dyes,'”'" such as betalains, with high absorption co-
efficients in the visible region, are promising materials for solar light utiliza-
tion. They can be used as replacement of highly expensive noble metal-based
dyes and other materials harmful to the environment. Betalains can be found
in beetroot Beta vulgaris; flowers, fruits, leaves, stems, roots etc., as pigments
in plants of the order Caryophyllales. The betalain dye family is composed
of yellow-orange (betaxantines) and red-violet (betacyanins) dyes with ab-
sorptions in the range of 340-520 nm and 350-650 nm, respectively.
Betanin, used in this thesis is a Schiff base adduct composed of betalamic
acid and cyclo-DOPA 5-O-glucoside. Although efficiency of betalains
DSSCs has been found to be low (<1 %),'™ there are ongoing studies for
improving it.'®®*!% For example, an increase in photovoltaic conversion effi-
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ciencies was achieved during the purification of the plant extracts. The re-
ports strengthen the prospect of using these types of dyes in DSSCs offering
both biocompatibility and sustainability.

The main drawback in betanin systems relates to the short lifetime of the
excited state as the result of the efficient S;—S, internal conversion.'"” Inter-
system crossing S1— T}, typically observed for ruthenium dyes, has not been
observed for betanin. This appears to preclude the use of betanine for the
production of solar fuels. N,N'-dimethyl-4,4'-bipyridinium (also known as
methyl viologen, MV?") is well-known for its long-lived reduction products
(MV™" and MV"), and therefore, its ability to act as an electron relay between
the light absorber and the proton reduction catalyst.''! Here I studied the pos-
sibility of extraction of electrons photogenerated by betanin, through the ad-
dition of MV?* as the electron relay.

4.2. Electron Dynamics

The photovoltaic efficiencies of betanin based DSSCs are dependent on the
purity of the extracted samples. Thus, it was decided to compare properties
of the two materials. First — betanin purchased from Sigma Aldrich (B.), sec-
ond — betanin extracted and purified from commercial beetroots by the pro-
cedures listed in ref. 112 (B,, e.g. gel permeation chromatography and re-
versed-phase high-performance liquid chromatography).
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Figure 9. (a) Normalized absorption spectra of commercial (B, purple line) and pu-
rified (B,, dark blue) betanin. Orange curve represents absorption spectrum of beta-
lamic acid. (b) Kinetic traces extracted from femtosecond transient UV-Vis absorp-
tion spectra at 450 nm for B, and B,

The absorption spectra of two betanin samples (purchased and purified) are
presented in Figure 9a. The spectrum of commercial betanin has two pro-
nounced bands centered closely at 478 nm and 536 nm. Earlier, Bastos et.al.
showed that betaxantines and betanin isomers (betanin, isobetanin, neobet-
anin) contributed to 478 nm and 536 nm bands, respectively. In contrast to
B., the spectrum of purified betanin, B, (blue curve) showed one Gaussian-
shape like band with absorption maximum at 536 nm. Here, RP-HPLC anal-
ysis enabled separation of two optical isomers (betanin and isobetanin). This
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was possible due to a longer retention time of isobetanin, and due to its
stronger interaction with nonpolar stationary phase.''> NMR studies proved
that purified betanin was composed of only one isomer — betanin.

The lifetimes of electronically excited betanin samples (B. and B,,) were
estimated and compared with the help of ultrafast transient spectroscopy
(Aexe= 532 nm, Figure 9b). In both cases transient spectra were characterized
by a positive transient absorption band with maximum at = 450 nm (IA), and
two negative bands corresponding to GSB (530 nm) and stimulated emission
(=650-750 nm). Figure 9b shows the femtosecond transient absorption (TA)
kinetic traces extracted at 455 nm. Signals were fitted with biexponential de-
cay resulting in 607 fs (61 %) and 7.7 ps (39 %) for commercial betanin, and
297 fs (43 %) and 6.8 ps (57 %) for purified betanin (Table 1). Although,
similar lifetimes were found for the short-lived S; states, betanin purification
resulted in a reduction of the contribution from the fast time component frac-
tion by 1.5 times. Furthermore, the obtained lifetimes of the electronically
excited species were too short for utilization by the catalyst, making an elec-
tron relay a necessity.

Table 1. Results of biexponential fitting of femtosecond transient data for B., B,
BJIMV?*" and B,IMV?".

450nm 510nm 680nm
Sample 71 (A1) 72 (A2) 71 (A1) 72 (42) 71 (A1) 72 (A2)
B. 0.61 (61 %) 7.7 (39 %) [0.55(25%) 8.9(75%) [0.84 (31 %) 8.3 (69 %)
Bp 03(43%) 69(57%) [0.4(10%) 8.1(90%) [0.1(19%) 5.2(81 %)

BdMV 0.50 (85 %) 7.0 (15%) [0.37 (58 %) 6.57 (42 %) [0.08 (96 %) 5.2 (4 %)
B,MV 0.35(42 %) 6.6 (58 %) 041 (15%) 7.7(85%) [0.08 (58 %) 6.47 (42 %)

71 and 12 are the fast and slow components of the decay with respective amplitudes A1, A2

Previous DFT calculations showed that betanin photoexcitation resulted in a
shift of electron density from HOMO (-5.2 eV vs vacuum energy level) to
LUMO (-3.1 eV),'" providing a significant driving force for the electron to
be further injected to MV*". Moreover, the ability of MV?* to harvest two
electrons by forming relatively long-lived species made it a possible electron
relay.

Evidence of betanin capability to generate two electrons per photon ab-
sorbed was gained during pH dependent electrochemistry studies (Figure 10,
Table 2). Cyclic voltammograms of the B,IMV?* system were recorded at pH
3.5,4.5,5.5, and 8. The data for the redox processes in the B,IMV?" system
are compiled in Table 2. The currents , for betanin, MV>" and B,]MV?*" mix-
ture were linearly dependent on v/ (where v is scan rate in V-s') that indi-
cates a diffusion-controlled process. As the pH decreased from 8 to 5.5, a
shift of 60 mV/pH was detected, which can be rationalized by a 1e” oxidation.
However, at the lower pH range from 5.5 to 3.5 the redox potential of B,
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shifted negatively by 30 mV/pH most likely due to a two-electron, one-pro-
ton oxidation. The reversibility of the process was decreasing as the pH de-
creased, which may be explained by the protonation of the reduced species at
low pH. The cyclic voltammograms for the mixture of betanin and methyl
viologen (B,IMV?") at pH = 4.5 (Figure 10b) showed that the first reduction
wave (E,.") has shifted by 30 mV towards less cathodic potentials and a sec-
ond reduction peak (E,.°) has shifted by 20 mV to higher negative potentials
in respect to pH = 3.5. In contrast to B, and MV?", the first reduction wave at
pH = 4.5 was of almost twice the intensity, when both betanin and methyl
viologen were present (B,IMV?").
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Figure 10. Cyclic voltammograms for B, (pink, dashed line), MV?* (blue, dot-dashed
line), and B,IMV?* (red, solid line) at pH = 3.5 (a), 4.5 (b), and 8 (c).

Table 2. Estimated redox potentials for B., By, BAMV?* and B,JMV** at pH 3.5-8.

pH=3.5 pH=45 pH=8
Sample Epa1 Epa2 Epcj Epcz Epa1 Epaz EpcI Epcz EpaI Epaz EpcI Epcg
By 0.68 0.79 -0.5 0.64 0.76 - 0.58
MV -0.55 -0.78 -0.55 -0.81 -0.55 -0.87
B,/MV 0.68 0.79 -0.55 -0.8 0.64 0.76 -0.52 -0.83 - 0.58 -0.55 -0.89

Up to now most of the research was focused on application of betanin in
DSSCs. However, there were no reports for the betanin application in direct
solar fuel generation (e.g. hydrogen). Within our work H, evolution studies
were performed with the help of a flow photoreactor with mass-spectrometry
detection of released gaseous products. A photocatalytic system based on pu-
rified betanin turned out to be photocatalytically inactive. As for commercial
betanin, it was found that amounts of evolved H, were batch-dependent. Var-
ious amount of H, were detected for B, while showing no hydrogen evolved
in some of them. Thus, giving an idea that additives in commercial betanin
(maltodextrin, ascorbic acid, and citric acid) play a crucial role in hydrogen
evolution reaction. We have performed several photocatalytic tests adding
sequentially and/or simultaneously maltodextrin, ascorbic acid, and citric
acid to the purified betanin sample. However, no hydrogen was generated,
thus suggesting that other impurities than maltodextrin, ascorbic acid, and
citric acid, are responsible for photocatalytic activity of commercial betanin.
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To understand the electron dynamics in the BIMV?* system, ultrafast tran-
sient measurements were performed for B,IMV?" and BJMV?*". Figure 11
represents kinetic traces extracted at 455 nm for both betanin samples after
the addition of methyl viologen (Table 1). Surprisingly, no effect of MV*" on
the excited state lifetime was observed for purified betanin By, but the addi-
tion of MV?" to commercial betanin B, resulted in a doubling of the contri-
bution of the fast time component. Moser et.al. observed a similar signal and
assigned it to the electron injection from excited betanin into the electron re-
lay (TiO,). Considering this and the initially short lifetime of betanin, we
could suggest that the electrons transfer from photoexcitated betanin B, to
MV?* is carried out via a charge transfer complex.

The possibility of the formation of a complex between betanin and methyl
viologen was studied with using UV-Vis spectroscopy measurements and
DFT calculations. During the UV-Vis titration of the BJ/MV*" mixture, no
evidence of the formation of a charge transfer complex was observed. More-
over, theoretical calculations predicted very low interaction between betanin
and methyl viologen cations and rather a dynamic equilibrium between
betanin and MV?" species in water solution.
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Figure 11. Kinetic traces extracted for (a) B, (purple), BJ/MV?* (red) and (b) B, (dark
blue), B,MV?* (light blue) from femtosecond transient UV-Vis absorption spectra at
450 nm upon excitation at 532 nm.

Despite the observed increase in the fast component fraction, transient ab-
sorption spectra of B,MV*" and B/MV*" had no characteristic signatures of
MV?* reduction products — MV"* and MV?, suggesting that electron transfer
to methyl viologen did not occur, and the increase of the fast component frac-
tion in case of B¢ has other reason. Moreover, interpretation of the electron
dynamics became even more complicated due to an overlap of the excited
state absorption of betanin with its predicted doubly oxidized product. All
these indicate that other processes beside the electron transfer from betanin
to methyl viologen is the reason for the increase of the fast component frac-
tion. The direct effect of MV?" on the excited state of commercial betanin
could be, for example, due to its interaction with the additives present in com-
mercial betanin — maltodextrin, ascorbic acid, citric acid — as well as isobet-
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anin/neobetanin isomers and betaxantines, but not with betanin itself. How-
ever, these studies were out of the scope of this thesis, as the desired extrac-
tion of short-lived electrons by methyl viologen did not occur.

4.3. Summary and Outlook

In this chapter, I investigated the possibility of harvesting two electrons pho-
togenerated upon betanin excitation. First, [ observed that betanin purifica-
tion results in favorable decrease of the fast time component fraction in TAS.
The possible generation of double reduced product was gained from electro-
chemistry studies, where the 30 mV/pH shift of E,, for the BIMV?*" mixture
was detected. Ultrafast transient spectroscopy studies revealed that addition
of MV?* did not affect the overall electron dynamics in the system with puri-
fied betanin By, as was observed for commercial betanin Bc. The increase of
the fast time component extracted at 450 nm for BJ/MV?" was similarly ob-
served by Moser et.al. for the BITiO; system, and assigned to electron injec-
tion into the electron relay (methyl viologen in our case). The absence of de-
tectable long-lived species MV"* and MV? made the further interpretation of
an electron accumulation by MV?" inconceivable. Moreover, the understand-
ing of the underlying processes became even more puzzling due to the over-
lap of excited state absorption of betanin with its photogenerated intermedi-
ates. H, evolution studies showed no hydrogen production. Taking all into
account, the results of charge harvesting for B./MV?* system were ambigu-
ous.

