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1 Abstract

Colloidal semiconductor-metal nanostructures can be used as photocatalysts for
generating hydrogen from water. The use of nanostructures is especially promis-
ing due to their large surface-area-to-volume ratio, providing a large catalytically
active surface area with small amounts of material. Additionally, due to their syn-
thetically adjustable optoelectronic properties and composition, these nanostruc-
tures can serve as model systems for studying the efficiency-limiting parameters
of the solar-to-fuel conversion processes. Literature agrees that the photocatalytic
activity of the nanostructures critically relies on the separation of the photogen-
erated charge carriers, which can be altered by tuning the dimensionality and
composition of the nanoparticles or by inducing charge scavenging and trapping
processes. However, processes occurring at the nanoparticles” surface were only
partly considered in the present discussion, e.g. electron donating agent-specific
surface interactions have not been addressed so far.

To assess the impact of the various parameters limiting the photocatalytic yield,
a systematic study was carried out, which correlates the charge carrier dynam-
ics within 11-mercaptoundecanoic acid-capped, Pt-tipped CdSe/CdS dot-in-rods
with their photocatalytic activity and colloidal stability. The charge carrier dy-
namics and photocatalytic activity of the nanoparticles were investigated in pa-
rameter studies by conducting transient absorption and time-resolved photolu-
minescence spectroscopy, as well as steady-state hydrogen production measure-
ments. These measurements were combined with electron microscopy, dynamic
light scattering, and static spectroscopy to examine the colloidal stability of the
nanoparticles.

Based on this large set of measurements, the study reveals that the photocat-
alytic activity is critically dependent on processes occurring at the nanoparticles’
surface. It was found that electron donating agents interact differently with the
nanoparticles’ surface, and the two distinct groups of surface-active and diffusion-
limited electron donating agents were identified. Besides these electron donating
agent-specific surface interactions, the degree of surface passivation by ligands
was observed to influence the nanoparticles” photocatalytic activity. The largest
photocatalytic activities were determined for nanoparticle agglomerates, forming
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upon ligand loss or induced by the presence of surface-active electron donating
agents. These results indicate that the agglomeration of nanoparticles does not
necessarily diminish the photocatalytic activity due to a loss of accessible surface
area but instead may increase it by enabling charge transfer within the formed
network. Combining these insights into the processes occurring at the nanopar-
ticles” surface with a detailed acquisition of the synthesis parameters for obtain-
ing Pt-CdSe/CdS nanoparticles with functional components of distinct number
and dimensionality, this study enables to produce tailored nanohybrids function-
ing as building blocks for assembling structured and highly efficient catalyst net-

works.




2 Zusammenfassung

Kolloidale Halbleiter-Metall Nanostrukturen konnen als Photokatalysatoren zur
Gewinnung von Wasserstoff aus Wasser genutzt werden. Die Verwendung von
Nanostrukturen ist besonders vielversprechend, da diese aufgrund ihres grofien
Oberfldache-zu-Volumen-Verhdltnisses eine grofie, katalytisch aktive Oberflache
bei geringen Mengen an Material aufweisen. Auflerdem kénnen die Nanostruk-
turen durch ihre synthetisch einstellbaren optoelektronischen Eigenschaften und
Zusammensetzungen als Modellsysteme zur Untersuchung der Parameter die-
nen, welche die Effizienz der photokatalytischen Wasserstoffgewinnung limitie-
ren. Die Literatur stimmt darin tiberein, dass die photokatalytische Aktivitat der
Nanostrukturen mafigeblich von der Trennung der photogenerierten Ladungs-
trager abhédngt, welche durch Anpassung der Dimensionalitdt und Zusammenset-
zung der Nanopartikel oder durch verschiedene Ladungsabfangprozesse beein-
flusst werden kann. Allerdings wurden Prozesse, welche an der Oberfliche der
Nanopartikel auftreten, in der aktuellen Diskussion bisher nur teilweise bertiick-
sichtigt. Beispielsweise wurden die spezifischen Oberflicheninteraktionen ver-
schiedener Elektronendonatoren bisher nicht thematisiert.

Um den Einfluss der zahlreichen Faktoren zu bewerten, welche die photokata-
lytische Aktivitdt beeinflussen, wurde eine systematische Studie durchgefiihrt.
Die Studie korreliert die Ladungstragerdynamiken in CdSe/CdS "Dot-in-rod"
Nanopartikeln, welche mit einer Pt-Spitze versehen und durch 11-Mercaptoun-
decansdure passiviert sind, mit ihrer photokatalytischen Aktivitdt und kolloida-
len Stabilitdt. Die Ladungstrdagerdynamiken und photokatalytische Aktivitat wur-
den in Parameterstudien untersucht, indem Transiente Absorptions- und zeitauf-
geloste Photolumineszenzspektroskopie, sowie stationdre Wasserstoffprodukti-
onsmessungen durchgefiihrt wurden. Diese Messungen wurden mit Elektronen-
mikroskopie, dynamischer Lichtstreuung und stationirer Spektroskopie zur Uber-
priifung der kolloidalen Stabilitdt kombiniert.

Basierend auf diesem groflen und vielseitigen Datensatz zeigt die Studie, dass
die photokatalytische Aktivitat mafigeblich durch Prozesse limitiert ist, welche
an der Oberflache der Nanopartikel stattfinden. So wurde festgestellt, dass die
Elektronendonatoren unterschiedlich mit der Oberfldche der Nanopartikel inter-
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agieren und die beiden Gruppen von diffusionskontrollierten und oberflichen-
aktiven Elektronendonatoren wurden identifiziert. Aufserdem wurde beobachtet,
dass neben diesen spezifischen Oberflicheninteraktionen der Elektronendona-
toren der Grad der Oberflachenpassivierung durch Liganden die photokataly-
tische Aktivitdt der Nanopartikel beeinflusst. Die grofste photokatalytische Akti-
vitdt wurde fiir Agglomerate aus Nanopartikeln bestimmt, welche sich durch
den Verlust von Liganden oder induziert durch die Gegenwart der oberflachen-
aktiven Elektronendonatoren bilden. Diese Ergebnisse zeigen, dass die Agglo-
meration von Nanopartikeln nicht zwangsldufig zu einer Verringerung der photo-
katalytischen Aktivitit fithrt, aufgrund der Verkleinerung der zugéanglichen Ober-
flache. Stattdessen kann sich die Aktivitdt sogar erhohen, da ein Ladungstrans-
fer innerhalb des entstandenen Netzwerks ermoglicht wird. Indem diese Studie
diese Erkenntnisse iiber die Oberflichenprozesse mit einer detaillierten Erfas-
sung der Parameter zur Synthese von Pt-CdSe/CdS Nanopartikeln mit funk-
tionellen Komponenten gewiinschter Anzahl und Grofie kombiniert, ermoglicht
sie die Produktion von mafigeschneiderten Nanohybriden, welche als Bausteine
zur Erstellung von strukturierten und hocheffizienten Katalysatornetzwerken die-

nen konnen.




3 Introduction

In a finite world, a sustainable economy is needed to permanently satisfy the
world’s growing energy demands. On the path of this fundamental transfor-
mation, molecular hydrogen is considered a key component, functioning as an
energy storage media, energy vector, and fuel.['3] However, since hydrogen is
typically a secondary energy carrier, it is essential that the energy for generating
the hydrogen gas originates from renewable primary energy carriers like wind,

" 1231 In most con-

sun, or hydropower for obtaining so-called "green hydrogen
ventional procedures, electricity is produced from these renewable sources first,
which is subsequently used for generating hydrogen. Avoiding the detour via
electricity, the use of photocatalytic systems, which exploit the energy of sunlight
for splitting water and thus generate hydrogen directly, is particularly promis-
ing.[4l

Colloidal multi-component nanoparticles (NPs) are especially interesting for pho-
tocatalytic applications, as was already stated in early publications on NPs.!5¢!
NPs are solid particles with one or more dimensions in the size range of 1 to
100nm.[”] Research on NPs started in the 1980s with the fundamental works
of Ekimov, Brus, and Efros and was continued by Weller, Bawendi, Alivisatos,

[5;6;,8-13

and others in the following decades. I Nowadays, a large body of synthesis

procedures allows to produce colloidal NPs of various compositions, sizes, and
shapes, combining a large surface-area-to-volume ratio with size-dependent op-

toelectronic properties. Due to these unique properties, NPs are used in a wide

[14-16] 17-19]

range of fields of application, including optoelectronics, catalysis, | and

5.[2021] The importance of the field of research was under-

biomedical application
lined by the awarding of the Nobel Prize in Chemistry "for the discovery and
synthesis of quantum dots", which are fluorescent semiconductor NPs, to Eki-
mov, Brus, and Bawendi in 2023.[22]

While studying multi-component nanostructures of various shapes and compo-
sitions for photocatalytic applications, it was found that efficient charge separa-

[23:24] Complex, anisotropic

tion is crucial for obtaining large photocatalytic yields.
nanostructures combining different materials, like Pt-tipped CdSe/CdS dot-in-

rods (DRs), were designed for spatially separating the photogenerated charges
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within the NP.[2425] The influence of the number and dimensionality of the func-
tional components of these nanohybrids (core size, rod length, number and size of
metal tips) on the photocatalytic yield was investigated in literature studies.[26-331
Additionally, the photocatalytic yield was found to be strongly dependent on the
presence of electron donating agents (EDAs), which scavenge the photogener-

[27:3234-36] Ty the presence of alcoholic

ated holes from the semiconductor domain.
EDAs at very high pH, photocatalytic yields near unity were obtained, which
was ascribed to a "hole shuttle mechanism" enabled by the large concentration of

hydroxide anions.[3%34l

Based on the strong influence of the EDA on the photo-
catalytic yield, the hole transfer onto the EDA was identified as the efficiency-
limiting step of the overall solar-to-fuel conversion process.3#3738] In light of
these numerous studies and given the versatility of tunable parameters, colloidal
semiconductor-metal NPs may serve as highly efficient catalysts, as well as sim-
ple but solid model systems for studying the parameters limiting the efficiency of

photocatalytic systems in general.