The direct bond between betanin and methyl viologen could have pro-
moted electron transfer from the short-lived photoexcited state of betanin to
the electron relay. However, the absence of charge transfer complex pre-
cluded that. Thus, for further studies we would require an addition of electron
relay able to bind directly to betanin. Previously several groups showed pos-
sibility to harvest short-lived photogenerated charges by anchoring betanin
on a semiconductor surface. The most studied semiconductor for betanin-
based DSSCs was TiO». Our idea is that a semiconductor with higher electron
mobility than TiO, can improve harvesting of photogenerated charges and
lead to direct generation of the solar fuel, namely H, evolution (see chapter
5.2).
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5. Towards Ultra Long-Lived Charge
Separation with Semiconductors

5.1. Aim of the Study

In this chapter, I will present the application of semiconductors, both as elec-
tron relays for prolonging charge separation and as direct light absorbers in
the visible region, for possible hydrogen generation.

To start with, I will discuss the possibility to extract and harvest short-
lived photogenerated charges by direct anchoring of betanin to a semicon-
ductor. Previously, in chapter 1.4, I have introduced the general requirements
for the semiconductors for solar light harvesting. TiO, and ZnO are amongst
the most commonly used n-type semiconductors due to their beneficial posi-
tion of the CB edge in respect to the H, evolution redox potential, and the
low-cost, non-toxicity, and the abundance of these materials. In contrast to
TiO,, ZnO has low stability in particular in aqueous conditions. In the dye
sensitized solar cells (DSSC) field, TiO, could not reach efficiencies higher
than 3% for betanin-based system.'” ZnO has orders of magnitude higher
electron mobility making it a promising candidate for application in the
betanin solar cells. The work presented in this thesis is based on unique prop-
erties of water-soluble and stable ZnO nanocrystals (NCs) towards accumu-
lative charge separation in the system with betanin as a light harvester.

Secondly, I will introduce a perovskite semiconductor, CsPbBrs3, as a di-
rect light absorber in the visible region. In the last years lead-halide perov-
skite materials became a topic of intense research due to their high power
conversion efficiencies in solar cells.''>''® The main advantages of using
lead-halide perovskites were based on their exceptional optoelectronic prop-
erties (tunable absorption, long carrier lifetime,''” and both high electron and
hole mobility).""® In this chapter, I will use light harvesting properties of
CsPbBr; for hydrogen production with Ru nanoparticles supported on TiO»
The electron dynamics upon light absorption and strategies to eliminate
undesired non-radiative recombination will be in focus.!'> Furthermore, the
effect of magnetic field on photoluminescence properties of CsPbBr; will
be discussed, as it has been suggested that it could improve the quantum
efficiency.
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5.2. ZnO Nanocrystals as Electron Relay (Papers I-1I)

5.2.1. Sample Characterization

Earlier in chapter 4 it was shown that the molecular electron relay — methyl
viologen — cannot directly harvest short-lived photogenerated charges from
betanin, most likely due to the absence of direct contact with dye. In this
chapter, hydrogen generation was studied for the linked system, which had
three main constituents: light-harvester, electron relay, and H, evolving cat-
alyst (Figure 12). The first component in this scheme is betanin (B); the light
harvester that upon excitation with light is capable of promoting an electron
from the HOMO to LUMO level with further injection of electrons into the
CB of the semiconductor. The second component is a direct band gap semi-
conductor ZnO (electron relay), which would store injected from betanin to
ZnO CB electrons for long enough time. Third component, the FeFe-hydro-
genase mimic catalyst (the third component)''*'** would use the electrons

from the ZnO CB to produce hydrogen via proton reduction.
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Figure 12. Energetic diagram for BIZnO-OEGIFeFec, for H, fuel production.

Betanin (B) was previously characterized in chapter 4, and
[FeFe(mcbdt)(CO)s], further denoted as FeFeca, was studied in detail in ref
124 and 125. Thus, here I will focus on the characterization of the ZnO sem-
iconductor. Both physical and chemical properties of ZnO are strongly de-
pendent on the crystallinity, size, morphology,'?® doping impurities,'?’ ligand
surrounding, origin of the precursor and synthetic method.'**'*! For example,
it was shown that the most used sol-gel method often led to formation of
nonuniform inorganic core-organic shell interfaces.'*? Liquid phase ZnO pre-
cursors often demand organic additives and thus, subsequent high thermal
treating temperatures, which could lead to an active surface diminishment.'*?
Moreover, bare ZnO often suffers from low stability in both neutral and al-
kaline media."** Thus, reproducible synthetic procedures for high-quality
ZnO are in demand.'*® Here, ZnO nanocrystals were synthesized by an or-
ganometallic approach.'*® These nanocrystals were decorated with 2,5,8,11-
tetraoxatetradecan-14-oic ligand (Zn-OEQG), and had a hydrodynamic diam-
eter of 9 nm (Figure 13a).
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Synthesized ZnO NCs showed the absorption centered at 373 nm, which
is characteristic for ZnO (Figure 13b). The band gap of 3.33 eV was deter-
mined from a Tauc plot."*”'* Band gap excitation of ZnO-OEG resulted in
generation of two emission bands centered at 404 and 560 nm with low and
high intensities respectively. Based on literature data, the emission with lower
intensity was assigned to recombination of shallow trap electrons (0.26 eV
below CB) with VB holes."*” The second emission was more pronounced
with a quantum yield of 19.8 %,'*" and originated from electrons trapped 0.26
eV below CB with deep trap holes located at 0.86 eV above the VB edge.'*!
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Figure 13. (a) High resolution TEM of ZnO-OEG NCs; (b) UV/Vis absorption and
photoluminescence (dexc. = 355 nm) of ZnO-OEG NCs in aqueous solution.

The ZnO NC'’s surface was covered with OEG ligand =20 %, thus leaving
space for the co-absorption of a natural dye and a catalyst via the -COOH
anchoring groups. UV-Vis spectroscopy and DLS showed that ZnO nano-
crystals were most stable under pH = 3-9, while betanin was stable under
pH = 3-5. Thus, further anchoring studies were performed at pH 3-5.
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Figure 14. (a) FTIR spectra of betanin (purple), FeFec. (black), ZnO-OEG NCs
(blue), and mixture of all three BIZnO-OEGIFeFec, (red) in DMSO; (b) Steady-state
absorption spectra of ZnO-OEG NCs (blue), B (purple), FeFea (black), BIZnO-OEG
(green), ZnO-OEGIFeFecy (orange); and mixture BIZnO-OEGIFeFecy NCs (red).

The coordination of betanin and the [FeFe(mcbdt)(CO)s] catalyst was moni-
tored with the help of UV-Vis and FTIR spectroscopy (Figure 14a). The UV-
Vis spectrum of the BIZnO-OEGIFeFecs system had characteristic blue-
shifted bands of betanin and [FeFe(mcbdt)(CO)s] (Figure 14b). Based on ex-
tinction coefficients and on the intensities of the corresponding bands, the
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ratio between co-absorbed betanin and [FeFe(mcbdt)(CO)s] was estimated to
be =1:1. The edge of ZnO absorption remained unchanged, suggesting that
no additional trap states were created. Fourier transformed infrared (FTIR)
spectrum after anchoring of the catalyst to ZnO NCs decorated with co-ab-
sorbed betanin, resulted in the appearance of three additional characteristic
vco vibrations from the ligand surrounding of [FeFe(mcbdt)(CO)s]. An addi-
tional increase of the hydrodynamic diameter was observed by DLS upon
anchoring of dye and catalyst to ZnO NCs. The crystallinity of ZnO was not
affected during the above stated surface modifications.

5.2.2. Time-Resolved Spectroscopy Studies

Electron dynamics in the designed linked system was analyzed with the help
of time-resolved spectroscopy tools. The energy diagram of the BIZnO-
OEGIFeFecy system shows that the electron transfer from the photoexcited
betanin to catalyst will occur with an electron transfer driving force
of 0.86 eV.

I investigated the process of electron injection from the anchored betanin
to the conduction band of ZnO-OEG with the help of ultrafast transient ab-
sorption spectroscopy. The sample was excited at 532 nm, and probed not in
the UV-Vis region as for BIMV sample in chapter 4, but instead probed in
the mid-infrared range. The mid-infrared probe range was chosen due to its
sensitivity to electrons in the CB of the semiconductor. The pump of 532 nm
enabled selective excitation of the dye only. The energy of this light was not
sufficient to directly excite ZnO NCs, thus no signal was observed for bare
ZnO (Figure 15a, blue). For betanin anchored to ZnO the excitation resulted
in broad mid-IR absorption, which did not decay within the experimental de-
lay time (=5 ns). A broad mid-IR absorption signal detected for BIZnO-OEG
appeared due to the free charge carriers within the CB of the semiconductor.
In contrast to the BIMV sample, where we could not extract electrons by me-
thyl viologen, the exploitation of the ZnO semiconductor enabled charge ex-
traction from the photoexcited betanin. Corresponding kinetic traces for
BIZnO-OEG at 1897 cm™ are presented in Figure 15. The rising edge was
fitted with two components of 1.3 and 14.0 ps, which was longer than the
instrument response function (our IRF = 200 fs). These time constants were
assigned to the electron injection from betanin to ZnO-OEG. The lifetime of
the electrons in the ZnO NCs CB, after injection from betanin, was deter-
mined by ns TAS (i.e. flash photolysis), with mid-IR probing after 532 nm
excitation. The kinetic trace extracted at 2050 cm™ was fitted as a sum of two
exponentials with the lifetimes of 1.5 ps (84 %) and 20.6 ps (16 %), plus a
more long-lived component (>100 ps). In the inset of Figure 15b, one can see
that injected electrons remain in the CB of ZnO-OEG up to one second. In
such a way, anchoring of betanin to ZnO NCs resulted in two positive out-
comes. First, it allowed us to extract electrons from the short-lived excited
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state. Second, it increased the charge separated state lifetime to the ~us-s
range, which was sufficiently long to perform photocatalysis.

(a) 4 1 (b) 25
=y il : 30k
o i
(o] a
34 o 15¢
£ £
10F
2 21 5
a - =
H e 00 05 14
"] I+] Delay (s)
o 14 ) sk o
< £
< <
e A W e i == =
01 W”‘Ah A. ‘} ¢ 0.1 - 1 L L L L
0 10 20 30 100 1000 0 15 30 45 60 75 90
Delay time (ps) Delay time (us)

Figure 15. (a) Kinetics of betanin (pink), ZnO-OEG (blue), and BIZnO-OEG
(green) extracted at 1897 cm™! from TIRAS spectra collected from 1850 to 2200 cm™!
in DMSO. Rising edge fittings for BIZnO-OEG are depicted in the insert (IRF = ca.
200 fs); (b) Kinetics of BIZnO-OEG extracted at 2050 cm™' from ns TIRAS
spectra collected from 1850 to 2200 cm™' (Aexe. = 532 nm) in DMSO.

Nevertheless, prior to the analysis of electron dynamics with the catalyst, I
decided to answer the question “Was ZnO-OEG directly responsible for the
prolongation of the charges lifetime?” To answer the question I performed
similar experiments on bare ZnO-OEG upon band gap excitation (355 nm).
The ZnO-OEG showed two emission bands centered at 404 and 560 nm. The
kinetics of these radiative events was studied with the help of a streak camera.
The lower intensity emission (at 404 nm) decayed within 25 ps (Figure 16a).
Based on literature data this emission was assigned to the recombination of
trapped electrons with valence holes. The more pronounced emission at
560 nm showed a much longer lifetime, which could not be analyzed with the
help of the streak-camera due to its short delay line (max. 2 ns). Thus, it was
decided to follow the emission decay with the flash photolysis setup (Figure
16b). The obtained data were fitted as a sum of a single exponential (67 %,
71 = 34 ns) and a modified stretched exponential (33 %, t; =2.2 ps, p = 0.56).
Here B value, estimated from the second stretched exponential function
(Kolrausch—Williams—Watts function)'* is characteristic for nanocrystalline
samples.'* It is fascinating, that the observed radiative lifetimes for ZnO
NCs, were drastically longer than those normally obtained for other
ZnO - OEG samples (~ps-ns).'*+14

The ultra-long lifetime observed in bare ZnO-OEG NCs upon band gap
excitation suggests the presence of a charge stabilization mechanism, and
there are a number of possibilities. First, excited electrons can be trapped be-
low the CB, thus leading to an increase in the lifetime of the system. Second
— holes can be trapped, e.g. on an OEG shell, thus prolonging the time nec-
essary for the electron to find a hole prior to recombination. Third, there is a
combination of the two previously mentioned scenarios. To unveil the stabi-
lization mechanism we have used a combination of EPR spectroscopy, and
ns TAS with a probe in mid-IR range. EPR measurements did not reveal the
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formation of a persistent radical species, thus suggesting that charge carriers
were localized neither in the OEG shell, nor in the inorganic core. Nanosec-
ond TAS data were compared for two samples - bare ZnO-OEG NCs and
BIZnO-OEG. This was performed to compare the relative lifetimes of the CB
electrons when having either holes on the ZnO (ZnO-OEG, Aexe. = 355 nm),
or on the betanin (BIZnO-OEG, Aexe. = 532 nm). The kinetic trace extracted
at 2050 cm™ for ZnO-OEG, resulted in lifetimes of 1.2 ps (91%) and 15.1 ps
(9 %) that were similar to those extracted for BIZnO-OEG (Figure 16¢). This
proves the irrelevance of the origin of the electrons (direct band gap excita-
tion or betanin excitation) as they are injected into the CB, and where the
resulting holes reside. The overall lifetime will be unaffected. Thus, the most
logical explanation is that upon electron injection into ZnO CB (ZnO-OEG
system), the hole was trapped in the OEG ligands on the ZnO nanocrystals,
and most likely delocalized there.
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Figure 16. (a) Kinetics of ZnO-OEG NCs extracted at 404 nm with streak camera
time-resolved fluorescence (Aexc. = 320 nm) in aqueous solution; (b) Kinetics of ZnO-
OEG NCs extracted at 560 nm from ns time-resolved fluorescence (dexc. = 355 nm)
in aqueous solution, and selected spectra at different times in insert; (c)
Kinetics of ZnO-OEG NCs extracted at 2050 ¢m™' from ns TIRAS spectra
collected from 1850 to 2200 cm ™! (Aexc. = 355 nm) in DMSO.

Finally, once the catalyst was added, the complete BIZnO-OEGIFeFecy sys-
tem was characterized with the help of ultrafast transient mid-infrared ab-
sorption spectroscopy. Upon betanin excitation (Aexe. = 532 nm) the kinetics
of electron injection into the ZnO conduction band remain unchanged. How-
ever, the electron dynamics inside ZnO CB changed drastically. An abrupt
decay of the broad IR absorption signal was observed for the complete sys-
tem, in contrast to that without the molecular catalyst. This meant that direct
anchoring of [FeFe(mcbdt)(CO)s] on a surface of ZnO NCs, promoted elec-
tron transfer from semiconductor conduction band to the catalyst. The corre-
sponding kinetic traces extracted at 1897 cm™ are presented on Figure 17a.
As our catalyst had characteristic vco vibrations it was decided to further
monitor its reduction upon electron transfer from ZnO CB, by nanosecond
flash-quench measurements with detection in the metal-carbonyl region.
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Figure 17. (a) Kinetics for BIZnO-OEG (green), and BIZnO-OEGIFeFecy (red) at
1897 em™! extracted from fs TIRAS spectra collected from 1850-2200 cm! at Aexe, =
530 nm in DMSO; (b) 3D surface plot of the ns TIRAS data for of BIZnO-OEGIFeF-
ecat, and (¢) FTIR spectra of [FeFe(mcbdt)(CO)s] before (black) and 400 ns (red)
after illumination (Aexe. = 530 nm in DMSO) (d) 3D surface plot of TIRAS data for
BIZnO-OEGIFeFecy and (e) FTIR spectra of BIZnO-OEGIFeFec, before (black) and
4 h (red) after illumination (Aexe. = 530 nm in DMSO).

These studies were based on sensitivity of vco vibrations to the electron den-
sity on the metal center of the catalyst. The resulted difference spectra after
excitation of the BIZnO-OEGIFeFeca sample included the formation of two
red shifted peaks (25-50 cm™), with the rise of the background that covered
the bleaches of three initial vc.o peaks (Figure. 17b). The background rise
appeared throughout the entire detection range due to the broad mid-IR ab-
sorption of free electrons injected from photoexcited betanin into the CB of
ZnO-OEG. Based on literature data and DFT calculations two formed red-
shifted peaks (25-50cm™") were assigned to a singly reduced catalyst (Figure
17¢)."¥71%8 The parent catalyst complex [FeFe(bdt)(CO)s], where bdt = ben-
zenedithiolate, and its reduction products were characterized in detail, reveal-
ing the red shift of vco peaks by 45-65cm '. The doubly reduced
[FeFe(mcbdt)(CO)s]* species were detected upon further extension of probed
region and time delay from ns to real time acquisition (spectra measured
every 5 min, Figure 17d). A detected red shift (~120-160 cm™ ') of initial vco
vibrations was in good agreement with the shift (~130 cm™) detected for the
doubly reduced species obtained by spectroelectochemical reduction of the
parent [FeFe(bdt)(CO)s] complex (Figure 17¢).
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5.2.3. Photocatalysis

Time-resolved spectroscopy studies revealed that combination of the electron
relay semiconductor (ZnO-OEG NCs) and betanin enabled charge harvesting
by electron injection from photoexcited betanin into the conduction band of
ZnO-OEG NCs. Furthermore, electrons are driven to the anchored catalyst,
thus reducing it. Last question to be answered was if one could utilize elec-
trons for H» generation with the help of [FeFe(mcbdt)(CO)s]. To answer this
question we have ran the photocatalytic tests for the BIZnO-OEGIFeFeca sys-
tem in a flow photoreactor upon CW illumination at 532 nm. After 4h
976 umol of hydrogen was evolved (Figure 18). No drastic change in inten-
sity of initial vco vibrations was observed in FTIR spectrum after catalysis.
In contrast, the unlinked catalyst described in ref. 149 was degrading under
similar photocatalytic conditions.

H, evol. rate (umol/min)

© 50 100 150 200
Reaction time elapsed (min)

Figure 18. Time course of H, evolution photocatalysed by [FeFe(mcbdt)(CO)s]
(black), Zn-OEGIFeFec, (orange), and BIZnO-OEGIFeFecy (red).

5.2.4. Summary and Outlook

In conclusion, unique properties of ZnO-OEG as an electron relay inside the
linked system, BIZnO-OEGIFeFecy, lead to several positive outcomes. The
fact that the ZnO-OEG surface is not fully covered allowed anchoring of the
betanin and catalyst (~1:1) that promoted charge transfer. On the other hand,
ZnO-0OEG NCs allowed extraction of electrons from the short-lived excited
state S| of betanin. In addition, hole stabilization within the OEG shell of
ZnO nanocrystals caused drastic slowing down of charge recombination. Fi-
nally, the generation of long lived electrons inside the CB of ZnO-OEG al-
lowed the biomimetic noble metal-free catalyst, [FeFe(mcbdt)(CO)s], to re-
duce protons to evolve hydrogen.

The next step, after H, evolution studies in solution is the development of
a complete dye sensitized solar fuel device based on the unique properties of
ZnO-OEG described above in the text. In order to harvest more of the visible
part of the solar spectrum, we may need to modify the band gap energies of
the semiconductor.
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5.3. CsPbBr; Nanocrystals as Light Harvester (Papers
[I-1V)

5.3.1. Sample Characterization

A short while ago, lead halide perovskites became promising materials in the
field of solar cells, with efficiencies that increased abruptly from ~3 % to
>20 % in just seven years.'*® These materials possess favorable features for
solar light harvesting, e.g. absorption in the entire visible spectral range with
strong optical absorption coefficients, long lifetime of charge carriers, and
both high electron and hole mobility. However, stability,"! toxicity,'** and
complexity still remain a challenge for application of the perovskite solar
cells, even though in recent years many efforts have been done to circumvent
the mentioned problems. Hagfeldt et.al. predicted that reduction of non-radi-
ative recombination would lead to highest possible Vo, fill factors, and
over-all higher performance of perovskite solar cells.'!

Fully inorganic perovskites with the general formula of CsPbX;3 (X = Cl,
Br, I) have narrow emission linewidths (12-40 nm) with high photolumines-
cence quantum yields (~90 %) and relatively long radiative lifetimes (1—
29 ns), thus making these materials a target for solar light harvesting. The
absorption in the entire UV-Vis range (410-700 nm) is achieved by tuning
band gap energies via a halide exchange mechanism in the colloidal nano-
crystal solution. High defect-tolerance of these materials with no undesired
mid-gap trap states stand for the narrow emission linewidths of CsPbX;.'*?
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Figure 19. (a) CsPbBr; absorption (blue) and emission spectra (green); (b) energy
diagram for the CsPbBr;|TiO2lRu system with relevant CB, VB edge positions as
well as redox potentials of used components.

In this chapter, a direct band gap semiconductor, CsPbBr3, will be utilized as
the light harvester that possesses favorable CB edge position for hydrogen
evolution. Earlier studies on CsPbBr;'> revealed that these nanocrystals have
an absorption characteristic for semiconductors (~510 nm) with a narrow
emission upon band gap excitation centered at 515 nm (Figure 19a). Ru na-
noparticles supported on TiO, served as hydrogen evolution catalyst in our
investigated system with triethanolamine (TEA) as sacrificial electron donor.
The energy diagram for this photocatalytic system is depicted in Figure 19b.
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It is worth mentioning that the components in this system were not linked and
all processes relied on collisions.

5.3.2. Photocatalysis

Perovskites suffer from low stability, thus suggesting that the photocatalytic
conditions must be optimized with additional care. Ligand desorption, oxida-
tion,'> sensitivity to light, moisture, impurities, etc. are just a few factors that
generally cause instability of perovskite samples.

Many instability problems can be omitted under controlled photocatalytic
conditions. For instance, it was recently shown that CsPbBr3; nanocrystals in-
tegrated into silica-alumina monoliths remained their stability under regu-
lated diffusion of water into toluene.'*® Direct generation of hydrogen with
CsPbBr3ITiO2IRu system required a sacrificial electron and proton donor. As
sacrificial electron donor triethylamine (TEA) was chosen, while as sacrifi-
cial proton donor was used trifluoroacetic acid (TFA). Therefore, it was de-
cided to perform stability control measurements to determine the conditions
favorable for performance of perovskite samples.
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Figure 20. (a) The intensity of the photoluminisence signal of CsPbBr3; (3 mg/mL)
upon addition of various amounts (X = volume in uL) of TEA (1 M) and TFA (1 M);
(b, ¢) Transmission electron microscopy micrographs of the CsPbBr; nanocrystals
after the addition of 100 pL (b) and 300 pL (c) of TEA, TFA in DMSO.

Figure 20 depicts the influence of triethylamine and trifluoroacetic acid on
the intensity of the photoluminescence signal of CsPbBrs. As seen from the
titration curve, the perovskite sample are stable, once the volumes of TEA
(IM), TFA (1M) do not exceed 100 pL of each. This is further monitored on
the TEM micrographs for CsPbBr; obtained in two different regions of TEA,
TFA concentrations — <100 pL (stable region) and >300 puL (unstable re-
gion). Under stable conditions crystallinity and cubic shape of CsPbBr; was
unaffected. However, the crystallinity the distortion and the change of shape,
suggested surface leaching under the unstable conditions. The data analysis
suggested further usage of sacrificial electron and proton donor in quantities
not exceeding 100 puL (30 mM) during photocatalysis.

The photocatalytic experiments were carried out upon monochromatic ex-
citation (445 nm) of CsPbBr; in the presence of Ru nanoparticles supported
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on TiO,, TEA and TFA as sacrificial electron and proton donors respectively.
Figure 21a shows hydrogen evolution curves detected with QMS. The com-
plete system (CsPbBr;|TiO2/Ru) was found to evolve hydrogen in the pres-
ence of TEA, and TFA, while control systems CsPbBr3TiO; and TiO,Ru
turned to be inactive. In 50 min the rate of hydrogen production reached its
maximum (~160 pmol-min™-ge. ") for the CsPbBr3ITiO2Ru system. In these
experiments, QMS was detecting produced hydrogen extracted from the
headspace by a carrier gas (Ar) as flow in real time, and not as accumulated
quantities of product over time. The photon-to-hydrogen quantum yield
(nern) of this experiment was determined from the conversion of measured
photon flux absorbed by the system and amount of hydrogen generated over
certain time. Estimated yield, npru, was 0.440.1%.
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Figure 21. (a) The rate of hydrogen evolution per amount of used catalyst upon ex-
citation with a 445 nm laser for TiO,Ru (green), CsPbBr;|TiO, (blue), CsP-
bBr3/TiO,[Ru (red); (b) Absorbance spectra of photocatalytic reaction mixture before
(blue) and during laser excitation (red), where (c) depicts absorption intensities ex-
tracted during photocatalysis at 460 nm (black) and 515 nm (green) accordingly.