4 Theory

4.1 Synthesis of Colloidal Nanoparticles

Colloidal NPs can be obtained conveniently and in a reproducible manner via
liquid-phase synthesis. Various synthesis protocols exist, allowing to produce
NPs of tailored sizes, shapes, and compositions, while maintaining a small size
distribution.[63%40] Colloidal NPs can easily be dispersed in a variety of organic
or aqueous solvents. The process of nucleation and growth of the NPs can be de-
scribed schematically by the LaMer model.[*! This model separates the process
into three stages (Figure4.1). In the first stage (I), free monomers are formed,

1
! Nucleation
1

& Growth
Ccrit ------------------

()
o

2
5

9]
w
1
1
1

Monomer Concentration

Time

Figure 4.1: Schematic of the three stages (I-II) of nucleation and growth of NPs
in the LaMer model. Firstly, free monomers are formed (stage I).
Stable nuclei form after the concentration of free monomer exceeds
the critical nucleation concentration cuit, resulting in a decrease of
the monomer concentration (stage II). Once the latter falls below cyit,
the NPs grow exclusively (stage III). The growth proceeds, while the
monomer concentration is above the saturation concentration cs. Fig-
ure modified from LaMer et al.[41]

either by chemical reaction or thermal decomposition of the precursors. Af-
ter exceeding the critical nucleation concentration c.;, the monomers undergo
a "burst-nucleation” (stage II), which rapidly reduces the monomer concentra-

tion.[*2l As the concentration of free monomer falls below c.it, nucleation stops,
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and the NPs start to grow (stage III). The growth of the formed nuclei is controlled
by the diffusion of the monomers and will proceed while the monomer concen-
tration is above the saturation concentration cs.[*?l Due to the energy needed to
create a new surface, the growth of existing nuclei is energetically favored over
the formation of new ones. The change in the Gibbs free energy AG by the for-

mation of a spherical nucleus of radius r can be expressed as
2, 4 3
AG =4mrey + 57‘(1’ AGy, (4.1)

with the surface free energy - and the free energy per volume AGy.[*3] The latter

is defined as
kB Tln ( S )

V 7
with the Boltzmann’s constant kg, temperature T, the supersaturation S, and the

AGy = — (4.2)

volume of an atom in the NP V.[#2] The radius-dependent surface, volume, and
total free energy from Equation (4.1) are plotted schematically in Figure 4.2. The
free energy decreases for NP radii larger than the critical radius 7¢. Therefore,
nuclei of radii smaller 7 will dissolve, whereas nuclei of radii larger r.; are

stable in suspension and continue to grow. [*?l The critical radius can be calculated

considering that % =0 for r = reit
29 29V
= — 4.3
Tt = TAGy ~ kpTIn(S) *3)
and the corresponding critical free energy AGit is
16 v 4
AGait = 2L = 2y, (4.4)

37AGE 3

This critical free energy corresponds to the energy barrier the nucleation pro-
cess must overcome to form stable NPs in suspension. This energy barrier de-
pends on the experimental parameters supersaturation, temperature, and sur-
face free energy (cf. Equation (4.4) and Equation (4.2)).[434] Therefore, nucleation
occurs only at monomer concentrations larger ct, at sufficiently large tempera-
tures, and in the presence of suitable surfactants, which reduce the surface free
energy.[*?l In order to guarantee a narrow NP size distribution, the nucleation
phase should be short, which is typically implemented by a rapid injection of
one precursor into the reaction solution.''31 During the growth phase of the
NPs, the monomer concentration gradually decreases, causing the critical radius
to increase (cf. Equation (4.3)). Therefore, small NPs will dissolve, while large
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NPs grow, a process called "Ostwald ripening".[#¢] Depending on the synthesis

parameters, this process can lead to a focusing or defocusing of the NPs’ size

distribution.[4”]
47‘(1’2))
A Gcrit ---------- -
I
G) |
< I
I
I
1
: % AGy
I crit
r \Y

Figure 4.2: Schematic plot of the total free energy AG (orange line), with a positive
surface contribution (light blue line) and a negative volume contribu-
tion (dark blue line), against the NP radius r. A critical free energy
AGeit is needed for forming stable nuclei of a radius 7.t and larger.
Figure modified from Finke et al., 8 used under Creative Commons CC-
BY license.

However, not all NP synthesis procedures aim for a homogeneous nucleation. In
"seeded growth" methods, a second material is deposited onto previously synthe-
sized NPs, which function as seeds for nucleation. This heterogeneous nucleation
is implemented at milder reaction conditions (lower temperature and supersatu-
ration) to inhibit homogeneous nucleation of the shell material.[*’]

4.2 Energetic Structure of Semiconductors

4.2.1 Band Structure

The electronic band structure describes the energetic states in crystalline solids.
The band structure can be calculated using quantum mechanical models like the
"nearly free electron" (NFE) or the "tight binding" model. The NFE model is based
on delocalized electrons that can move almost freely through the crystal lattice.
This makes it a suitable approach for describing metals with strongly delocalized
electrons.® The energetic states are derived from the interactions of the electrons
with the periodic core potentials.®5?] The tight binding model is a bottom-up
approach that assumes localized atoms and calculates the band structure from

the linear combination of their binding and anti-binding orbitals, which is also
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known as the "linear combination of atomic orbitals" (LCAO) method.?%53] With
an increasing number of atoms, more energy states are introduced, eventually
resulting in continuous energy bands. Figure4.3 illustrates this transition for
semiconductor materials: while molecules exhibit discrete energy levels, semi-
conductor nanocrystals (NCs) show bands of quantized and size-dependent en-
ergy levels, and semiconductor bulk materials feature continuous energy bands.
Analogous to the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) of the molecule, the valence band (VB) is
completely filled, whereas the conduction band (CB) is unoccupied by electrons,
in an undoped semiconductor at 0K.[? The VB and CB are separated by a band

gap of an energy E¢, which is crystal size-dependent for nanometer-sized crystals.

Size

>

CB

bulk
E

VB

[T eIl

HOMO

c
C

Molecule Nanocrystal Bulk Material

Figure 4.3: Scheme illustrating the energetic states in semiconductors of differ-
ent size. While molecules exhibit discrete energy levels, bulk mate-
rial shows continuous energy bands. NCs can be categorized between
molecules and bulk material as they exhibit energy bands with dis-
crete energy levels. The VB and CB are separated by a band gap of
energy Eg‘ﬂk for the bulk and a size-dependent energy EgNC for the

NCs. Figure modified from de Mello Donegé,®! © 2011 The Royal So-
ciety of Chemistry, used with permission.
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4.2.2 Quantum Confinement in Nanoparticles

In semiconductor NCs, the absorption of light of an energy larger than the band
gap can excite an electron from the VB into the CB, creating a hole in the VB. The
electron in the CB and the hole in the VB are bound by Coulomb attraction. The
resulting bound electron-hole pair is called an exciton (Figure 4.4). The size of an

exciton can be calculated analogously to the Bohr radius of a hydrogen atom. [%°!

Energy

hv

VB

Figure 4.4: Scheme illustrating the formation of an exciton. The absorption of a
photon with an energy larger than the band gap excites an electron
from the VB into the CB, creating a hole in the VB. Electron and hole
form a bound electron-hole pair, an exciton (indicated by the dashed
line).

In contrast to the hydrogen atom, where the electron is much lighter than the
proton, the exciton’s electron and hole have comparable masses. Therefore, the
effective masses of both charge carriers must be considered when calculating the

dreh® [ 1 1
ag =~ <_ + _) ) (4.5)
e me TT’Ih

exciton Bohr radius a

with the permittivity at optical frequencies ¢, the reduced Planck constant 7, the
electron charge e, and the effective masses of the electron m. and hole my,. Thus,
the electron and hole of the exciton maintain a material-dependent preferred dis-
tance in the crystal (e.g. 5.6nm for CdSe or 2.8nm for CdS).[56?7! If the radius
of the NC is of the same order of magnitude as the exciton radius, the exciton
is restricted in its movement. This phenomenon is called weak quantum con-
finement. Strong confinement occurs when the radius of the NC is smaller than
that of the exciton.[%®! The exciton’s confinement in the NC causes a change in
the density of electronic states, leading to discrete energy states and a NC size-
dependent band gap energy (cf. Figure4.3).[1358] The size-dependent energetic




12 4 Theory

states of the NC can be described by the particle-in-a-box model known from ele-

13591 The Brus formula can be applied to calculate

mentary quantum mechanics. !
the lowest energy eigenvalue of the NC system, which corresponds to the band

gap energy of the NC EgNC

Me My

2_2 2
her <1 1)_1.86, 46)

NC _ pbulk _ __ rbulk
Eg = Eg + Econt — Ec = Eg + ) o
where Egulk is the band gap energy of the bulk material, E ¢ the confinement and
Ec the Coulomb energy.!® For small radii, the contribution of the confinement
term dominates over the Coulomb-term, resulting in an increase of the band gap

energy for decreasing NC sizes. [00:61]

4.2.3 Anisotropic NPs

Besides spherical quantum dots (QDs), semiconductor NPs of anisotropic mor-
phologies can also be obtained using well-established liquid-phase syntheses. "]
The growth of the semiconductor domain can be restricted to selected dimen-
sions by using specific synthesis conditions and ligands, resulting in the forma-

12;49] tetrapods, [62]

tion of NPs of various complex shapes like nanorods (NRs),!
or nanoplatelets (NPLs; see Section4.5.1 for detailed description on the mech-
anisms, which provoke anisotropic growth).[®3l The band gap of the obtained
anisotropic NPs is primarily determined by the size of the dimension(s) exerting
the strongest quantum confinement on the exciton (Figure 4.5). Therefore, in the
case of 1D NRs, the band gap energy is mainly governed by the NR’s width. Anal-
ogously, the band gap energy of 2D NPLs is dictated by their thickness, which can

be precisely adjusted to individual monolayers. %4l

»0D* 1D 2D

4

Figure 4.5: Scheme of a "0D" QD, a 1D NR and a 2D NPL. The dashed arrows
indicate the dimensions of the strongest quantum confinement.
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However, the band gap energy is not completely independent of the size(s) of the
extended dimension(s). For example, for semiconductor NRs, it was found that
especially in the strong confinement regime, i.e. for small NR widths, the length

of the NRR likewise strongly influences the band gap energy. >

4.2.4 Semiconductor Heterostructures

By combining two or more different semiconductor materials in one NP, hetero-
junctions are formed between the materials. Wet-chemical synthesis allows to
create complex heteronanocrystals whose band alignment and optical properties
can be tailored to specific applications. Depending on the materials used, a direct,
straddling band gap (type I), or a staggered band gap (type II) can be obtained
(Figure 4.6).[5159/6560] Tn a type I system, the quantum wells of the VB and CB are
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Figure 4.6: lllustration of three types of semiconductor heterostructures. A type
I, type II, and quasi-type II band alignment arises, depending on
the semiconductor materials and domain size of the core-shell NPs.
Based on the relative position of the quantum wells, photogenerated
electrons and holes localize into the same or different domains. The
dashed lines and blue areas indicate the electron and hole wave func-
tions. %]

Energy

located in the same material domain. Hence, all photogenerated charge carriers
localize into this domain. As the charge carriers accumulate inside the NP, distant
from defect sites, dangling bonds, and other trap states at the NP’s surface, type
I core-shell heterosystems typically exhibit high photoluminescence (PL) quan-

tum yields (see Section 4.3 for details on PL from semiconductor NPs).[6771] In
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a type II system, the quantum wells in VB and CB are in different material do-
mains, causing the photogenerated electrons and holes to transfer into different
domains. If one of the quantum wells is small, i.e. a small band offset is present
between the two semiconductor domains, the respective charge carrier can de-
localize over the whole material, while the second charge carrier is localized in
one domain (quasi-type II). Since the band gap energy depends on the size of the
domain, classical type I systems can transition into quasi-type II potential pro-
tiles at certain domain sizes (e.g. transition at a core size < 2.8nm from type I to
quasi-type II for CdSe/CdS core-shell NPs).[”274] Due to the spatial separation
of the charge carriers, type II and quasi-type II heterosystems are well-suited for
catalytic or photovoltaic applications in which the recombination rate should be

minimized. [24:6575.76]

4.3 Photoluminescence

Photoluminescence is the emission of light by a substance after excitation by
light. It is divided into the two processes of fluorescence and phosphorescence.
Both processes differ in their emission rates and nature of the excited state.[”7778l
Phosphorescence does not typically occur in colloidal NP suspensions at room
temperature (RT) due to numerous non-radiative decay channels.[””] The PL pro-
cesses described below are therefore exclusively fluorescence processes.