Simultaneously with hydrogen evolution studies, the optical absorption of the
reaction mixture was monitored by UV-Vis spectroscopy (Figure 21b). Prior
to photoexcitation the absorption spectrum was predominated by the absorp-
tion of CsPbBrs; semiconductor (blue curve). As soon as the laser was
switched on, a negative signal appeared, assigned to the emission of photo-
excited CsPbBr; nanocrystals. As seen from the graph, the intensity of this
negative signal was unchanged through the entire photocatalytic experiment,
suggesting that perovskite nanocrystals did not degrade during photocataly-
sis. After switching off the illumination, the complete system (CsP-
bBr3|TiO2/Ru) had no pronounced signs of degradation (Figure 21c¢).

5.3.3. Magneto-Photoluminescence Studies

It was decided to perform time resolved electron dynamics studies within
CsPbBr; to understand the low performance of this material in HER and study
the possibility to improve it. High non-radiative recombination was recog-
nized as a key factor of low performance in solar cells. Zhang et.al. revealed
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that photoluminescence of parent organic-inorganic perovskites,
CH;NH;Pbls, was affected by the magnetic field.">” Exposure to a magnetic
field does not affect optical absorption simply, but decreases the amount of
antiparallel spin states, which overall resulted in the reduction of lead halide
perovskite photoluminescence. The observed decrease of the PL signal in the
magnetic field correlated with the desired increase of observed photocurrent,
suggesting directly that both electron-hole recombination and dissociation
were spin-dependent processes.'*® In this chapter, we have decided to inves-
tigate the effect of the magnetic field on photoluminescence properties of
fully inorganic perovskites.
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Figure 22. (a) Steady-state emission spectra of CsPbBr3; with and without applied
magnetic field (0.5 T) at 0 °C. (b) Scheme of magnetophotoluminescence measure-
ments for CsPbBr; delivered by microliquid jet under excitation with femtosecond
laser pulses with streak camera detection

Under steady-state conditions, we observed 10-15% decrease of PL intensity
for CsPbBr; at 0°C in the magnetic field of 500 mT (Figure 22a). Generally,
this may be caused by a decrease in a concentration of emitters or an increase
of their radiation rate.'® In order to understand the origin of this magneto-
photoluminescence effect, we have performed a set of time-resolved meas-
urements including TRPL and TIRAS.

Time-resolved magneto-photoluminescence studies were performed with
the help of a streak camera that enabled both fine resolutions in time and
energy. A magnetic field was applied using an electromagnet with a remote
control (50 mT). A microliquid jet provided (Figure 22b) constant delivery
of fresh cooled sample (0 °C), preventing overexcitation and damage of the
CsPbBr; sample.” No additional sacrificial agents were used during time-
resolved studies. Figure 23 (a, c¢) display two contour maps obtained for CsP-
bBr; with and without the applied magnetic field.

Table 3. Lifetimes extracted from magnetophotoluminescence measurements.

Power Magnet OFF Magnet ON
(mW-cm?®)  Fast decay (ps) Slow decay (ps) Fast decay (ps) Slow decay (ps)
198 13849 (55 %) 1038+65 (45 %) 104+6 (63 %) 959+55 (37 %)
305 13848 (55 %) 1031431 (45 %) 100+4 (64 %) 886+25 (36 %)
450 131495 (57 %) 1000+34 (43 %) 10145 (65 %) 892423 (35 %)
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At the first glance, it is clear that both line broadening and faster kinetics
were observed in the magnetic field (Figure 23 b,d). The extracted kinetic
traces at the emission maximum (515 nm) were fitted with a biexponential
function giving two lifetime components — ~100 ps (fast), and ~1000 ps
(slow). The resulted lifetime values are compiled in Table 3 as averaged val-
ues of a series of eight consecutive Magnet “ON/OFF” cycles.

As low photoexcitation intensity may preclude the observation of mag-
neto-photoluminescence effect,'”® the measurements were performed under
three different laser fluencies ~200, 300, 450 mW/cm?. In all cases, the mag-
netic field caused two outcomes: it diminished both radiative recombination
lifetimes, and increased the contribution of the fast component fraction (Ta-
ble 3). The magnetic field primarily affects the distribution of both anti-par-
allel and parallel spin states of excitons, increasing the fraction of electron
and holes with parallel spin states. Accordingly, the observed increase of the
fast component fraction with the applied magnetic field corresponds to a for-
mation of charges with parallel spin states. It was previously observed that
the magnetic field (B = 0-4T)'**!'! caused the broadening of the FWHM of
the PL signal due to strong spin-orbital coupling in combination with crystal-
line distortion inside CsPbBr; nanocrystals, which further caused splitting
between singlet and triplet states (Rashba effect).
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Figure 23. Contour plots of TRPL without (a) and with (c) applied magnetic field
(50 mT); The kinetic traces extracted at the emission maximum (515 nm) without
(b) and with (d) applied magnetic field (50 mT).

Taking all into account, the response of the CsPbBr; NCs to the magnetic
field indicated that the observed decrease of photoluminescence was caused
by faster recombination of electrons and holes with parallel spin states, which
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fraction has increased in the magnetic field, rather than a decrease of emitters
as suggested by Zhang et.al. Due to faster recombination of electron and
holes in the magnetic field, as well as increase of the portion of fast decaying
electrons, its application was found to be disadvantageous tool effecting
charge separation. Hence, further studies were performed without magnetic
field.

Time-resolved photoluminescence measurements have provided us with
information about the radiative processes observed for CsPbBrs. In order to
understand the overall electron dynamics upon light absorption, it was de-
cided to perform transient mid-infrared absorption spectroscopy studies,
where the mid-infrared probe is sensitive to free electrons in the CB. The
kinetic trace was extracted at 1851 cm™ from the TIRAS data upon band gap
excitation of CsPbBr; (Figure 24a). The decay was fitted with three compo-
nents — 21 ps (32 %), 121 ps (44 %), and 970 ps (24 %). The lifetime of the
two slower component is similar to the lifetime determined from TRPL meas-
urements (for radiative processes). However, the fast 21 ps component was
not previously observed in TRPL, and appeared most likely due to nonradia-
tive processes (note Q.Y. =80 %). The rising edge was fitted with a monoex-
ponential function resulting in a lifetime of 268 fs. This was assigned to the
time required to break apart the electron-hole pair and inject the electron into
the conduction band of semiconductor.
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Figure 24. The kinetic trace extracted from TIRAS measurements at 1851 cm™! for
CsPbBr; (a), and at 2000 cm™ for CsPbBr;/TiO,/Ru (b) upon excitation at 400 nm.

Ultrafast transient mid-infrared absorption spectroscopy was also used to
monitor the electron transfer from photoexcited CsPbBr; to the ruthenium
catalyst supported on TiO,. Figure 24b depicts the kinetic trace extracted at
2000 cm ~! for systems CsPbBr;|TiO,IRu. Rising edge was fitted with a mo-
noexponential function with the lifetime of 250 fs, similar to the bare CsP-
bBr3; sample. Once the ruthenium catalyst was supported onto the TiO,, faster
recombination of photogenerated charges was detected for the decay part.
The decay was fitted with an exponential function with three components.
The slowest component decreased from 450 ps (for CsPbBr3ITiO») to 250 ps
(CsPbBr3ITiO[Ru), which was assigned to electron transfer from CsPbBr; to
the Ru NPs catalyst.
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5.3.4. Summary and Outlook

Finally, we conclude that the CsPbBr3;|TiO2/Ru system is able to generate hy-
drogen with npru = 0.4+0.1%, in the presence of controlled quantities of sac-
rificial electron and proton donors.

Upon laser excitation, CsPbBr; absorbs light and generates excitons that
further dissociate to electron-hole pairs. TIRAS studies revealed that photo-
generated electrons in the CB of CsPbBr3; might be then extracted by the ru-
thenium nanoparticles present in the colloidal solution of CsPbBr3ITiO,Ru
system with the ulterior transfer to the ruthenium catalyst that converted pro-
tons to hydrogen. The sacrificial quenching of the holes in the VB left after
electrons extraction from CsPbBr3; was performed by triethylamine.

The effect of magnetic field on non-radiative recombination was studied
with the help of time-resolved photoluminescence. Under the magnetic field
the population of antiparallel states was suppressed, while the population of
parallel states increased, causing faster recombination and overall decrease
of the photoluminescence signal; hence, leading to the undesirable increase
in non-radiative recombination. This suggests that other strategies than appli-
cation of the magnetic field need to be applied to prolong the charge separated
state lifetime and decrease non-radiative recombination. Moreover, it is pref-
erable to use environmental-friendly and non-heavy metal semiconductors as
visible light harvesters.
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6. Light Trapping with Plasmonic
Nanoparticles

6.1. Aim of the Study

This chapter is dedicated to light harvesting with coinage metals (Ag, Cu)
nanoparticles that exhibit LSPR in the entire visible region.'® Tuning their
shape and size modifies the metals nanoparticles optical properties. In con-
trast to molecular dyes, nanoparticles possess five orders of magnitude higher
absorption cross-section.'® The most advantageous feature of metal nanopar-
ticles is the ability to excite more than one electron per photon per particle.
In contrast to semiconductor photocatalysts, which reaction rates and quan-
tum efficiencies tend to decline upon increased light intensity (or tempera-
ture), the plasmonic photocatalysts showed indeed better reaction rates at
higher photon fluxes enabling quantification and extraction of multiple redox
equivalents.'® As Au nanoparticles have been studied extensively, low-cost
Ag and Cu nanoparticles with unique properties attracts our attention.

Both Cu and Ag nanoparticles have high electrical and thermal conductiv-
ity, as well as large extinction cross-sections. On the one side, Ag NPs pos-
sess the strongest surface plasmon resonance (highest quality factor) in the
wider range of wavelengths (300—-1200 nm),'®> while Cu NPs possess rela-
tively strong LSPR mainly at higher wavelengths.'®® On the other hand, Cu
is the cheapest among coinage metals. Theoretical calculations predicted that
Ag nanoparticles are capable of generating hot electrons and hot holes with
approximately equal energy distribution, while Cu nanoparticles tend to gen-
erate hot holes with 1-2 eV higher energy in magnitude in reference to the
Fermi level than the corresponding photogenerated electrons.'®”'%® Both light
absorbers (Ag NPs and Cu NPs) were investigated in catalytic hydrogen evo-
lution.

6.2. Ag Nanoparticles (Paper V)

6.2.1. Sample Characterization

There are two main groups of methods for the synthesis of metal nanoparti-
cles, namely top-down and bottom-up procedures. The latter require three
main components: a metal precursor, reducing agent, and capping agent. The
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functions of all these components are described in detail in ref. 165. In chap-
ter 2.3 we presented that size, shape and composition of the nanoparticles
strongly dictate the mechanism of light harvesting, whereas for efficient gen-
eration of hot electron-hole pairs with energies above the Schottky barrier
many factors need to be considered (e.g size <50 nm).”” In order to have a
high control over the synthesis, it was decided to prepare silver nanoparticles
in an automated microfluidic reactor. At first, the metal precursor (AgNO3)
and dual-function betanin (acted as capping and reducing agent), were
properly mixed in the micromixer chip. Afterwards, the mixture was injected
into a microfluidic reactor under controlled reaction conditions (pH, T). The
optimization of the synthetic procedure, as well as control over physical prop-
erties of produced nanoparticles (absorption and size distribution) were per-
formed with the help of a genetic algorithm.'® Finally, spherical silver nano-
particles with the absorption maximum at A = 405 nm and narrow size distri-
bution (28-30 nm) were synthesized (Figure 25).

(@) (b) 30

1.0
H] —_

; 0.8

LA = 20
=
o 06 E
g 2
g 0.4 > 104
o
< o2

0.0 v ' v T - 0

400 500 €00 700 800 1] 40 80 120 160 200
Wavelength (nm) Size (nm)

Figure 25. (a) Absorption spectrum and (b) Particle size distribution derived from
dynamic light scattering data for Ag nanoparticles.

The characteristic advantage of silver nanoparticles — strong LSPR in a wide
range of wavelengths — does however create some obstacles to its use,'®
namely it produces short-lived photogenerated hot electrons. In this case, ad-
dition of an electron relay should be used to prolong the lifetime of electrons.

As shown previously in chapters 4 and 5, the electronic coupling between
light absorber and electron relay is also essential, thus it was decided to pro-
mote electron transfer from Ag NPs to TiO, (electron relay) via an addition
of molecular linker — p-aminobenzoic acid (p-ABA), which connects the two
parts and shuttles electrons between them.

Anchoring of p-ABA to the surface of Ag NPs was monitored by the com-
bination of IR and Raman spectroscopy. Even though the interpretation was
intricate due to the complicity of the capping agent around Ag NPs, addition
of the p-ABA to the solution of Ag NPs lead to the appearance of a peak from
the anchored secondary amine band (~1605 cm™), and an extra broad peak
from the aromatic ring.
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6.2.2. Electron Dynamics Studies

To start with, silver nanoparticles were excited at the LSPR maximum
~405 nm. The mechanism of electron transfer via a linker to the CB of a sem-
iconductor was studied with TIRAS with the probe in the mid-infrared range.
Excitation of AgNPsIp-ABAITiO; induces a broad absorption within the en-
tire measured IR range, ascribed to the injection of hot electrons to the CB of
TiO.. The rising edge of the kinetic trace extracted at 2081 cm™, was fitted
with a single exponential growth function with the lifetime of ~600 fs. This
corresponds to time required for the hot electrons to be injected via the con-
jugated linker to TiO,. The decay of the kinetic trace at 2081 cm™ was fitted
as a sum of two exponential decay functions with 5 ps (93%, fast) and 80 ps
(7%, slow) components (Figure 26a). After 5 ns (delay line) more than 30%
of the intensity of initial signal was preserved, suggesting that electrons in
the conduction band of TiO» may be further utilized in the catalytic hydrogen
evolution reaction. For a reference measurement, the linker (p-ABA) was re-
moved, however the electron injection could still be observed in the
AgNPsITiO; system. This can be a result of Ag NPs anchoring via the car-
boxylic groups of the capping agent (betanin and the derivatives of its basic
hydrolysis during manufacturing) to the semiconductor. The kinetic trace ex-
tracted at 2081 cm™ for AgNPs|TiO; revealed that the injection time was un-
affected. At the same time, the decay was fitted with 9 ps (82 %) and 0.6 ns
(18 %) components.
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Figure 26. (a) Kinetics extracted from TIRAS data at 2081 cm™! for AgNPslp-
ABAITiO, (black) and AgNPsITiO, (blue). (b-c) Evolution of the kinetic trace ex-
tracted at 2081 cm! for AgNPsITiO; (b) and AgNPslp-ABAITiO: (c).

The intensity of the signal for the AgNPsIp-ABAITiO; system was three times
higher than that for AgNPsITiO,, demonstrating that a more effective electron
transfer occurred in the presence of p-ABA. Much faster dynamics after the
addition of the linker revealed that it promoted both undesired back-electron
transfer in parallel to desired forward electron transfer. The analysis of
TIRAS data revealed that the intensity of the signal for the AgNPsITiO; sys-
tem without linker remained unchanged over 60 min (Figure 26b). In con-
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trast, addition of the p-ABA linker leads to a progressive increase of the sig-
nal intensity until it reaches a plateau in about 90 min, assigned to self-as-
sembling of the linked AgNPslp-ABAITiO- system (Figure 26c¢).
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Figure 27. Kinetic trace extracted from TAS data at 795 nm for AgNPsIp-ABAITiO,
(black) and AgNPslp-ABAITiO/Ru (red).

Finally, once harvesting of hot electrons was achieved with the TiO, con-
nected via molecular linker to Ag NPs, it was decided to study the possibility
of further electron transfer towards a hydrogen evolution catalyst. Ultrafast
transient absorption spectroscopy was performed for two systems - AgNPslp-
ABAITiO; and AgNPslp-ABAITiOz[Ru (Figure 27). After the excitation of
the samples at the LSPR maximum (Aexe. = 405 nm), the kinetic traces were
extracted at 795 nm.'” The rising edge was fitted with single exponential
function with a lifetime of ~800 fs. This is about 200 fs slower than the rising
edge determined from TIRAS data, suggesting that the electrons injected into
the TiO, CB are filling surface traps states. The decay part of the kinetic trace
at 795 nm was fitted with the biexponential decay function. The correspond-
ing lifetimes for AgNPslp-ABAITiO, were similar to those determined from
TAS — 2.6 ps (65 %) and 92 ps (35 %). Addition of Ru NPs caused faster
recombination of the signal that was monitored by the increase of contribu-
tion of a fast component fraction by 10 % and decrease of the longer compo-
nent fraction. The obtained lifetimes for the AgNPsIp-ABAITiO,IRu were ac-
cordingly 2.6 ps (75 %) and 67 ps (25 %). All of these suggest that photogen-
erated hot electrons can be both transferred via a molecular linker to the sem-
iconductor and be further driven towards the hydrogen evolution catalyst.

6.2.3. Photocatalysis

Charges extracted from the assembled system AgNPslp-ABAITiOzRu after
excitation were studied in both hydrogen evolution reaction and methylene
blue oxidation. The energetic scheme of this process is depicted in Figure 28.
Note that no extra sacrificial electron donor was used in this system, as the
idea was to utilize hot holes created by the LSPR excitation of Ag NPs in the
reversible oxidation of methylene blue that is a known water contaminant.
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Figure 28. Energy diagram for H, evolution with AgNPsIp-ABAITiO,[Ru system.

Firstly, the HER was examined, where photocatalytic tests were performed
in a flow photoreactor with mass spectrometry detection of gaseous products,
and the obtained data are depicted in Figure 29. Addition of the molecular
linker (p-ABA) to AgNPs| TiO,|Ru resulted in increase of both rate and quan-
tity of generated hydrogen. This agrees well with the TAS data, where we
observed more efficient electron transfer from photoexcited Ag NPs to the
semiconductor once they were linked by p-ABA. At the same time,
AgNPsIRu without an electron relay were unable to generate H,. Moreover,
no hydrogen was detected for the AgNPslp-ABAITiO,, p-ABAITiO»IRu sys-
tems, indicating that all components are necessary to make the functioning
system.

Additionally, the AgNPslp-ABAITiO:[Ru system was studied in the reac-
tion of the methylene blue oxidation with the help of UV-Vis spectroscopy
in parallel to HER studies (Figure 29b). The more abrupt decrease of the
methylene blue signal assigned to its oxidation, was detected for the system
where the light absorber and electron relay were connected by the molecular
linker. Once the Ru NPs deposited on TiO, were removed from the system
AgNPslp-ABA no methylene blue oxidation was detected, indicating that
only once hot electrons are extracted, hot holes may be used in oxidation re-
action. Otherwise, the recombination of hot electron with hot holes becomes
more efficient.
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Figure 29. Hydrogen evolution (a) and methylene blue oxidation data (b) for
AgNPslp-ABAITiOz[Ru  (red), AgNPsITiO,[Ru (blue) and Ag-PVP NPslp-
ABAITiO;[Ru (green).
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The role of the capping agent around Ag NPs was also investigated by
making the particles via the classic polyol method, which resulted in Ag NPs
decorated with polyvinylpyrrolidone (Ag-PVP). The Ag-PVP NPs had simi-
lar properties (size, shape and optical absorption). The activity of these nano-
particles was studied in the HER and methylene blue oxidation reactions re-
spectively. H, evolution curves revealed that Ag-PVP NPslp-ABAITiOz/Ru
system generated significantly less hydrogen, indicating that the capping
agent played a crucial role. A similar effect was detected in the reaction of
the methylene blue oxidation. During photocatalysis with Ag NPs decorated
with betanin derivatives, we observed the emission characteristic for products
of betanin exposed to basic hydrolysis (e.g., betalamic acid). The estimated
lifetime of this emission was 15.8 ps as determined from time-resolved pho-
toluminescence studies. All of this suggests that upon extraction of hot elec-
trons from the Ag NPs, the capping agent (betanin) around its surface donates
electrons to fill the hole left behind, thus prolonging the lifetime of the charge
separated state by keeping charges even further apart.'”’ The photon-to-hy-
drogen quantum yield of the AgNPslp-ABAITiO2/Ru was estimated from the
absorbed photon flux that was converted into hydrogen. The resulting #pry
was 19.9%.

6.2.4. Summary and Outlook

To conclude we have developed a nano-hybrid system for hydrogen evolu-
tion Ag nanoparticles (decorated by natural pigment) connected via a molec-
ular linker to the semiconductor with co-deposited Ru nanoparticles. The
overall photon-to-hydrogen quantum yield reached ~20%. Using ultrafast
time-resolved spectroscopy techniques, we have monitored the electron dy-
namics from the injection of photogenerated hot electrons into TiO, until
their further transfer towards the ruthenium catalyst. Addition of the molec-
ular linker promoted electron transfer from Ag towards TiO, consequently
leading to an accumulation of charges on the surface of the semiconductor
and further efficient hydrogen evolution. Without the molecular linker, the
electron transfer was still observed from Ag to TiO,, most likely via the cap-
ping agent (betanin) that had available anchoring groups. Even though longer
lifetimes of the charge separated state was observed for the system without
linker, the overall hydrogen evolution was less efficient. The capping agent
was found to play a crucial role in charge stabilization. The polyvinylpyrrol-
idone around the Ag nanoparticles was not involved in charge transfer, thus
leading to a low photocatalytic activity. The capping agent betanin reacts with
the holes created after the photoexcitation of the silver particle, and causes
the photogenerated charges to separate. Moreover, the used approach of as-
sembling the nano-hybrid components, opens the ability to tune the system
easily by varying linkers, plasmonic light absorbers, semiconductors and cat-
alysts, thus reaching desired photocatalytic properties.
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6.3. Cu Nanoparticles (Paper VI)

6.3.1. Sample Preparation and Characterization

Copper nanoparticles were synthesized in a microfluidic reactor via chemical
reduction of the precursor (CuSO4) by a sodium ascorbate/ascorbic acid
(5/95%) solution. For controlled growth of the Cu NPs branched polyeth-
yleneimine was used as a capping agent. The resulting nanoparticles had an
absorption maximum centered at 390 nm (Figure 30a). Dynamic light scat-
tering measurements revealed that the mean size of synthesized nanoparticles
was ~2 nm (Figure 30b).

(a) (b)
1.0 254
E]
o 0.8 - 204
g 2
.% 0.6 E 154
] 3
y - L S 10+
= >
0.2
54
0.0
400 450 500 550 €00 650 700 o 2 4 [
Wavelength (nm) Size (nm)

Figure 30. UV-Vis spectrum (a) and DLS volume distribution (b) for Cu NPs.

The major problem during synthesis of Cu NPs might have appeared due to
their low oxidation resistivity. To determine the oxidation state of Cu NPs we
have used high-resolution X-ray absorption spectroscopy (HR-XAS), and
have compared the corresponding pre-edges that depicted the unoccupied
states above the Fermi level in Cu ([Ar] 4s'3d'’) because of sd-hybridization.
As seen from the HR-XAS spectra (Figure 31a), the pre-edge for Cu NPs
(black) does not match that for the CuO (i.e. Cu®*), however it was not con-
clusive to distinguish between Cu’ and Cu”.
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Figure 31. (a) HR-XAS spectra normalized to the pre-edge for Cu NPs (black) and
Cu foil (red). (b) RXES for Cu NPs and (c) extracted HR-XES spectra for Cu NPs
(black) and Cu foil (red).

To differentiate these two species we performed simultaneously the resonant
X-ray emission spectroscopy (RXES, Figure 31b). A 0.13 eV shift in the K,-
XES emission peak in respect to the metallic foil is expected if the sample
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contains Cu’ (Cu20).'” Since the measurement of K,-XES emission for the
Cu NPs did not show a shift in respect to the metallic foil (Figure 31c), it was
concluded that particles are indeed in the metallic state Cu’.