As indicated above, the absorption of light can excite an exciton in semiconduc-
tor crystals. After fast, non-radiative, vibrational relaxation to the ground state of
the CB, the electron recombines with the hole at the VB, leading to the emission
of a photon (c¢f. Figure 4.7; non-radiative relaxation to the ground state typically
within femto- to picoseconds).””78] Due to the preceding non-radiative relax-
ation, the emitted photon has less energy than the absorbed photon. The result-
ing bathochromic shift from emission to absorption is called Stokes shift.”””l The
energy of the emitted photon is primarily determined by the band gap of the NC
and therefore the size of the crystal. In heterostructures with a type I potential
profile, the energy of the emitted photon is determined by the component with
the smallest band gap (typically the core component). In actual NC samples, the
PL and absorption features are broadened by thermal effects and due to NP size
distribution. "] However, the exciton does not necessarily recombine radiatively,
but the electron might relax back into the VB via numerous non-radiative chan-
nels. The photoluminescence quantum yield (QYpy ) characterizes the proportion
of radiative recombinations that occur in a fluorophore. It is defined as the ratio of

the number of emitted Nep and the number of absorbed photons Nyp,s and there-
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fore can also be expressed using the respective rate constants for the radiative k;,q

and non-radiative kyon-raq €Xciton decay. [77380]
N, k
QYpL = . 100% = rad -100% (4.7)
abs krad + knon—rad

The non-radiative rate constant ko raq SUmmarizes various pathways of non-
radiative recombination like energy dissipation via Auger recombination, charge
carrier trapping into defect states, or use of the photogenerated charge carriers
for chemical reactions, which are discussed in more detail later.

A
Ox CB
A\
*
S| | | O
@
uCJ hv h'
#
VB

Figure 4.7: Scheme illustrating the PL process in semiconductor NCs. The ab-
sorption of a photon with an energy of hv excites an electron from the
VB into the CB of the NC, creating a hole in the VB (blue arrow). The
electron relaxes non-radiatively to the ground state of the CB (green,
curved arrow). Electron and hole eventually recombine, causing the
emission of a photon with an energy of hv' (red arrow).

4.3.1 Photoluminescence Lifetime

Upon excitation of a fluorophore, the relaxation of the excited state is a first or-
der process, which is therefore proportional to the occupation of this state Nexc
and determined by rate constants for the radiative and non-radiative recombina-

tion [77,78;80]

_ dNeXC (t)
dt

This differential equation can be solved by

- Nexc(t) : (krad + knon—rad) (4-8)

Nexc(t) = NO . e_(krad+knon-rad)'t, (49)

exc
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with the initial occupation of the excited state N, .. The PL lifetime tp is defined
as the average time the fluorophore remains in the excited state before returning
to the ground state by electron-hole recombination.””] Since the rate constants
kraq and knon-raq depopulate the excited state, the PL lifetime can be expressed as

1 1

) (4.10)
PL krad + knon—rad

[77;78;80] Equation (4.9) can therefore be

with the rate constant of the PL decay kpy..
formulated as

.t
Nexc(t) — N((E)XC - e TPL . (4.11)
Thus, the PL lifetime is the time needed for the occupation of the excited state to
decay to e~! of the initial occupation
NV
Nexc(TPL) = %- (4.12)

If the non-radiative decay channels compete with the radiative decay channels,
they reduce the PL lifetime of the fluorophore.[””]

4.3.2 Photoluminescence Quenching

The PL intensity of a fluorophore can be diminished by various processes, which
are referred to as quenching. These processes can be desired, e.g. to enable chem-
ical reactions, or detrimental in optical applications, aiming for a maximal QYpr..
If the quenching results from the interaction with another NP or molecule, the
latter is referred to as a quencher. The interaction between the quencher and flu-
orophore can be either static or dynamic.[77:8"]

Static Quenching

In the process of static quenching, fluorophore and quencher form a non-fluorecent
complex. Therefore, the number of fluorescent fluorophores is reduced by the
quencher, resulting in a reduction of the sample’s PL intensity, while the PL life-
time is constant

TPLO _q, (4.13)
TPL

with the lifetimes of the fluorophore tpr ¢ and 7py, in the absence and presence
of the quencher, respectively. The quencher-dependent fluorescence can be de-
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scribed by the Stern-Volmer equation

%:%:%:HI@[Q}. (4.14)
In this equation, Fy and F are the fluorescence intensities, QYpr o and QYpr the
PL quantum yields, and [Fy] and [F] the concentrations of the fluorophore in the
absence and presence of the quencher, respectively. Ks is the equilibrium constant
of the complex formation and [Q] is the concentration of the quencher.[””] The
relations in Equation (4.13) and Equation (4.14) can be plotted in a Stern-Volmer

plot (Figure 4.8a).

Dynamic Quenching

In dynamic or collisional quenching, the fluorophore and quencher do not form
a stable complex, but the quencher must diffuse to the fluorophore in order to
deactivate it. The excited fluorophore is deactivated only upon contact with the
quencher within the timeframe of the PL lifetime.””] In dynamic quenching, the
fluorescence intensity and the lifetime are diminished equivalently in the pres-
ence of the quencher

F
0RO 4 gy [Q), (4.15)
F 1L

with the rate constant of dynamic quenching Kp (see Stern-Volmer plot in Fig-
ure 4.8b).17778801 Ag dynamic quenching by collision with the quencher repre-
sents another non-radiative decay channel, the PL lifetime (Equation (4.10)) can
be calculated as follows

1
krad + knon—rad + kQ : [Q] ’

TpPL — (4.16)

with the quenching rate constant kq.[””!

Combination of Static and Dynamic Quenching
Dynamic and static quenching can also occur simultaneously for the same quen-
cher. Both processes are combined in the Stern-Volmer equation

= (14 Kp- Q)1 +Ks - [Q)). @17)

Accordingly, the Stern-Volmer plot is not linear but exhibits an upward curvature
(Figure 4.8c).””I' As the lifetime is only influenced by dynamic quenching, the
product of tpr - TIJLl can be expressed by Equation (4.15).
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Figure 4.8: Schematic of the Stern-Volmer plot for static (a), dynamic (b), and a
combination of static and dynamic quenching (c).

4.4 Nanophotocatalysts

In addition to optical applications, the photogenerated charge carriers in semi-
conductor NPs can also be employed to run redox reactions like hydrogen and
oxygen generation by water splitting or carbon dioxide reduction.[3281-84 The
energy of the photogenerated charge carriers and therefore the band gap en-
ergy of the employed semiconductor must be large enough to drive the respec-
tive reaction. Due to its matching band alignment, CdS is ideally suited for the

85-88]

photolysis of water, while being excitable by visible light. To achieve large

hydrogen production rates, the charge recombination rate has to be minimized,
as it competes directly with the photocatalytic use of the charge carriers.[31:%]
Therefore, electron and hole need to be separated effectively. In a CdSe/CdS core
shell system, the CdSe core functions as a hole acceptor. If a metal domain is
deposited on the semiconductor, the metal functions as an electron acceptor. Var-
ious liquid-phase syntheses enable the deposition of metal domains of desired
material, number, and size onto semiconductor NPs (see below for details on
deposition methods). 849093 The use of Pt is especially advantageous as it cat-
alyzes the hydrogen production by reducing the overpotential of the hydrogen
evolution reaction (HER).[3494%] Hydrogen evolution is enabled by the upward
shift of the Fermi level of the nanoscopic Pt domain caused by the accumulation
of photogenerated electrons.**%! To further improve the charge separation be-
tween the electron at the Pt photocathode and the hole at the CdSe core, an elon-
gated CdS domain can be applied. The hydrogen production rate was found to
generally rise with increasing length of the CdS rod domain due to better charge
separation and an increased absorption cross section. However, as the number
of trap states as well as the average distance charge carriers have to cover to
reach the Pt domain or CdSe core increases with the length of the rod, the ideal
length was found to be of a several tens of nanometers. 321007102 [n the result-
ing Pt-CdSe/CdS nanohybrid, the photogenerated charge carriers are separated
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by the length of the CdS rod-domain and three different inorganic components.
The size, number, and position of the metal domains were also found to have a
large influence on the photocatalytic activity.[?”-3%l The largest activity was ob-
tained by depositing a single Pt domain on the DR’s tip opposing the CdSe core
(Figure 4.9). This increase in activity was attributed to improved spatial charge
separation and the concentration of all reduction processes at one specific site
compared to NPs with different domain locations or multiple metal domains, re-
spectively. (2”281 Furthermore, it was demonstrated that the photocatalytic activity
is inversely correlated with the CdSe core size, as it affects the localization of the

charge carriers. [2631:32]

EDA/EDA* — 2H* [ H,

Energy

—0P

Figure 4.9: Scheme of a Pt-tipped CdSe/CdS DR and the related simplified en-
ergy level diagram, illustrating the separation of photogenerated
charge carriers, hydrogen evolution and hole scavenging by the EDA.
The CdSe core is surrounded by a CdS bulb, resulting in a smaller
band gap energy than the rest of the CdS domain. The Pt tip func-
tions as a photocathode and co-catalyst, catalyzing hydrogen produc-
tion. Figure modified from Wengler-Rust et al.,[1%] used under Cre-
ative Commons CC-BY license.