6.3.2. Plasmon dynamics

Before exploring electron harvesting from Cu nanoparticles by the hydrogen
evolution catalyst, it was decided to understand the kinetics of the plasmon
generated upon laser excitation at the LSPR maximum of the electron gas
inside Cu NPs. Pump-probe ultrafast transient absorption spectroscopy was
used (pump = 395nm, probe in 350—750 nm), and the corresponding 2D con-
tour map obtained for Cu NPs is depicted in Figure 32a.

The absorption of photons at the LSPR maximum leads to the excitation
of the electron gas. The induced electron-electron scattering events generate
a non-Fermi distribution of electrons (internal thermalization),'”® and cause
spectral broadening,'”* thus resulting in one negative and two positive ab-
sorption signals in the difference spectrum.'”” A negative signal — ground
state bleach (GSB) — appeared at the LSPR maximum due to the decrease of
the ground state population as the system is excited. As just mentioned, it was
expected to detect two positive features in the difference spectrum (induced
absorption, [A) from both sides of the GSB signal. However, due to the lim-
itations of the probe (350-750 nm), the positive signal of A was clearly ob-
served only to the red side from the detected GSB centered at 480 nm.
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Figure 32. (a) 2D color map of TAS data for Cu NPs upon plasmon excitation at
398nm and (b) extracted kinetic trace at 500nm.

The kinetic trace extracted at 500 nm was fitted as a sum of three exponential
decay functions (Figure 32b). As discussed in the chapter 2.3, the excitation
of the electrons induced a set of relaxation events, i.e. electron-electron scat-
tering, electron phonon scattering, and phonon-phonon scattering. Two short-
lived components with lifetimes of 4 and 45 ps were assigned to electron-
phonon scattering and phonon-phonon relaxation respectively, while the one
long-lived component (>2 ns) occurred due to phonon-solvent relaxation.
The rising edge was fitted as a single exponential function (400 fs), and was
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ascribed to the time the system takes to thermalize the hot electrons after sev-
eral electron-electron collision events.'”

6.3.3. Electron dynamics

The short lifetime of the hot electrons makes the electron relay a necessity.
As in case of Ag NPs, TiO; was used as the electron relay. The connection
between Cu NPs and TiO, was established with the help of two ligands, -
Alanine (B-Ala) or p-aminobenzoic acid. The linkers ensure that the compo-
nents are in close proximity, and provide different electron transport capabil-
ities, namely conjugated linker p-ABA promotes electron transfer between
donor-acceptor components, while B-Ala does not due to its insulating char-
acter, though tunneling should not be discarded.
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Figure 33. The kinetic traces extracted from TIRAS data at 1950 cm™! for CuNPslp-
ABAITiO; (black) and CuNPsIB-AlalTiO; (blue).

The electron transfer dynamics from photoexcited Cu NPs to TiO; via two
linkers was monitored with the help of TIRAS with a probe in the mid-infra-
red range. Figure 33 depicts kinetic curves extracted at 1950 cm™ for three
systems: TiO,, CuNPsl|B-AlalTiO, and CuNPslp-ABAITiO,. No electron in-
jection to the CB of TiO, was detected upon photoexcitation of bare TiO».
However, for both CuNPsIB-AlalTiO, and CuNPslp-ABAITiO,, excitation of
the Cu NPs LSPR lead to electron injection from Cu NPs to the CB of TiO,
(as seen from the rising edge component ~350 fs). As expected, the conju-
gated ligand, p-ABA, have resulted in much more efficient electron transfer
to the semiconductor, as the signal intensity was about ten times higher than
that for CuNPsIB-AlalTiO». The kinetic trace for the CuNPslp-ABAITiO> was
fitted with three exponential decay functions (lifetimes: 3 ps, 60 ps and 1 ns).
The unconjugated linker, B-alanine, does not provide as good electron cou-
pling as p-aminobenzoic acid and simply increases the proximity between
CuNPs and TiO,. Thus, a lower intensity signal was detected for the
CuNPsIB-AlalTiO; system. This signal was fitted with a three exponential de-
cay function resulting in the lifetimes: 6 ps, 300 ps, and ~3 ns respectively.
There are two main mechanisms that enable electron transfer from metal-
lic nanoparticles through the linker to the semiconductor, namely direct or
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indirect electron transfer. Once the metallic nanoparticle and the semicon-
ductor are in close contact, direct electron transfer was reported to occur
within 5-100 fs, while for the indirect transfer 100 fs—10 ps are generally re-
quired (see chapter 2.3). We cannot directly distinguish between direct and
indirect electron transfer here due to the limitation of our detection system
(instrument response function ~200 fs), however, the observed times support
the idea of an indirect electron transfer mechanism. The faster electron injec-
tion for the system interconnected via p-ABA was foreseen due to the pro-
moted electronic coupling between Cu NPs and TiO,, while B-Ala just re-
duces the distance between both parts. However, the fact that electrons were
also detected on the sample with B-alanine suggests that other electron trans-
fer mechanism is possible and present.

Before discussing the alternative mechanism, it is worthwhile to estimate
the minimum energy that the electron must have to be transferred. At the in-
terface of the metal nanoparticle and the semiconductor the Schottky barrier
will be created. The performed DFT calculations revealed that a distance
<3 A between Cu NPs and TiO,, results in the formation of the interface with
the profile of an ohmic contact, i.e. there is no formation of Schottky barrier.
However, once the distance increases to 3.2 A, a reasonable Shottky barrier
is built (0.69eV), and once it increases to 4.2 A, the Schottky barrier of
0.88 eV is formed. In case of B-alanine (~4—5 A) the observed electron injec-
tion from Cu NPs to the conduction band of TiO; indicates that hot electrons
possess sufficient energy (>0.88 eV) to overcome the Schottky barrier.
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Figure 34. (a) The kinetic trace extracted at 700 nm from TAS data for bare Cu NPs
(green). (b) Power dependence of signal intensity (determined at 100ps) of extracted
hydrated electrons. (c) Dependence of normalized intensity signal versus excitation
wavelength (A= 395-450 nm) extracted at 700 nm for two regimes: prehydrated
and hydrated electrons determined at 0.5 ps and hydrated electrons determined at
100ps.

Small Ag NPs have been shown to be able to generate prehydrated elec-
trons.'”” The prehydrated electron is the state prior to the formation of solv-
ated electrons (hydrated electrons), which are short-lived on the metallic sur-
face (Aabs. = 650—720 nm, they decay completely within 50—70 ps). Careful
examination of the 2D map of the TAS data for the bare Cu NPs (Figure 32)
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revealed a similar absorption band assigned to prehydrated electrons after ex-
citation of the sample at the LSPR maximum. The extracted kinetic trace at
700 nm for Cu NPs was fitted with biexponential decay functions, showing
two regimes with fast component (3 ps, ~ 70 %), and slow component
(~30 %) that did not decay within the measured delay line of 5 ns. The first
regime was ascribed to generation of prehydrated electrons, while the long
lived signal is related to the fully solvated electrons (hydrated electrons, Fig-
ure 34a). The binding energy of hydrated electrons is 3.7 eV that is 1 eV
higher than the Fermi energy for the Cu NPs. Having this in mind and the
energy of the electron injection determined by DFT calculations, one may
suggest that it is plausible that electron transfer from Cu NPs into the con-
duction band of the TiO, semiconductor occurs via hydrated electrons.

Plasmonic nanoparticles are known for their ability to generate multiple
energetic electrons per photon absorbed. This was tested upon tuning the
power of excitation (A = 395 nm) from 0.25-2 W for bare Cu NPs. The non-
linear behavior of the signal intensity at 700 nm was observed for the hy-
drated electrons (Figure 34b) suggesting that Cu NPs are indeed capable of
generating multiple energetic electrons. Moreover, excitation wavelength de-
pendent studies revealed (Aexe. = 395—450 nm) that only excitation at the
LSPR maximum leads to the formation of both pre-hydrated and long-lived
hydrated electrons. The corresponding data extracted in two different regimes
for pre-hydrated electrons (0.5 ps) and hydrated electrons (100 ps) is pre-
sented in Figure 34c.
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Figure 35. The kinetic traces extracted from TIRAS data for CuNPslp-ABAITiO»/Ru
(red), CuNPsIB-AlalTiOzRu (light blue).

Finally, it was decided to investigate the electron dynamics from TiO; to Ru
NPs deposited on its surface for both systems: CuNPsIB-AlalTiO,[Ru and
CuNPslp-ABAITiOzlRu. Figure 35 depicts the kinetic traces extracted at
1950 cm™ from TIRAS data with the mid-infrared probe. In both cases,
CuNPsIB-AlalTiOz2lRu and CuNPslp-ABAITiOzRu showed faster dynamics
in the presence of a hydrogen evolution catalyst. This indicates that electrons
stored in the conduction band of TiO; could be harvested by Ru NPs. Detailed
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analysis of the decay curves for both systems revealed that components in-
terconnected by B-alanine demonstrated more efficient withdrawal of elec-
trons from the CB of TiO,.

6.3.4. Photocatalysis

The two system, CuNPsIB-AlalTiO2IRu and CuNPslp-ABAITiO2IRu were
tested in the HER reaction with the help of photoreactor connected to mass
spectrometer for analysis of the formed gaseous products (Figure 36).
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Figure 36. Energy diagrams for two hydrogen evolution systems CuNPslp-
ABAITiO;[Ru and CuNPsIB-AlalTiOzRu.

The photogenerated electrons were supposed to be driven to the Ru NPs to
produce hydrogen, while the reactive holes remaining in the Cu NPs were
supposed to oxidize the methylene blue. A theoretical model deduced from
DFT calculations predicted that photogenerated hot holes in Cu NPs should
have higher energies in magnitude than that for hot electrons in respect to the
Fermi level. The process of methylene blue oxidation was monitored by the
UV-Vis spectroscopy in parallel to the detection of H,.
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Figure 37. H, evolution (a) and methylene blue oxidation data (b) measured upon
excitation of Cu NPs at 400 nm for CuNPslp-ABAITiOzRu (red), CuNPslB-
AlalTiOzIRu (blue) and blank (light grey).

Figure 37 depicts hydrogen evolution curves for both CuNPsIB-AlalTiO,Ru
and CuNPslp-ABAITiO,[Ru. The excitation of the Cu NPs’ LSPR by a
400 nm laser resulted in a directed flow of electrons towards the hydrogen
evolution catalyst. In parallel to the TIRAS data, ten times more efficient
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electron injection to TiO; was detected for CuNPslp-ABAITiO,, where more
efficient hydrogen generation was detected for the system interconnected by
p-ABA. However, reasonable amounts of hydrogen were generated for the
system interconnected by B-alanine, most likely due to more efficient electron
extraction by the Ru catalyst in CuNPs|B-AlalTiO2[Ru system, than for
CuNPslp-ABAITiOzRu.

Alongside to hydrogen evolution, the decrease of methylene blue absorp-
tion peak at 665 nm was monitored by the UV-Vis spectroscopy. Thus, the
reactive holes left behind after excitation of Cu NPs had sufficient energy to
oxidize the methylene blue. A reference system without Cu NPs or proton
reduction catalyst did not produce any hydrogen, and minimal changes to the
methylene blue absorption was detected (Figure 37b).

6.3.5. Summary and Outlook

Cu nanoparticles (2 nm) decorated with polyethyleneamine have been syn-
thesized in the microfluidic reactor. Even though copper nanoparticles usu-
ally tend to oxidize easily, it was shown that the oxidation state of the copper
nanoparticles was zero by high-resolution X-ray absorption spectroscopy and
the resonant X-ray emission spectroscopy. Relaxation of the photoexcited
plasmon upon light absorption by Cu NPs was studied using ultrafast transi-
ent absorption spectroscopy. For prolonging the lifetime of photogenerated
charges, Cu NPs were connected to the semiconductor via either f-alanine or
p-aminobenzoic acid. In both cases, electron injection into TiO; leads to the
accumulation of electrons in the conduction band of semiconductor that was
monitored by TIRAS. P-aminobenzoic acid provided better conductivity be-
tween Cu NPs and TiO, that enhanced signal intensity ten times in respect to
a system interconnected by B-alanine. Theoretical calculations revealed that
hot electrons that overcame the Schottky barrier for the CuNPsIB-AlalTiO»
system should have at least 0.88 eV energy. We suggested that the mecha-
nism of electron transfer from Cu NPs to TiO; via B-alanine occurred via the
hydrated electrons that were generated only if Cu NPs were excited at the
LSPR maximum. The addition of Ru nanoparticles leads to removal of elec-
trons from the conduction band of the semiconductor towards the catalyst. In
the end, the hydrogen evolution was observed for two nano-hybrid systems
CuNPsIp-AlalTiO;[Ru and CuNPslp-ABAITiO,/Ru. Hot holes left after the
extraction of hot electrons towards the hydrogen evolution catalyst upon light
absorption participated in oxidation of methylene blue.
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7. Conclusions

A substantial motivation behind renewable energy research and development
is the ever-growing world’s demand for energy, which is seen as a vital com-
ponent of our everyday life. Additionally, climate change effects driven by
the emission of greenhouse gases associated to the fossil fuels burning has
risen to prominence over the last decades. Solar energy is widely available
and abundant (power that is constantly reaching the earth 120,000 TW), mak-
ing it a clear frontrunner in the energy sector. Moreover, the solar power en-
ergy offers a new concept for building a sustainable society, where each of
us contributes to its production. Many countries worldwide are already ap-
plying technologies for sunlight conversion to electricity. Currently the de-
velopment of the renewable energy sector seeks investments, where subsides
allow this branch to be price-competitive. Long-term solution of the energy
crisis requires flexible technologies capable of manufacturing not only elec-
tricity, but also fuels from endless, low-cost resources, e.g. water. Chemical
fuels offer the possibility to manufacture valuable belongings.

Photochemical energy conversion into a solar fuel includes light absorp-
tion, charge separation and catalytic process. Nature has taught us that effec-
tive accumulation and charge separation are the key steps in sunlight conver-
sion. In chapter 1.3, I presented the main factors that may lead to accumula-
tive charge separation, enhancing the overall transformation of light to fuel.
Among the discussed factors are the ability to accumulate electrons, which
are generated upon one photon absorption, the ability to generate a long-lived
charge separated states, the fast rates of forward reaction and the slow rates
of side reactions as well as the ability to accumulate several redox equivalents
before catalysis.

In chapter 4, I investigated the light harvesting with a natural dye capable
of generating two electrons upon one photon absorption, and the possibility
of extraction of those electrons by the molecular electron relay. The purifica-
tion of the natural dye betanin caused the encouraging decrease of the fast
component fraction. However, it was impossible to extract electrons from the
short-lived excited state of betanin by the methylviologen. In addition, the
formation of a doubly reduced product was hindered by the overlap with the
excited state absorption of betanin, and the only evidence of its possible for-
mation was gained from the electrochemistry studies of the BIMV system
(30 mV/pH shift of E,,’). All in all no hydrogen evolution was detected for
the system with the purified betanin sample as a light harvester.
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In Chapter 5, I discussed the extraction of electrons from the short-lived
excited state of betanin into the CB of the semiconductor by anchoring the
betanin to the surface of ZnO-OEG. Unique properties of ZnO-OEG has en-
abled harvesting of electrons from betanin, leading to the generation of a
long-lived charge separated state and extending the lifetime of electrons in-
side the CB of the semiconductor to ~pus-s time range. Linking of the FeFe-
hydrogenase active site mimic catalyst, namely [FeFe(mcbdt)(CO)s], allowed
further extraction of accumulated electrons from the CB of ZnO-OEG for the
reduction of protons to hydrogen. The hydrogen evolution studies revealed
that in 4 h ~ 980 umol of hydrogen was evolved.

In the second part of chapter 5, | have exchanged the light absorber betanin
by the semiconductor itself capable of the visible light harvesting, namely
CsPbBrs. Additionally, I have exchanged the molecular catalyst to the ruthe-
nium nanoparticles supported on TiO,. The developed system turned to be
capable of hydrogen evolution with the photon-to-hydrogen quantum yield
0f 0.4 %. I also tried to suppress the non-radiative recombination by applying
the magnetic field. In return, the magnetic field caused undesired faster radi-
ative recombination and overall decrease of photoluminescence, thus sug-
gesting that other strategies should be used for the better performance of the
system. In addition, usage of the environmental-friendly and non-heavy metal
semiconductors is beneficial.

In chapter 6, I decided to use coinage metal nanoparticles as the light
harvesters, which in contrast to semiconductors are capable of direct genera-
tion of multiple electrons per photon absorbed. The developed procedures for
synthesis of the nanoparticles in the microfluidic reactor provided the control
over preparation and properties of produced nanoparticles.

The Ag NPs has the strongest surface plasmon resonances in the wide
range of wavelength upon light absorption that has the ability to generate hot
electrons and hot holes with equal energy distribution. This feature of Ag NPs
was used for utilization of hot electrons in proton reduction, and utilization
of hot holes in the methylene blue oxidation. The electron dynamics from the
process of injection of photogenerated charges into the CB of TiO; until the
process of electron transfer towards catalyst were studied in detail. The mo-
lecular linker between the light harvester and the semiconductor was shown
to promote the electron transfer and lead to higher efficiencies of hydrogen
evolution compared to the unconnected system. Additional charge stabiliza-
tion was achieved due to the capping agent around the Ag NPs. A photon-to-
hydrogen quantum yield of ca. ~ 20 % was reached.

In the second part of chapter 6, I have exchanged the Ag NPs by Cu NPs
that have the ability to generate hot holes with energies that are ~1-2 eV
higher than the energy of corresponding electrons. The oxidation state of the
metallic Cu NPs was determined with the help of HR-XAS and RXES. The
dynamics of the plasmon relaxation was studied in detail. Two molecular
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linkers were used to connect the light harvester (Cu NPs) and the semicon-
ductor (TiO;), namely B-alanine or p-aminobenzoic acid. The conjugated
linker, p-ABA, has caused more efficient electron transfer from the excited
Cu NPs into the CB of the semiconductor. The other linker, f-Ala, has
brought metal nanoparticles and semiconductor in close proximity to one an-
other, allowing hot electrons with at least 0.88 eV energy to overcome the
Schottky barrier. The mechanism of electron transfer for the CuNPsIB-
AlalTiO,Ru was proposed to occur via the generation of hydrated electrons.
The deviation from linearity of the power dependence studies suggested that
Cu NPs are indeed capable of multiple-electrons generation. Comparison of
the photocatalytic studies revealed that the CuNPslp-ABAITiO2IRu system is
more efficient in both proton reduction and methylene blue oxidation than
the CuNPsIp - AlalTiOz/Ru system.

Analysis of photocatalytic studies for the systems based on Ag and Cu NPs
revealed that Ag NPs are more efficient in proton reduction, while Cu NPs
are more efficient in methylene blue oxidation. Most likely, this observation
is caused by the ability of Ag NPs to generate more energetic electrons, while
Cu NPs seem to have holes that are more reactive.

In the course of this thesis, [ was trying to reach accumulative charge sep-
aration with pure molecular systems and systems based on nanoparticles. The
hybrid systems assembled by the combination of the advantageous properties
of molecules, semiconductors, and metal nanoparticles turned to show the
highest activity in the photochemical hydrogen production. Metal nanoparti-
cles were effective light harvesters with the absorption cross-section five or-
ders of magnitude higher than that for dyes. Moreover, metal NPs showed the
ability to generate more than one electron per photon absorbed. The molecu-
lar linkers provided control and flexibility in tuning the connection between
the light absorber and the electron relay. It was shown that by adjusting the
electronic properties of the molecular linker, one may promote electron trans-
fer. Semiconductor nanoparticles offered the desired charge separation prop-
erties via prolonging the lifetime sufficiently long to perform photocatalysis.

The detailed investigation and development of the hybrid systems is im-
portant for the progress in solar fuel production. For example, in order to
improve the efficiency of the created hybrid system, it would be beneficial to
utilize the photogenerated hot holes in oxidation of chemicals to high ener-
getic value products. This would make the process potentially more versatile
and economically more attractive.
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8. Populérvetenskaplig Sammanfattning
(Summary in Swedish)

En viktig motivation for forskning mot férnybara energikéllor dr varldens
standigt vixande energibehov. Dessutom kommer klimatférdndringarna som
orsakas av véxthusgasutslidpp, vara en stor utmaning de kommande aren.
Overflodet av solenergin som nér jorden (120 000 TW per ar) skulle kunna
mota det globala behovet. Dértill erbjuder solenergin ett nytt koncept for att
bilda ett hallbart samaille dér alla skulle bidra. I manga lander tillampas det
redan teknologier som omvandlar solenergi till strom. For nérvarande soker
den fornybara energisektorn efter investeringar, medan subventioner leder till
att branchen blir konkurranskraftig. For en langsiktig 16sning av energikrisen
behovs flexibla teknologier som inte bara producerar energi utan ocksé bréns-
len fran icke-sinande, billiga resurser, t.ex. vatten. Kemiska brénslen innehar
en stor energitdthet for energilagring och dessutom majligheten att producera
hogvardiga produkter.

Fotokemisk energiomvandling i solbrinslen kriaver tre steg: upptagning av
(soD)ljus, laddningsseparation och katalytisk omvandling av substratet till den
hogvardiga produkten. Naturen har lért oss effektiv generering och ackumu-
lering av laddningar som é&r ett nyckelmoment i omvandlingen av soljuset. I
kapitel 1.3 presenterar jag de huvudaspekter som skulle kunna leda till ladd-
ningsackumulering vilket forbattrar den 6vergripande omvandling frén sol-
ljus till bransle. Bland de diskuterade aspekterna finns formégan att generera
flera laddningar efter upptagning av en enda foton och att generera langlivade
laddningar. Det sistndmnda erhalls genom att underlétta de dnskade framétre-
aktioner medans de odnskade sido- och bakatreaktioner haimmas. Detta ar
framforallt viktigt d& det behdvs flera laddningar for att genomga den kataly-
tiska reaktionen.

I kapitel 4 undersokte jag ett naturligt fargdmne (betanin, som forekommer
bl.a. i rodbeta) som kan ge ifran sig tva elektroner efter att ha absorberat en
foton. Dértill studerades hur desds elektroner kan extraheras och vidaretrans-
porteras med hjélp av metylviologen. Jag kunde visa att rening av fargdmnet
forldngde dess livslangd i det exciterade tillstdndet efter solljusupptagningen.
Det var ddremot inte mojligt att extrahera elektronerna.

I kapitel 5 ersattes den molekyldra elektronacceptorn metylviologen mot
en halvledare (ZnO). Betanin ldnkades till halvledarytan vilket mdjliggjorde
en elektronoverforing fran betanin till halvledaren. Bakreaktionen skedde
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ovanligt langsam (pa ps till s tidskalan). P4 ytan ldnkades ocksé en naturin-
spirerad jarnkatalysator &mnat att producera vétgars. Den langa livsldngden
av elektronerna i halvedaren ledde till att systemet verkligen kunde reducera
protoner till viatgas med hjélp av solljuset.

I andra delen av kapitlet ersattes fargdmnet (betanin) och ZnO mot en an-
nan fargad halvledare, Cs PbBr3 vilket &r en sa kallad perovskit. Dessutom
anvéndes rutenium nanopartiklar pa TiO, som katalysator istéllet for den na-
turinspirerade jarnkatalysatorn innan. Detta system visade sig vara kapabel
att producera vitgas med en solljus-till-vétgas effektivitet av 0.4 %. Jag tes-
tade ocksa hur systemet paverkas av ett externt magnetfalt. Det visade sig
dock att detta leder till 6kad fotoluminescens vilket i sin tur minskade/hind-
rade vétgasproduktionen. Déarfor behovs det andra strategier for att 6ka vit-
gasproduktionen i dessa system.

I kapitel 6 bestimdes att anvéinda nanopartiklar gjorda av myntmetaller for
att absorbera ljus. Dessa har till skillnad frén halvledare formégan att direkt
generera flera laddningar per absorberad foton. Vi utvecklade och optimerade
metoder for deras syntes med hjilp av en mikrofluidreaktor vilket gav oss
mojligheten att kontrollera de fysikaliska och kemiska egenskaperna hos de
producerade nanopartiklarna.