In principle, the photogenerated holes could be used for water oxidation in Pt-
CdSe/CdS photocatalysts. However, since the generation of an oxygen molecule
from water requires the transfer of four electrons (2H,O — O, + 4H™ + 4e7), it is
inevitable to proceed via oxidized intermediates. [95] Therefore, suitable oxidation

104,105

co-catalysts are needed. I Concurrently, the oxygen evolution reaction com-

petes with the loss of photogenerated holes resulting from charge recombination
and oxidation of the semiconductor domain or ligand at the NP’s surface. 3410l
Additionally, the generated oxygen can function as an electron acceptor, reduc-
ing the efficiency in hydrogen production, or may react back to water.[361071 At

present, only a few reports state complete water-splitting, generating hydrogen
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and oxygen while using nanohybrids, and the efficiencies achieved are relatively
low. [75:95]

To prevent the nanocatalyst from gradual degradation and achieve large and sta-
ble efficiencies in hydrogen production, the photogenerated holes have to be re-
moved efficiently from the NP. This is typically implemented by adding sacrificial
EDAs to the NPs” suspension. The present literature provides a whole library of
suitable EDAs, including various alcohols and amines, as well as sulfides, sul-
fites, and hydroxides. 2732343611081 A sulfides and sulfites are a by-product of
petrochemical industries, the use as EDAs might additionally contribute to solv-
ing environmental issues. '] Furthermore, many organic compounds can even-
tually be decomposed to CO, through multiple oxidation steps (e.g. MeOH can
be photooxidized to CO, via the stable intermediates formaldehyde and formic
acid).3110] In a pursuing "waste-to-energy" study, it was found that even poly-
meric compounds can be decomposed by using them as EDAs.[''!l The oxida-
tion of the EDA typically proceeds via a kinetically favored one-electron trans-
fer, generating a free radical intermediate (e.g. for sulfite: *SO; + e~ — SO%‘
or for methanol: *CH,OH + e~ + HT — CH30H, with a redox potential of
~ 0.7V vs NHE at pH 10 and ~ 1.2V vs NHE at pH 7, respectively).! [36:110112-115]
These radicals are strong reducing agents (~-2V at pH10 vs NHE for SOi_ +
H,O + e~ — *SO; + 20H™ or -1.3V vs NHE at pH7 for CH,O + e + HT —
*CH,OH). B613115-117] Hence, these radicals are likely to transfer an electron to
the conduction band of the CdS or the Pt domain directly, if no alternative elec-
tron acceptor, like molecular oxygen, is present (e.g. *CH,OH — CH,O + H™
+ €7 cds /pt).[36"110?116] Thus, after absorbing one photon, two electrons are gen-
erated, which both might contribute to the HER. This effect is called "current
doubling" and was observed for multiple alcoholic EDAs and diverse photocat-
alysts.[36:1107116;118-126] The extent of this process is contingent upon the energetic
position of the semiconductor’s electronic bands relative to the redox potentials

of the EDAs and the radicals forming during oxidation. [8%103

4.5 Synthesis of Metal-Semiconductor Nanohybrids

4.5.1 Synthesis of CdSe/CdS Dot-in-Rods

Cd-chalcogenide NCs of controlled size and shape can be synthesized using well-
established, wet-chemical colloidal synthesis methods. High-temperature ther-

mal reaction approaches in the presence of organic ligands ensure the formation

INote that reduction reactions are shown where redox potentials are stated.
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of NCs with high crystallinity and small size distribution. !’ The size of the
formed NCs can be controlled via the reaction time, temperature, the amount of
introduced precursor, and the use of ligands. As the ligands passivate the sur-
face of the nuclei, they limit the accessibility for the monomer and decelerate
the nuclei diffusion, enabling slow and steady growth.[1?”] Additionally, the at-
tached ligands form a steric barrier to NP aggregation.!!] This steric stabilization
is dependent on the ligands’ interaction with the solvent and thus can be grad-
ually reduced by adding an anti-solvent. As the attractive forces are increased
for larger NPs, they aggregate at smaller quantities of added anti-solvent than
smaller ones. Exploiting this fact, the size distribution of NP samples can be
narrowed by size-selective precipitation after synthesis.!!l Furthermore, the in-
troduction of specific ligands can facilitate anisotropic growth of the NC. As the
ligands exhibit different affinities for the various facets of the NC, their selective
attachment influences the facet-specific growth rates and therefore the shape of
the NC. The crystallographic facets of the NC are determined by its crystal struc-
ture. CdSe NCs can either nucleate in a hexagonal wurtzite (w) or cubic zinc
blende (zb) structure, depending on the reaction temperature. 621281291 The vari-
ous facets of these crystal structures have different surface energies and polarity,

enabling anisotropic growth in a kinetic growth regime. 4!

Due to the polarity of
the (001) and (001) facets in w-Cd-chalcogenides, the growth is generally faster
along the c-axis, favoring 1D rod growth.['?l The anisotropic growth can be pro-
moted further by introducing ligands that bind preferably to the (100) and (110)
side facets of the NC, like phosphonic acids. 1240621

By introducing a second semiconductor material, heterostructures of "mixed di-
mensionality" like CdSe/CdS DRs or nanotetrapods can be obtained.[%?! These
DRs can be synthesized using spherical w-CdSe NCs as seeds and growing a w-
CdS rod domain on its (001) and (001) facet, whereas CdSe/CdS tetrapods can
be obtained by growing w-CdS arms on the (111) facets of zb-CdSe seeds.[6%130]
Within the obtained DRs, the CdSe seed is not located in the middle but closer to
one end of the rod due to the higher surface energy and therefore larger growth
rate of the (001) compared to the (001) facet (Figure4.10; seed position at 1/3
to 1/4 of the rod’s length).[40:62130:131131-133] Monomer attachment is favored at
the chalcogenide-terminated, anionic (001) facet due to a reduced passivation
by the electron-donating ligands compared to the Cd-terminated, cationic (001)
facet.[1%¥] Even in the case of an additional monolayer of Cd atoms at the (001)
facet, this facet is more reactive, as the Cd atoms have more dangling bonds than
at the (001) facet.[130134] However, as the growth of the CdS domain is not re-

stricted to the c-axis, some of the DRs exhibit a slightly larger diameter around
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the CdSe core. This so-called bulb region has a reduced exciton confinement en-
ergy, and hence a reduced band gap compared to the rest of the CdS rod domain
(cf. Figure 4.9). [76,94;135;136]

@

Figure 4.10: Scheme of the anisotropic growth along the c-axis of CdSe/CdS DRs.
Due to higher surface energy and less ligand passivation, the growth
rate is larger at the (001) than at the (001) facet. [40] The blue arrows
indicate the growth rates at the respective facets.

4.5.2 Pt Deposition on CdSe/CdS Dot-in-Rods

The Pt-CdSe/CdS metal-semiconductor nanohybrid is obtained by depositing a
Pt domain on the semiconductor NC. The metal deposition can be implemented
either by a high-temperature synthesis or by photodeposition at RT.

Pt Deposition via High-Temperature Synthesis

The high-temperature synthesis approach is based on a thermal decomposition of
a Pt compound (e.g. platinum(Il) acetylacetonate), resulting in metal deposition
on the semiconductor NC, in the presence of a reductant (e.g. 1,2-hexadecanedi-
ol).l The semiconductor NCs function as seeds for heterogeneous nucleation
with a reduced energy barrier compared to homogeneous nucleation.l”! As the
(001) facet of CdSe/CdS DRs exhibits the largest reactivity, weakest ligand passi-
vation, and is additionally terminated by electron-rich sulfur atoms, the material
will preferably deposit at this facet. Hence, the Pt domain growth can be directed
selectively to the DR’s tip opposing the CdSe core. However, as the reactivities
of the (001) and (001) facet differ only slightly, a second domain may grow on
the other tip of the DR. Therefore, reaction time and temperature, as well as the
amount of Pt precursor, need to be adjusted and controlled precisely. For long re-
action times and large amounts of Pt precursor, the selectivity diminishes, leading
to metal deposition at both tips of the DR and alongside the DR’s body.[*"!
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Pt Deposition via Photodeposition

Photodeposition exploits the photogenerated charge carriers inside the NP for se-
lective metal (oxide) deposition at the NP’s surface by reduction or oxidation of
metal salts or organometallic precursors.!8131l In order to limit the excitation to
the semiconductor domain and suppress homogeneous nucleation of the metal,
the excitation wavelength is typically adjusted to the semiconductor’s band gap
energy.[8¢] Following the formation of a small Pt seed, the photogenerated elec-
trons quickly transfer into it, directing subsequent reduction events to this do-

main. [86]

For small excitation powers, domain growth is therefore favored over
the formation of a second Pt domain on the DR. In the case of CdSe/CdS DRs,
the sulfur-terminated, electron-rich, and weakly passivated (001) facet is advan-
tageous for light-induced, reductive metal deposition (Figure4.11a). However,
due to the reduced CB potential of the CdSe core compared to the CdS shell, pho-
togenerated electrons can also transfer into the core, leading to metal deposition
at the NP’s surface next to it (Figure 4.11b).[8¢°1:131] The photogenerated holes are
consumed by an EDA added. Additionally, the choice of ligand may influence the

position of the metal deposition.[?!]
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Figure 4.11: [llustration of reductive photodeposition of Pt on CdSe/CdS DRs.
The photoexcited electrons reduce organometallic Pt precursors or
metal salts (simplified as Pt>T), leading to deposition of the metal on
the DR’s surface. The reduction occurs preferentially at the electron-
rich (001) facet (a) or at the CdSe core (b). After a small Pt seed is
formed, photogenerated electrons are drawn to this seed, favoring
domain growth over the formation of a second Pt domain on the DR.
The photogenerated holes are consumed by an EDA.
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4.6 Characterization Methods

4.6.1 Static Ultraviolet-Visible Spectroscopy

Ultraviolet-visible (UV-vis) spectroscopy is an analytical method that can be used
for determining the wavelength-dependent absorbance of a sample in the visible
and ultraviolet (UV) range. The sample is irradiated with light of intensity Iy,
and the attenuation of the radiation to intensity I is recorded. The Beer-Lambert
law describes the relation of the absorbance or optical density (OD) of the sample
with the concentration of the analyte c, the optical path length d, and the analyte’s

molar extinction coefficient ¢, [77:80:137,138]

—log (%) =OD = cde (4.18)
0
The fraction of absorbed light Abs can be calculated from the OD
Abs=1—-10"°P. (4.19)

For individual NPs with a size much smaller than the wavelengths in the UV-vis
range, scattering can be neglected.[!®] In this case, the fraction of absorbed and
transmitted light T sum up to 1.[89137]

I

Abs + T = Abs + = 1 (4.20)
0

However, for samples that scatter light in the investigated wavelength range (e.g.

agglomerates of NPs), or reflect light, the fraction of scattered and reflected light

S and R, respectively, have to be added to Equation (4.20)

I
Abs-l—T—l—S—l—R:Abs-l-I—:l. (4.21)
0
Therefore, in this case, the scattered and reflected light must be collected in order
to determine the OD correctly

I
T+S+R=—= 1079P, (4.22)

0
UV-vis spectrometer typically use a double beam line, consisting of one sam-
ple beam which passes through the cuvette holding the sample (measurement of
I) and one reference beam (measurement of Iy). The light of both beams origi-

nates from the same polychromatic source, and the wavelength is adjusted by a
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r.[7780] Tn classical spectrometers, both beams follow a linear path,

monochromato
with the detector behind the sample, measuring the transmitted light. In such a
setup, scattered or reflected light does not reach the detector and thus contributes
to the OD determined. In order to collect the scattered and reflected light, a
spectrometer with an integrating sphere can be used.[!¥”] The sample is placed
inside the integrating sphere, which is coated with a diffuse reflective material
(e.g. polytetrafluoroethylene or barium sulfate), and the detector is offset with
respect to the sample beam path. The transmitted, scattered and reflected light
is scattered diffusely inside the sphere and hence contributes to the intensity I
measured by the detector. Therefore, this setup allows to determine the frac-
tion of absorbed light even for samples that scatter strongly (cf. Equation (4.21)
and Equation (4.22)). To account for scattering, reflection, and absorption by the
solvent and cuvette, a baseline measurement is typically conducted. PL distorts
the absorbance measurement. This effect is particularly severe in an integrating
sphere where all the emitted light is directed onto the detector. Therefore, for
highly fluorescent samples, the absorbance can be determined more precisely in
a spectrometer with a linear beam path.[””! Alternatively, the fluorescence can be
extinguished by adding a quenching agent.