Silvernanopartiklar som har en bra formaga att absorbera ljus dver stora
delar av solspektrumet kan generara energirika elektroner och hal (positiva
laddningar). De energirika elektronerna anvinds for vitgasproduktion, me-
dan de energirika halen oxiderar metylblatt. Vi studerade elektronoverfo-
ringsprocesserna fran nanopartikeln via TiO; till den vatgasproducerande ka-
talysatorn. Vi anvénde en molekyldr lank mellan nanopartiklarna och TiO,
vilket 6kade effektiviteten av elektrondverforingen och slutligen resulterade
1 hogre vétgasproduktion.

I andra delen av kapitel 6 har jag bytt ut silvernanopatiklarna mot koppar-
nanopartiklar. Dessa genererar ocksa energirika laddningar med skillnaden
att hdlen har mer 6verskottsenergi dn elektronerna. Tva olika molekyldra lan-
kar undersoktes, varav en var konjugerad. Den konjugerade linken visade
den effektivare elektrondverforingen. Den icke-konjugerade och kortare l14n-
ken ledde till att de energirika elektronerna kunde dverforas till halvledaren
innan de gav ifrén sig dverskottsenergin. Det kunde dven visas att nanopar-
tiklarna producerades fler dn en elektron per absorberad foton. Fotokataly-
tiska méitningar visade att systemet med den konjugerade ldnken visade bade
battre vatgasproduktion som metylblattdegradation.

Jamforelse av de fotokatalytiska studierna i kapitel 6 visade att silvernano-
patiklarna var effektivare pa att producera vitgas medan kopparnanopartik-
larna visade béttre oxidation av metylblatt.

I denna avhandling forsokte jag uppna generering av multipla laddningar
inom bade molekyldra system och system baserade pa nanopartiklar. Det vi-
sade sig att hybrida system bestdende av en gynnsam kombination av mole-
kyler, halvledare och nanopartiklar var de fotokatalytiskt mest aktiva system.
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Metallnanopartiklar 4&r mycket béttre ljusfangare jamfort med molekyléra far-
gidmnen och &r dessutom kapabla att generera flera laddningar efter excitation
med en foton. Molekyléra lankar mellan metallnanopartiklar och halvledaren
som lagrar elektroner och ddrmed okar livslingden av laddningar kan styra
elektronoverforingsegenskaperna.

Detaljerade undersdkninger och utveckling av hybrida system dr en viktig
for framstegen i produktionen av solbrénslen.
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9. Anotanis (Summary in Ukrainian)

I'moGanbHe MOTEIUTiHHS, 3yMOBJICHE 3POCTAl0UMM CIOKHBAHHSIM TOPIOYUX
KOPUCHHX KOIIAJINH, € OJIHUM 13 OCHOBHUX BHKIUKIB JIJIsl CYy4YaCHUX ITOKOJIiHb.
[Noeranuiii mepexia Bif KJIAaCHYHUX 0 aJbTEPHATUBHUX BHJIIB CHEPIii €
3aMOpPYKOI0 3MEHINICHHS BUKHIB MAapHUKOBUX Ta3iB y atMocdepy. Tomy
HEOOXITHICTh PO3pOOKH JDKepen eHeprii, 0 MarTh HEUTpambHui abo
HETaTUBHUH BYTJICIeBUI OanaHc, CTUMYITOE GyHIAMEHTaIbHI JOCITiHKESHHS
B raity3i BiJHOBIIOBaHOI EHEPTeTHKH, 30KpeMa MEPETBOPEHHS €HEPTii COHIIA.
Counstuni 6arapei, a00 (hoTOBOJIBTATKA, IO EPETBOPIOIOTH COHSYHE CBITIIO Y
MOCTIHHUN ~ €NIEKTPUYHUN CTPYM 3aBSOKH sBUILY QoToedexTa y
HaITIBIIPOBITHUKAX, € OJHHUM i3 TEPCICKTHUBHUX HANPSIMKIB Ili€l Tamy3i.
[Ipote, dYepe3 HepiBHOMIpHE TOKPUTTS 3E€MHOI TOBEPXHI COHSYHUM
BUIIPOMIHIOBAaHHSM, K y 9Yaci, Tak 1 B MPOCTOpi, BAXIJIMBOIO 33/1a4CH0 €
po3poOKa CrocoOiB MEPETBOPEHHS SHEPrisl COHISI HA CHEPTil0 XIMIYHUX
3B’SI3KIB Y BUIJIAIM PIJKOTO TalMBa, sSKe MOXHa Oyino O 30epiratu Ta
TpaHcnopTyBaTtd. OHUM i3 KIFOUYOBHX MOMEHTIB IITY4YHOTO (POTOCHHTE3Y
«COHSIYHOTOY» TIAJINBA € MPOTIeC TOTJIMHAHHS CBIT/Ia (OTOCEHCUOLITI3aTOPOM,
10 BiJTIIOBiJIa€ 32 MepeTBOPEHHS (POTOHY Ha eNeKTpUIHUH 3apsin (aipky abo
€JIEKTPOH), TOCTYITHHUM JUTsl TOAANBIINX XIMIYHHUX, 30KpeMa KaTaliTHIHUX,
MEPETBOPEHb.

B naniii auceprariiiHiii poOoTi pO3IISHYTI TPYU MPUHIUIIOBO Pi3HI THUITH
¢doroceHcnOIIa3aTOPiB Ta iX 3aCTOCYBaHHS Y MOJICIBHUX KaTaiTHUYHHX
crucreMax (OTOXIMIYHOTO BiTHOBJICHHS BOIU II0 MOJICKYJISIPHOTO BOJIHIO.
Huceprartist CKJIQ/IA€ThCS i3 BCTYIIY, OTJISI LY JiTepaTypH,
eKCIIEPUMEHTAIBHOT YaCTHHU, TPHOX PO3ALUIIB MPUCBAYSHUX PE3yJIbTaTaM i
iX 0OroBOpEHHIO Ta BUCHOBKIB.

Y po3mim 4 mpenctaBiieHI PE3yNbTATH OCHTIHKEHHS MOJICKYJISPHOTO
(dorocencubiNizaTOpy OeTaHiHy B peakilii BiiHOBJICHHs BoAu. KopoTkuii yac
XKUTTS 30yPKEHOTO CTaHy OCTaHiHY MEepEenTKoKae e(peKTHBHOMY TIEPEHOCY
3apsay Ha KaTalizaTop 3a JIOTIOMOTOK JTUMETHIIBIONOTEHY y CTaI[ilOHAPHUX
yMOBax OCBITJICHHs. Pe3yibratu cBimyarh, 110 BiJHOBIEHHS BOAU TIPU
OCBITJICHHI JaHOI CHCTEeMHM HE crocrepiraiock. Tomy Hamu Oylio
3alpOIIOHOBAHO BHUKOPHCTAaHHS HAHOYACTHHOK HamiBmpoBigHuka ZnO y
SKOCTI €JIEKTPOHHOTO pele, K€ MOTJ0 O BHUCTymaTH Oiinbll e(eKTHBHUM
MMOCEpeTHUKOM MK (OTOCeHCHOiTi3aTopoM Ha KaraiizaropoMm. byio
3HaWJIEHO, [0 CHCTEMA, SIKa CKIIAA€ThCs 13 OeTaHiHy, HaHOYacTHHOK ZnO Ta
MonekyisapHoro  karamizatopa [FeFe(mcbdt)(CO)s] (mcbdt = 3-
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kapOokciOeH3eH-1,2-mitionar) 31aTHa e(heKTUBHO BiJHOBIIOBATH BOIY IO
BOJHIO TIPW OCBITIIEHHI BHUIMMOM CBiTIOM. JIOCTIJDKEHHS CHCTEMH 3a
JOTIOMOTOI0  HAIIBUAKOI J1a3epHOI CIEKTPOCKOMIi IMOKa3adu IepeHic
elexTpoHa 3 OetaHiHy Ha ZnO 3 HACTYITHUM MIEPEHOCOM Ha KaTaji3aTop.

VY mopiBHSHHI i3 OUIBIIICTIO MOJEKYJSIPHUX OpraHiYHHX OapBHUKIB,
TaJOTCHIAHI TEePOBCKITHI HAIIBIPOBIAHUKH, PO3TIIAHYTI Y HACTYITHOMY
po3ninmi, MaroTh OimbIIMKA dYac JKUTTA y 30ymkeHoMy craHi. byno
BCTAaHOBJICHO, IO KaTaliTHYHa CHCTEMa SKa  CKIAJaeThes 13
¢dorocencubinazatopa CsPbBrs, pene enekrponoiB TiO, Ta pyreHieBoro
KaTanmizaTopa, 3/JaTHa TIeHepyBaTH MOJICKYJSIDHUH BOJEHb i3 BOAHM 3
e¢exrusHicTIO 0.4+0.1%. 3a 1OMIOMOT0I0 JTa3epHOT CIIEKTPOCKOITIi ITOKa3aHo,
0 TIPH OCBITJICHHI HamiBIpoBigHuk CsPbBr; mopomkye OipKy i eTeKTpoH,
10 TIEPEHOCATHCS Ha BUYEPITHHUH IOHOP €IEKTPOHIB METHJICHOBUN CHHIH Ta
TiO, BimmoBimHO. OcCTaHHIN € CBOEPITHUM J€MO (QOTOETEKTPOHIB, IO
BUKOPUCTOBYIOTBCSI Ru ans  BigHOBIeHHS Boau. BcraHoBneno, mio
NPUKJIaJaHHsT MarHiTHOTO TOJISi NPU3BOJIUTH N0 3HMKEHHS €(QEeKTHBHOCTI
JAaHOi CUCTeMHM BHacHiok edekra PamOu, HAcHiAKOM SKOTO €
MPHUIIBUAIIECHHS HeOa)kaHOi peKoMOiHaIlil eeKTpoHiB i Aipok B CsPbBrs.

VY sKocCTi TpeThoro TUMY (HOTOCEHCHOLTAa3ITOPIB Y ANCEpTallii PO3TIITHYTO
HAHOYACTHHKH METAaIiB, cpibia Ta Miji, 10 MaroTh IJIA3MOHHUHN pEe30HAHC Y
BUAMMIN 0ONacTi COHSYHOrO CHEeKTpy. Bonu Oynm JocmimkeHHI Yy
YOTHPHOXKOMIIOHEHTHIH ~ cHUCTeMi, M0 TakoX BKIOYaia B cebe
MOJICKYJISPHUM JIIHKEp (7-aMiHOOCH30HHY KHUCIIOTY abo f-ajaHiH), pene
enektpoHoiB TiO, Ta karamizarop Ru. Byno BcraHOBIEHO KITIOUOBY pOJIB
MOJIEKYJIIPHOTO JIIHKEpa, IO OMOCEPEIKOBYBaB TEPEHIC ENeKTPOHY 3
HaHOYACTUHOK MeTaliB Ha TiO: Ta, sk HacHifoK, 301IbITyBaB e(hEeKTUBHICTh
CUCTeMH BUIEHHS BOJHIO 110 20%. 3a IOMOMOro0 HAANMIBUAKOL Ta3epHOI
CIEKTPOCKOIIIi IMOKa3aHO 30UTbIICHHS CUTHANY BiJl EJCKTPOHIB y 30HI
npoBigHocTH TiO> TIpU HASBHOCTI MOJIEKYJISIPHOTO JIIHKEpa MalKe BTPHUYI.
Takoxx Oyno BCTaHOBIEHO €(eKT MOBEpXHEBO-aKTHUBHOI PEYOBHHH, IO
BUKOPHCTOBYBaJach /s CHHTe3y HAHOYACTHHOK METalliB, HA BHXIiJ
MOJIEKYJIIPHOT'O BOJIHIO.

3anpornoHoBaHWH B po0OOTI  mOXil A0  JAM3alHY  CHCTEM
(OTOKATAIITUYHOTO PO3KJIaAy BOJAM Ha OCHOBI HAHOYACTHMHOK METAJIiB
JTO3BOJISIE HEPYTIOBATH €(DEKTUBHICTH CUCTEMH, ITIAOUPAIOUH 11 KOMIIOHEHTH:
MeTaj i1l HAaHOYACTUHOK, MOJICKYJIIPHHUN JIIHKEp, HAIMBIPOBITHUKOBE peie
EJIEKTPOHIB Ta KaTali3aTop.
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