4.6.2 Time-Resolved Photoluminescence Spectroscopy

The time-dependent PL behavior of fluorophores is typically characterized using
time-correlated single-photon counting (TCSPC). This technique utilizes pulsed
lasers for exciting the fluorophore and photomultiplier tubes for detecting the
emitted photons. A scheme of a TCSPC setup is shown in Figure 4.12a. A time-
to-amplitude converter (TAC) is utilized to determine the time between the laser
pulse and the detection of the emitted photon. The TAC enables the time mea-
surement by generating a voltage ramp that increases linearly with the elapsed
time. The measured time intervals are plotted in a histogram, the PL decay curve
(Figure4.12b). To ensure accurate measurements, the excitation power must be
kept low (roughly one emitted photon every 100 excitation pulses).””] If the ex-
citation power is too high, multiple photons may excite the sample, resulting in
several emissions. However, only the first emitted photon can be detected due to
the dead time of the TCSPC device, which is typically in the two-digit nanosec-
ond range.””l Hence, at large excitation powers, the histogram is biased towards

[77140] The repetition rate of the

shorter times. This effect is called pile-up effect.
pulsed laser is adjusted based on the lifetime of the fluorophore. If the repetition

rate is too high, emitted photons may be assigned to the successive laser pulse, re-
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d.[77140] Eyrthermore, the

sulting in significantly reduced times being determine
instrument’s intrinsic response has to be characterized. This is implemented by
measuring an instrument response function (IRF), using a scattering, zero lifetime

sample (e.g. polystyrene NPs).[”7]
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Figure 4.12: Schematic of a TCSPC system (a) and the recorded PL decay curve

(b). Figure modified from Lakowicz, 7”1 © 2006, 1999, 1983 Springer
Science+Business Media, LLC, used with permission.

Depending on the fluorophore investigated, the obtained PL decays can be de-
scribed by mono- or multi-exponential decay curves. While fluorescent molecules
exhibit mono-exponential PL decays, the PL decay of semiconductor NCs is typi-
cally multi-exponential due to numerous non-radiative decay channels.[! Based

on Equation (4.11), the decay of the PL intensity can be expressed as

Al

I(t)=) A;-e T, (4.23)

where A; is the amplitude and 7; the decay time of the respective decay chan-
nel.[77]

In the case of a multi-exponential decay, an average lifetime can be calculated. It
can be determined using either an intensity- or amplitude-weighted approach

Y A; T2
Tave W = Zl Af - (4.24)
1 [’
Tave, AW — %/ (4-25)
1 1

with the intensity-weighted T,ye [w and amplitude-weighted 7,y aw average life-

time [142;143]

Due to the quadratic contribution of the decay time, the amplitude-
weighted average emphasizes short, whereas the intensity-weighted average high-
lights long decay times. For semiconductor NCs, the intensity-weighted average

is commonly used as it is more stable against variations in the number of compo-
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nents than the amplitude-weighted. 77143144 Therefore, the calculation is suitable

for NC samples in which the lifetime varies due to different NC sizes.[14°]

4.6.3 Transient Absorption Spectroscopy

TA spectroscopy is a pump-probe technique that measures time-dependent chan-
ges in the absorbance of a sample upon photoexcitation. As the experiment’s time
resolution depends on the pulse duration, femtosecond lasers are typically used.
A scheme of a TA setup is shown in Figure 4.13. Using a beam splitter (BS), the

/\ BS Chopper
OPA/

SHG

Pulsed Laser

Pump
White Light
Generation |\
D_ — /

[ = Probe
[ ] Sample
D_elay \Z | Reference
Time Spectrometer

Figure 4.13: Scheme of the employed TA setup. An absorbance spectrum of the
sample is recorded by a white light probe pulse alternately with and
without excitation by a pump pulse of defined wavelength. A time
resolution is obtained by varying the delay time between pump and
probe pulse.

|3>

Spectrometer

pulse is divided into two pulses: a pump pulse of high and a probe pulse of low
intensity. The wavelength of the pump pulse photons is tuned by nonlinear opti-
cal effects like second harmonic generation (SHG) or using an optical parametric
amplifier (OPA). The probe pulse is directed over a mechanical delay stage, allow-
ing to adjust the time offset between the pump and probe pulse, which is referred
to as the delay time. Using a transparent medium (e.g. a calcium fluoride crystal),
a white light probe pulse is generated, enabling to probe the entire optical spec-
trum with one pulse. Eventually, the probe pulse is directed onto a spectrometer
after passing the sample. A chopper is used to block every second pump pulse.
Therefore, spectra of the sample are recorded alternately with and without exci-
tation by the pump pulse. From each pair of measurements, the difference of the

sample’s absorbance in the excited and ground state AA is determined. [140]

AA = Aexcited state — Aground state = ODexcited state — OD ground state (4.26)
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Inserting the Beer-Lambert law (Equation (4.18)) into Equation (4.26) demonstrates
that AA is independent of Ij.[14]

AA — — log ( Iexcited state) + log ( Iground state > _ log ( Iground state > (4.27)

IO IO excited state

The main source of noise in the experiment results from variations in the spec-
tral intensity of the probe beam. To reduce this effect, the fluctuations in the
white light spectrum can be monitored by a reference channel, employing a sec-
ond spectrometer. As a mechanical delay stage enables only delay times of up
to single-digit nanoseconds, a separate, electronically triggered white light laser
source can be employed to generate probe pulses for TA measurements with
longer delay times (ns to ps). The wavelength of the pump pulse is set to ex-
cite specific transitions in the sample. For investigating semiconductor NCs, the
wavelength of the pump pulse is typically adjusted to excite electrons above the
band gap of the NC (Figure4.14a). In the measurement, contrast (AA # 0) is
mainly created from three different mechanisms: ground state bleach, photoin-
duced shift, and photoinduced absorption.

Ground State Bleach: After excitation by the pump pulse, photogenerated elec-
trons and holes occupy the CB and VB, respectively, causing a reduced absorption
of the probe pulse compared to the unexcited NC due to the Pauli exclusion prin-
ciple (Figure 4.14b). The bleaching of the sample’s absorption results in a negative
AA (Figure 4.14e).[146]

Photoinduced Shift: In the excited NC, the electric field between excited charge
carriers can induce a spectral shift of the NP’s energy levels (Stark effect; Fig-
ure 4.14c). This results in a differential absorption with a positive and negative
component (Figure 4.14f).[29:65147]

Photoinduced Absorption: In the excited sample, the probe pulse can induce
transitions of the excited charge carriers into higher excited states (Figure 4.14d).
As these transitions are not available in the unexcited sample, the photoinduced
absorption yields a positive AA (Figure 4.14g).[146:148]

In multicomponent nanostructures, the movement and recombination of the pho-
toinduced charge carriers can be tracked as time-dependent changes in the TA

spectrum. [2414]
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Figure 4.14: Scheme of the contrast mechanisms in TA on semiconductor NPs.

The pump pulse excites an electron from the VB into the CB, creating
a hole in the VB (a). After a distinct delay time, the probe pulse in-
teracts with the excited NP (b-d). Due to blocking of transitions, the
absorption of the excited NP is bleached, yielding a negative AA (e).
Photoinduced charge carriers can cause a shift of the NC’s energy
levels, resulting in a derivative like AA (f). A positive AA occurs
for photoinduced absorptions, which are transitions of the excited

charge carriers into higher energy states (g).
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5 Scope

The influence of the size, shape, and composition of the nanocatalyst, as well as
the presence of different EDAs on the photocatalytic activity, was investigated

in literature studies.[26-3234-36]

However, processes occurring at the NPs” surface
were barely considered in the given explanations for the observed trends and
phenomena. Furthermore, the EDA-induced formation of NP networks has not
been reported so far, a process that significantly influences the charge carrier dy-
namics of the NPs and therefore also the photocatalytic yield.

The aim of this work was to draw a detailed picture of the processes limiting the
photocatalytic activity. This was implemented by correlating the photocatalytic
activity, charge carrier dynamics, and colloidal stability of Pt-tipped CdSe/CdS
DRs with functional components of different number and dimensionality, as well
as in the presence of different EDAs, in a comprehensive study. Firstly, suited
syntheses and synthesis parameters for obtaining Pt-tipped CdSe/CdS DRs with
functional components of desired number and size were found. The charge car-
rier dynamics and photocatalytic activity of various synthesized colloidal NPs
in the presence of different EDAs (methanol (MeOH), ethanol (EtOH), isopropyl
alcohol (IPA), NaySO3, and the mixtures of NayS & NaySO3;, KOH & IPA, and
KOH & MeOH) were investigated by TA and time-resolved PL spectroscopy, as
well as steady-state hydrogen production measurements. The TA data was an-
alyzed in detail to resolve all relevant processes during photocatalytic hydrogen
production and evaluate their dependency on the NPs” dimensionality and the
interaction with an EDA. In this context, it was investigated whether the depo-
sition of Pt domains induces a static or dynamic PL quenching. Electron mi-
croscopy, DLS, and static spectroscopy measurements were conducted to investi-
gate the colloidal stability of the NPs in the presence of different EDAs and dur-
ing illumination. Illumination time-dependent measurements were performed to
gain insights into the processes occurring at the NPs’ surface during the solar-
to-fuel conversion. Furthermore, excitation power density-dependent measure-
ments were executed to assess the lifetime of charge carriers participating in the
photocatalytic process and to validate the occurrence of NP networks.
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6 Materials and Methods

6.1 Materials

Trioctylphosphine (TOP, 90 %), selenium (>99 %), sulfur (>99 %), n-octylamine
(99 %), oleylamine (OAm, 70 %), oleic acid (OA, 90 %), 1,2-hexadecanediol (HDD,
90 %), diphenyl ether (DPE, 99 %), n-hexylphosphonic acid (HPA, 95 %), 2,3,6,7-
tetrahydro-9-trifluoromethyl-1H,5H-quinolizino(9,1-gh)coumarin (coumarin 153,
99 %), sodium sulfide (95 %), (1,5-cyclooctadiene)dimethylplatinum(II) (COD-DM-
Pt, 97 %), triethylamine (>99 %), and 11-mercaptoundecanoic acid (MUA, 95 %)
were obtained from Sigma-Aldrich. Trioctylphosphine oxide (TOPO, 98 %), potas-
sium hydroxide (>85 %), and sodium sulfite (98 %) were purchased from Merck,
while n-octadecylphosphonic acid (ODPA, 98 %) was obtained from PCI Syn-
thesis and cadmium oxide (>99 %) from ChemPur. Toluene (>99.8 %), acetone
(>99 %), MeOH (>99.8 %), EtOH (>99.8 %), chloroform (> 99 %), IPA (>99.7 %)
were acquired from VWR Chemicals. Nonanoic acid (97 %), platinum(Il) acety-
lacetonate (98 %) were purchased from abcr, 1,2-dichlorobenzene (DCB, >99 %)
was purchased from Acros Organics. Hydrogen gas (>99.999 %) was obtained
from Westfalen AG and nitrogen gas (>99.999 %) from SOL Group. Argon gas
(>99.999 %) was purchased from Sauerstoffwerk Steinfurt E. Howe GmbH & Co.
KG and the argon-hydrogen mixture (2.000 % hydrogen) from Linde GmbH. Ul-
trapure water (18.2 M() cm, Millipore) was used in all experiments. All chemicals

were used as received.

6.2 Synthesis of CdSe Nanocrystals

The procedure reported by Manna et al. was used to prepare CdSe seeds.*"]

In a 25mL three-necked round-bottom quartz-glass flask, TOPO (3.0 g), ODPA
(280mg) and CdO (60 mg, 0.47 mmol) were combined and heated to 150 °C un-
der vacuum for one hour. Subsequently, the CdO was dissolved by heating the
solution to 320 °C under nitrogen for 30 min. Optionally, a second degassing step

was performed at this point by lowering the temperature to 150 °C under vacuum
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for half an hour. Afterwards, the temperature was set to 380 °C under nitrogen
and TOP (1.5 g) was injected at a temperature of 360 °C. Once the temperature re-
covered to 380 °C, a solution of Se:TOP (Se (58 mg, 0.73 mmol) dissolved in TOP
(360mg)) was rapidly injected. Depending on the desired NP size, the reaction
was allowed to proceed for a couple of seconds or quenched immediately using a
water bath or an ice bath with 25 vol% acetone in it. At a suspension temperature
of 150 °C, toluene (5 mL) was injected. The NPs were precipitated by centrifuga-
tion after the addition of acetone and MeOH as anti-solvents. The precipitated
NPs were redispersed in toluene and the cleaning procedure was repeated mul-
tiple times. After cleaning, the NPs were stored in a glove box under nitrogen

atmosphere.

6.3 Synthesis of CdSe/CdS Dot-in-Rod Nanocrystals

The CdSe/CdS DRs were synthesized following the procedure by Manna and co-
workers with some modifications.*’l TOPO (3.0 g), ODPA (290 mg), HPA (90 mg),
and CdO (90 mg, 0.70 mmol) were introduced into a 25 mL three-necked round-
bottom flask and degassed at 150 °C under vacuum for one hour. Afterwards, the
solution was heated to 300 °C under nitrogen until it turned optically clear and
colorless. A second degassing step was carried out by reducing the temperature
to 150 °C under vacuum for half an hour. Meanwhile, an injection suspension
was prepared by dissolving CdSe seeds (50 nmol) and sulfur (120 mg, 3.7 mmol)
in TOP (2mL). The dissolution of the sulfur was facilitated by heating the injec-
tion solution to 80 °C for 10 min. The main solution was heated under nitrogen,
and at 330 °C TOP (1.5mL) was injected, followed by a rapid injection of the Cd-
Se/S:TOP suspension at 340 °C. The reaction was allowed to proceed for 8 min
after the temperature recovered to 340 °C. Afterwards, the reaction was cooled
by using an air blower. At 150 °C, the reaction was finally quenched by injecting
toluene (12mL) and octylamine (1.5mL). After the synthesis, a size-selective pre-
cipitation was performed repeatedly using an anti-solvent mixture of acetone and
MeOH and centrifugation. The product was stored in a glove box under nitrogen
atmosphere.

6.4 Pt Tipping on CdSe/CdS Dot-in-Rods

Pt domains were deposited on the CdSe/CdS DRs following the hot-injection

s, [90

procedure by Mokari and coauthors, "l or the photodeposition method by Alivi-
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satos et al.[®] The products were stored in a glove box under inert atmosphere.

6.4.1 Pt Tipping via Hot-Injection

In a 25mL three-necked round-bottom flask, OA (0.2mL), OAm (0.2mL), HDD
(43.0mg), and DPE (10 mL) were mixed and heated to 80 °C under vacuum for
45min. Simultaneously, CdSe/CdS DRs (approximately 40 nmol (concentration
deduced from the absorbance spectrum, based on the calculations from Dorfs et
al.)[1%%]) were concentrated by evaporating the solvent under inert atmosphere.
The dried NPs were combined with Pt(Il) acetylacetonate (12 mg, 30.5 pmol) and
dissolved in DCB (2.5mL). This NP suspension was heated to 70 °C for 10 min.
The surfactant solution in the flask was heated to 200 °C under nitrogen, and
the mixture of DRs and Pt precursor was injected. The reaction proceeded for
5min and was quenched quickly by cooling the suspension with a water bath.
The tipped DRs were washed twice and separated from homonucleated Pt NPs
by precipitation via the addition of EtOH, centrifugation, and redispersion in

toluene.

6.4.2 Pt Tipping via Photodeposition

Under inert atmosphere, a COD-DM-Pt solution in toluene (90 uL, 200 mM), tri-
ethylamine (100 uL) and a DR suspension in toluene (250 nL) were combined in a
NMR tube. The sealed tube was illuminated by a 445nm LED (Thorlabs SOLIS-
445C), at ~ 650 mW of total output power (~ 35 mW cm~2 and therefore ~ 37 mW
on the total sample area inside the NMR tube of ~ 1.05cm?). The suspension was

illuminated for several hours.

6.5 Synthesis of Pt NPs

For synthesizing Pt NPs, the hot-injection protocol for Pt-tipping of DRs by Mokari
et al. described above was modified (Section 6.4.1) by omitting the injection of
DRs. The homonucleated NPs were precipitated size-selectively using centrifu-

gation and methanol as an anti-solvent, followed by redispersion in toluene.

6.6 Ligand Exchange and Phase Transfer to Water

For transferring the Pt-tipped and bare CdSe/CdS DRs into aqueous media, the
organic, hydrophobic ligands on the NPs were exchanged to hydrophilic MUA
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following the procedure by Banin et al.151 The MUA (13 mg, 59.5umol) was
added to the NPs in chloroform (10 mL, roughly 4000 MUA molecules per Pt-DR
and roughly 5000 MUA molecules per bare DR), and the suspension was shaken
and sonicated in order to disperse the MUA (cf. Figure 6.1). A KOH solution
(2mL, ~ 0.1 M) was added to the NP suspension forming a second phase above
the chloroform phase. After vigorous shaking, the MUA-capped NPs transferred
into the upper, aqueous phase, which was subsequently separated. The proce-
dure of adding KOH solution (0.5 mL each) and separation of the upper phase
was repeated four times. The transferred NPs were precipitated by centrifuga-

tion, adding MeOH as an anti-solvent and were redispersed in water.

Hydrophobic
Ligands; Two
in Chloroform B Phqses
H,O
MUA + KOH )
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/N ) * /) |Shaking
IAY IA>, IAY,

Figure 6.1: Scheme illustrating the steps during ligand exchange to MUA and
phase transfer to water.

6.7 Determining the Concentration of CdSe

Nanoparticles

The size-dependent absorption properties of CdSe NCs were studied system-

1.152] They investigated the optical absorption coef-

atically by Mulvaney et a
ticients of these NCs by utilizing inductively coupled plasma-optical emission
spectroscopy and transmission electron microscopy (TEM), obtaining size-de-
pendent band-edge calibration curves. By fitting their experimental data they

derived the relation

— 352 —643
D = 59.60816 — 0.54736Ag,; +1.8873 - 107 °Ag . —2.85743 - 10" °Ag

(6.1)
-9,4
+1.62974 - 10 AL

for CdSe NCs of a diameter D (in nm) between 2nm and 8 nm, with Ag ¢ (in nm)
as the wavelength of the first excitonic absorption peak E;s. Additionally, the
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. . o . . 1
molar extinction coefficient <£1 s, Ny~

> was calculated

E
_ 1013 _ Lgs
e1s = 155507 + 6.67054 - 10~ exp ( 010551) , (6.2)
where Ejg is the energy (in eV) of the first excitonic peak. The concentration of
the CdSe NCs [NCs| (in M) was derived from the Beer-Lambert law (see Equa-

tion (4.18)) oD A
1S HWHM

d-e1s  0.06eV '
with the optical path length d (in cm), the measured optical density OD at peak

[NCs] = 6.3)

maximum and the half-width-half-maximum of the first excitonic peak on the
lower energy side AE;s ywrm (in eV). The second term of this equation considers
the distribution width of the NC ensemble.[152]

6.8 Determining the Concentration of CdSe/CdS DRs

Analogous to CdSe NPs, the CdSe/CdS DRs exhibit a size-dependent absorption.
Dorfs et al. state that the molar extinction coefficient can be calculated from the
optical density at high energies (e.g. at 350 nm), since this high energy absorption
was found to be dependent on the DRs’ volume but not on its dimensions. [1%"]

Conducting TEM and atomic absorption spectroscopy, they found the relation

£ =283269 -V L

(6.4)
mol cn nm

3
for the molar extinction coefficient at 350 nm, with the DRs volume V. Using the
Beer-Lambert law (Equation (4.18)), the concentration of the DR sample can be
calculated after measuring the OD at 350 nm.

6.9 Transmission Electron Microscopy

Conventional TEM measurements were carried out at a JEOL, JEM-1011 micro-
scope operating at 100 kV accelerating voltage. High-resolution TEM (HRTEM)
and high-angle annular dark field scanning TEM (HAADF STEM) measurements
were conducted at a JEOL, JEM-2200FS microscope at an accelerating voltage of
200kV. TEM samples were prepared by drop-casting roughly 10 uL of a diluted
NP suspension onto a carbon-coated 400-mesh copper grid. Cryo-TEM measure-

ments were performed at a FEI Tecnai G2 Spirit Twin at an accelerating voltage
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of 120kV. The samples for cryo-TEM imaging were prepared using a FEI Com-
pany, Vitrobot Mark IV for vitrification in liquid ethane. The micrographs were
analyzed using the software Image]. The measurements were conducted by Ste-
fan Werner, Andrea Koeppen, and Ulf Koenig (Institut fiir Physikalische Chemie,
Universitidt Hamburg).

6.10 Dynamic Light Scattering

DLS measurements were conducted in a DLS instrument (Malvern Panalytical
Ltd, Zetasizer Pro Blue Label). A dynamic viscosity of 0.8872mPas (water at
25°C) and a refractive index of 2.53 (CdSe/CdS NPs) was set for all measure-
ments. The software ZS Xplorer was used for instrument control and data record-

ing.

6.11 Static Ultraviolet-Visible Spectroscopy

The OD of the colloidal NP samples was determined in an UV-vis spectrome-
ter (Agilent Technologies, Cary 5000) equipped with an integrating sphere (lab-
sphere, DRA-2500), or in a spectrometer with a linear beam path (Agilent Tech-
nologies, Varian Inc., Cary 50). NP samples of 3 mL were transferred into quartz-
glass cuvettes (Hellma Analytics) with an optical path length of 1 cm. In the spec-
trometer with the integrating sphere, the cuvette was placed in center position
inside the integrating sphere. The software Cary WinUV for UV-vis-NIR applica-

tions was used for instrument control and data recording.

6.12 Transient Absorption Spectroscopy

The TA measurements with a femtosecond resolution (fs-TA measurements) were
performed using an amplified Ti-Sapphire laser system (Spectra-Physics, Spitfire-
Ace, 800nm, 1kHz, 35 fs pulse duration) in combination with a TA spectrometer
(Ultrafast Systems, HELIOS). The laser beam was split into two parts. The first
part was used for generating the pump beam via SHG in a B-barium borate crys-
tal for the 400nm and an OPA (Light Conversion, TOPAS Prime) for the 450 nm
pump pulse. The second part was used to generate white light in a calcium flu-
oride crystal, after passing a delay stage. The pump beam was guided through
a chopper with a frequency of 500 Hz. For the TA measurements with a nano- to

microsecond resolution (ns-TA measurements), a separate spectrometer (Ultra-
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fast Systems, EOS) was utilized. A 2kHz white light probe beam was generated
by an electronically triggered white light laser source. The same pump beam
was used for the fs-TA and ns-TA experiments. The excitation fluence was set to
30 uJ cm 2 for all measurements. For both types of TA experiments, both, pump
and probe beam were focused onto the NP sample, which was rapidly stirred in
a quartz-glass cuvette of 2 mm optical path length. The longest delay time pro-
ducible with the fs-TA setup was ~7.5ns and the shortest delay time achievable
with the ns-TA setup was ~ 1ns. The TA measurements were conducted in col-
laboration with Yannic U. Staechelin (Lange Research Group, Institut fiir Physikalis-
che Chemie, Universitit Hamburg).

6.13 Static Photoluminescence Spectroscopy

Static PL spectra were recorded and QYp; was determined using a spectrofluo-
rometer system (Jobin Yvon HORIBA, Fluorolog-3), equipped with a photomul-
tiplier (Jobin Yvon HORIBA, Spex DM302). Samples were diluted to OD <0.1
and measured in quartz-glass cuvettes with an optical path length of 1cm. The
software FluorEssence (HORIBA), OriginPro 2024 (OriginLab Corporation) and
a self-written script in MATLAB (The MathWorks Inc.) were used for instru-
ment control, data recording and analysis, as well as for determining PL quan-
tum yields.

Alternatively, PL quantum yields were determined relative to the standard couma-
rin 153 in EtOH. The quantum yield of the fluorophore was calculated by relating
the integrated intensity of the emission Igp,, the OD, and the refractive index of

the solvent 7 of the fluorophore and the standard (subscript "ref").[7/153]

I Em OD ref n2
YpL = QY
Q PL Q PL, ref IEm’ rof OD nz

ref

(6.5)

In this context, static PL spectra of the dye and NP samples were recorded using a
fluorescence lifetime spectrometer (PicoQuant GmbH, FluoTime 300), equipped
with a high-power supercontinuum laser (NKT Photonics, SuperK Fianium) and
a tunable high-contrast filter (NKT Photonics, LLTF Contrast), operating in long
range mode. The software EasyTau2 (PicoQuant GmbH) was used for instru-
ment control, data recording, and analysis. The sample’s OD was determined in

an UV-vis spectrometer equipped with an integrating sphere (see above).
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6.14 Time-Resolved Photoluminescence Spectroscopy

The PL decay kinetics were recorded using a fluorescence lifetime spectrometer
(PicoQuant GmbH, FluoTime 300), equipped with a high-power supercontinuum
laser (NKT Photonics, SuperK Fianium) and a tunable high-contrast filter (NKT
Photonics, LLTF Contrast). Samples were diluted to OD <0.1 and measured in
quartz-glass cuvettes with an optical path length of 1cm. The IRF was mea-
sured using a polystyrene NP suspension. The software EasyTau2 (PicoQuant
GmbH) was used for instrument control, data recording, and analysis. The emis-
sion monochromator was adjusted to the wavelength of the PL peak maximum

for recording the PL decay kinetic.

6.15 X-Ray Diffraction

X-ray diffraction (XRD) measurements were conducted employing a diffractometer
(Philips, X'Pert PRO MPD) with a Bragg-Brentano geometry, containing a high-
intensity ceramic sealed tube (Philips, 3 kW) as a Cu Ka X-ray source with a wave-
length of 1.5405 A. XRD samples were prepared by drop-casting a concentrated
NP suspension in toluene onto a Si wafer substrate. The solvent was evaporated
and the drop-casting process was repeated until a visible layer was deposited.
The measurements were conducted by Nina Schober (Institut fiir Physikalische
Chemie, Universitit Hamburg).

6.16 pH Value Measurements

pH values were measured using a pH meter (Mettler Toledo, FiveEasy), equipped
with a pH electrode (InLab, pH electrode Micro).

6.17 Steady-State Hydrogen Production

Measurements

For the hydrogen generation measurements a setup was designed and assembled
(cf. Figure 6.2a+b). The suspension of MUA-capped NPs in water was transferred
into a cuvette setup, combining a 50 mL quartz-glass cuvette with an optical path
length of 2cm, a 100 mL flask, two glass pipes with valves and two septa (165 mL
gas volume; cf. Figure 6.2b). The OD of all samples was adjusted to roughly 0.8
at 445nm inside the cuvette. Firstly, the NPs suspension and the cuvette setup
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Figure 6.2: Scheme of the setup assembled for steady-state hydrogen production
measurements in top (a) and side (b-f) view. The NP suspension and
the cuvette setup are purged with nitrogen (c), the photocatalysts are
illuminated inside the quartz-glass cuvette (d), and gas aliquots are
taken from the upper septum (e). For calibration, hydrogen samples
can be injected at the lower septum (f).

were purged with nitrogen for roughly 20 minutes (cf. Figure 6.2c). To ensure a
complete gas exchange inside the cuvette setup, the cuvette was turned multiple
times during this purging process, guiding the NPs suspension into the quartz
glass cuvette and back into the flask. After purging, the valves were sealed,
the NP suspension was guided into the quartz-glass cuvette and the whole cu-
vette setup was transferred to its holder. For exciting the photocatalysts a 445 nm
LED (Thorlabs, SOLIS-445C) was used, adjusted to 115 mW of total output power
(~7.92mW cm~2), while the suspension was stirred (cf. Figure 6.2d). After each
15 minutes of illumination, a gas aliquot of 500 pL was extracted from the cuvette
setup using a gastight syringe (cf. Figure 6.2e). To prevent local accumulation
of the generated hydrogen gas but distribute the gas uniformly, the cuvette setup
was turned and shaken before extracting the gas aliquot at the upper septum. The
aliquot was injected into a gas chromatograph (GC), equipped with a thermal
conductivity detector (Shimadzu, Nexis GC-2030). The GC was equipped with
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two columns, a 5 A molecular sieve (SH-Rt-Msieve 5A, 30m, 0.53 mm, 50 pm)
and a porous polymer Q-BOND column (SH-Rt-Q-BOND, 30 m, 0.53 mm, 20 pm)
for separating permanent gases. Nitrogen was used as carrier gas. The software
LabSolutions (Shimadzu) was used for instrument control, data recording and
analysis.

The measured hydrogen volumes were plotted against time and the data was
titted linearly for determining the hydrogen production rate. In Figure 6.3 an ex-
emplary measurement of Pt-tipped DRs in the presence of IPA is shown. The
hydrogen production rate determined is 6.32 + 0.36 n}i—ﬁl The stated error was de-
rived from the deviation of the data points from the linear fit applied, while the
error bars of the data points were calculated from the average (black error bar)
and maximum (grey error bar) relative standard deviation of the hydrogen cali-
bration measurements (see Section6.17.1 for detailed description on hydrogen
calibration measurements).
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Figure 6.3: Steady-state hydrogen production measurement of Pt-CdSe /CdS DRs
using IPA as a sacrificial EDA. The hydrogen volumes were mea-
sured using a GC. The data points were fitted linearly for determining
the hydrogen production rate. The error bars were calculated from
the average (black error bar) and maximum (grey error bar) relative

standard deviation of the hydrogen calibration measurements (cf. Fig-
ure 6.4).

The quantum efficiency in hydrogen production (QEp,) can be calculated from

the number of generated hydrogen molecules per time @ and the number of
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absorbed photons per time M (801

N
N

QEy, = (6.6)

N Photons
t

A factor of two is added in the numerator, since for each hydrogen molecule gen-
erated, two protons have to be reduced.!®?! The number of generated hydrogen
molecules per time can be calculated from the determined hydrogen production

rate @ and the molar volume of an ideal gas Vi (Vin =22.4 ﬁ) [80]

NHz_nHz'NA:VHz.&

/ 6.7
t t t Vm (6.7)

with the amount of substance of hydrogen molecules ny, and the Avogadro con-
stant N .[3280]

The number of absorbed photons per time can be determined from the absorbed
photon flux ®,,4 (number of absorbed photons per time per area) and the illumi-

nated area of the cuvette A

NPhtotons _ q)abs A (6.8)

The absorbed photon flux can be calculated from the absorbed power P, and
the energy of each photon Epygton

Habs o Pabs _ Pabs A , (6.9)

P = =
abs E'Photon A- EPho’con A-h-c

with the absorbed power density H,,s, the wavelength of the exciting light A,
the Planck constant / and the speed of light c.!8] The absorbed power was cal-
culated from the incident power that hits the sample Ppc (see Section 6.17.2 and
Equation (6.13) for detailed description on LED power calibration) and the OD of
the sample (see Equation (4.19)) at 445nm

1
Pabs = Abs . PPC = (1 — W) . PPC. (610)

The OD of each sample was determined using a spectrometer equipped with
an integrating sphere (see experimental section). After inserting Equation (6.7),
Equation (6.8), Equation (6.9), and Equation (6.10) into Equation (6.6) the quan-
tum efficiency in hydrogen production can eventually be calculated from the OD
of the sample at 445nm, the incident power, and the hydrogen production rate
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measured

QEy, = ——Ym — (6.11)
2 (17wﬁ>~Ppc-)\
h-c

In the case of the Pt-DRs in the presence of 10 vol% IPA (cf. Figure 6.3) a QEp, of
2.63 +0.14 % results:

OD = 0.782, Ppc = 115 mW (see Section 6.17.2 for LED power calibration), @ =
6.32+0.36 2

min

Vi, Na o

N;
B _1.70. 1017#
t min

NPhotons —1.29. 1019 1
t ' min

= QEp, = 2.63%

6.17.1 Calibration of Hydrogen Volumes in Gas
Chromatography

An analytical gas chromatography calibration was implemented, enabling pre-
cise quantification of the unknown hydrogen volumes inside the cuvette setup
during the steady-state hydrogen generation measurements. Firstly, a gas sam-
pling tube was filled with pure hydrogen gas. Secondly, distinct volumes of hy-
drogen gas were transferred from the gas sampling tube to the cuvette setup,
using gastight syringes of different sizes. The cuvette setup was filled with 45 mL
of water and 5mL of IPA and was previously purged with nitrogen. The hydro-
gen samples were injected at the lower septum, above the quartz-glass cuvette, in
order to mimic the hydrogen generation inside this cuvette and the distribution
of the hydrogen gas within the cuvette setup authentically (cf. Figure 6.2f). Subse-
quently, a hydrogen calibration curve was recorded by withdrawing gas aliquots
of 500 pL from the cuvette setup and injecting these into the GC (see Figure 6.4).
The cuvette was turned and shaken (see above) before aliquot extraction. It was
found that it takes some minutes for the hydrogen gas to distribute uniformly
within the cuvette setup. After 15 minutes, the amount of hydrogen stays at a
constant level. The calibration curve was generated from aliquots taken 15 and
30 minutes after injection of the hydrogen sample. The process of purging with
nitrogen, hydrogen sample injection, and aliquot extraction was repeated multi-
ple times on different days for each hydrogen volume. Since the gas aliquots for
calibration are extracted directly from the cuvette setup, the process of aliquot
extraction from the cuvette, the gas distribution within the cuvette, and further

experimental conditions are precisely reproduced and hence integrated into the
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calibration. The average and maximum relative standard deviation of the mea-
surements was used for determining the error bars in the steady-state hydrogen
production measurements (cf. Figure 6.3).
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Figure 6.4: Hydrogen calibration curve of the GC. The measured peak area of the
hydrogen peak is plotted against the hydrogen volumes injected into
the cuvette setup. The mean value of the measurements conducted at
each hydrogen volume is used for the linear regression analysis.

6.17.2 Calibration of LED Power

The power emitted by the LED at distinct applied currents was calibrated, uti-
lizing a power meter sensor (Thorlabs, S425C Thermal Power Sensor Head, 0.19-
20um, 10 W) and a digital console (Thorlabs, PM100D Compact Power and En-
ergy Meter Console). The LED beam is focused onto the power meter sensor
head by a plano-convex lens (Thorlabs, N-BK7 Plano-Convex Lens, AR Coating
350 - 700 nm; cf. Figure 6.2d). By focusing the entire LED beam onto the sensor
head, the small divergence and the slightly non-uniform power density along the
cross-section of the beam become irrelevant. Additionally, all optical components
are mounted onto an optical rail, ensuring a linear beam path (cf. Figure 6.2a). By
mounting a mesh filter in front of the LED, very small (3.5mW of total output
power, ~ 0.24 mW cm—2) excitation powers could be achieved. Light scattering at
the second cuvette window was considered by measuring the power of the LED
beam 1. after passing a cuvette filled with water and 2 cm optical path length Poc,
(Figure 6.5a), 2. after passing a cuvette filled with water and 4 cm optical path
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length Py, (Figure 6.5b), 3. without a cuvette in the beam path Py (Figure 6.5¢).
The first measurement considers the attenuation of the excitation power at the
first cuvette window and due to the solvent, however, it also contains an attenua-
tion of power due to the second cuvette window. Therefore, the measured power
P is slightly lower than the power that hits the sample Ppc. In order to calcu-
late and eventually subtract the contribution of the second cuvette window, the

power that would have passed an empty cuvette was determined first

P EmptyCuvette — P, 2cm — P, 4cem T P. 2cm:+ (6-12)

Finally, the power that excites the aqueous NP suspension Ppc without the atten-

. . P _P mj uvette
uation by the second cuvette window (%) can be calculated
Py—P
Poc = 0 EmzptyCuvette + Prem. (6.13)

In the case of 100mA current applied to the LED (Py = 0.119W, Py, = 0.112W,
Pyem = 0.111 W), the photocatalyst sample is excited by 115 mW

PemptyCuvette = 0.112W — 0.111W + 0.112W = 0.113W

J19W —0.113W
PpC:O 2 20 5 +0.112W = 0.115W.

The determined powers exciting the sample at certain currents applied to the LED

are plotted in Figure 6.6.

a LED Cuvette Lens '\P/Ic;\f[\:;r b C
PZcm P4cm PO
2 cm Cuvette, H,0 4 cm Cuvette, H,0O Without a Cuvette

Figure 6.5: Scheme illustrating the three measurements implemented for calibrat-
ing the excitation power of the LED. The power of the LED beam was
measured by a power meter after passing a cuvette filled with water
and 2 cm optical path length (a), after passing a cuvette filled with wa-
ter and 4 cm optical path length (b), without a cuvette in the beam path

(0).
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I(A)

Figure 6.6: Power exciting the sample Ppc at certain currents applied to the
445nm LED.

6.17.3 Steady-State Hydrogen Production Measurements in an

Online Reactor

Some of the illumination time- and excitation power density-dependent mea-
surements were conducted in an online reactor setup. The reactor setup was
designed and assembled by Sebastian Hentschel (Mews Research Group, Institut
fiir Physikalische Chemie, Universitit Hamburg). A gas-tight reactor of 8.8 cm path
length, 159 mL liquid phase, and 55 mL gas volume was used. The flow-through
reactor setup was constantly fed by 10 mL min~! of argon. For the power density-
dependent measurements at high power densities (11.8 mW cm~2,22.8 mW cm 2,
445mW cm—2), the argon flow was directed through the gas phase, whereas
for low power densities (12.2 mW cm ™2, 9.12mW cm 2, 6.08 mW cm~2), the ar-
gon flow was directed through the liquid phase for preventing the accumula-
tion of hydrogen gas in the liquid. The flow of the carrier gas was controlled
by mass flow controllers (Alicat Scientific, M/MC Series). The temperature of
the colloidal sample inside the reactor was kept at 20 °C by water cooling (Solid
State Cooling Systems, TCube edge). The gas composition was monitored uti-
lizing a quadrupole mass spectrometer (MS; Hiden Analytical, HPR-20 EGA).
The software QGA 2 (Hiden Analytical) was used for instrument control, data
recording and analysis. The OD of the NP suspension was adjusted to ~ 0.8
inside the reactor of 8.8 cm path length. Before starting the measurement, the
setup was purged with argon until the oxygen content reached a constant value

(~2.5h). After purging, the colloidal photocatalysts were excited by a 445nm
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LED (Thorlabs, SOLIS-445C) and the suspension was rapidly stirred. The colli-
mated LED beam was reduced to a cross section of 9.21cm~2 by a 3D printed
aperture. During the steady-state hydrogen production measurement, the OD of
the colloidal sample was monitored, utilizing a photodiode power sensor (Thor-
labs, S120VC) which was equipped with neutral density filters (Thorlabs, NEO6A-
A and NE13A-A), was connected to a digital console (Thorlabs, PM100D Com-
pact Power and Energy Meter Console), and was placed behind the reactor. All
transmitted light was focused onto the senor using a plano-convex lens (Thor-
labs, N-BK7 Plano-Convex Lens). The NPs’ PL was monitored using an UV /Vis-
spectrometer (Ocean Insight, USB4000-UV-VIS) and a fiber collimator and cou-
pler (Thorlabs, PAF-SMA-5-A - FiberPort), which was mounted on the side of the
reactor and thus offset to the LED beam path. The MS was calibrated on different
concentrations of hydrogen beforehand. An argon hydrogen mixture (2 % hydro-
gen), which was dynamically diluted using an additional mass flow controller
(Alicat Scientific, M/MC Series), was used for calibration. Analogous to the cu-
vette setup, the power density of the LED beam was calibrated using a power
meter sensor (Thorlabs, S425C Thermal Power Sensor Head), the digital console,
and the plano-convex lens. The QEy, was determined online during the experi-
ment (QEH, online)- For calculating the QEp, oniine, the OD was monitored as de-
scribed above (assuming no scattering) and the hydrogen production rate was
calculated from the determined hydrogen concentration and the gas flow rate.
The measurement in the reactor setup was conducted in collaboration with and
the hydrogen calibration of the MS and initial data processing was performed by
Sebastian Hentschel (Mews Research Group, Institut fiir Physikalische Chemie, Uni-

versitit Hamburg).
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7 Results and Discussion

7.1 Nanoparticle Synthesis

The syntheses described in this section were partly conducted in collaboration
with Julia A. Voss and Benedetta S. Feltrin and are part of their internship pro-
tocol and bachelor thesis, respectively. The three-step synthesis of the nanopho-
tocatalysts allows for precise adjustment of the dimensions of its functional com-
ponents (cf. Figure 7.1).
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Figure 7.1: Schematic illustration and respective TEM micrographs of the three-
step synthesis of Pt-CdSe/CdS nanophotocatalysts, including the syn-
thesis of CdSe NPs (a), CdSe/CdS DRs (b), and Pt-tipped DRs (c). The
inset in (b) shows a DR with a pronounced bulb region, the inset in (c)
shows a Pt-tipped DR.

7.1.1 CdSe Nanoparticles

Spherical CdSe NPs are synthesized first, which eventually become the CdSe
cores within the nanocatalysts. The size of the CdSe NPs was tailored by vary-
ing the reaction time and temperature. The lower the temperature of the solu-
tion at injection and the faster the cooling, the shorter the growth period and
the smaller the NPs obtained. The seeds” diameter was varied from 2.30 nm to
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3.34nm by changing the reaction time from immediate quenching to a reaction
time of 15, varying the cooling method (water bath or ice bath with 25 vol% ace-
tone) and injection temperature (Table7.1). The size of the NPs was calculated
from the absorbance spectra using the calculation by Mulvaney et al. (cf. Sec-
tion 6.7, Equation (6.1)). From the smallest to the largest CdSe NPs synthesized,
the first excitonic peak of the absorbance spectrum shifts by roughly 70nm (see
Figure 7.2a+b), due to the size-dependent quantum confinement and band gap.
By adding a second degassing step (cf. synthesis protocol in Section 6.2) into the
synthesis, even smaller NPs are obtained (Figure 7.2c). The absorbance spectrum
shows a narrow peak at 350 nm but no clear excitonic features at around 490 nm.
The peak at roughly 350 nm was attributed to magic-sized clusters (MSCs), which
are assumed to function as monomer reservoirs during NP growth. 1541551 The
occurrence of these MSCs was observed to be highly sensitive to the presence of
water, which would initiate a rapid dissolution of the MSCs.[!% The second de-
gassing step apparently decelerates the growth of the NPs by extracting remain-
ing water from the reaction solution, which may be formed during dissolution
of the CdO. Integrating a second degassing step into the synthesis protocol thus
promises better control of the NPs’ size by decreasing the growth rate. According
to the peak’s position, these MSCs have a diameter of roughly 1.2nm (Table7.1),
which is consistent with the diameters specified in the literature. [154] However,
this calculation should only be considered a rough estimation, since the math-

ematical modulation of the size-dependent absorption properties by Mulvaney

and coworkers only considered NPs of a diameter > 2nm (cf. Section 6.7).[152]
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Figure 7.2: Static absorbance spectra of CdSe NPs of different sizes, of arbitrary
concentration, with phosphonate ligands in toluene, recorded in a
spectrometer with a linear beam path (see Table7.1 for synthesis pa-
rameters). The diameter of the NPs was calculated from the first exci-
tonic peak (3.34nm (a), 2.30nm (b)) and the peak at ~ 350 nm (1.15nm
(c)), respectively.
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Table 7.1: Synthesis parameters for different batches of CdSe NPs and result-
ing NP diameters. The diameters were calculated from the samples’
absorbance at the first excitonic peak, except for the smallest NPs
(1.15nm), where the MSC peak (see text) at 338 nm is used for this cal-
culation (see Figure 7.2 and Figure A1 for absorbance spectra).

Injection Reaction ~ Cooling Second Diameter

Temperature (°C)  Time (s) Method  Degassing (nm)
378 0 acetone yes 1.15

+ ice bath
378 0 acetone no 2.30

+ ice bath
370 0 water bath no 2.87
374 0 water bath no 2.95
378 15 acetone no 3.10

+ ice bath
383 10 water bath no 3.34

7.1.2 CdSe/CdS Dot-in-Rods

The second step in synthesizing the nanophotocatalysts is to grow an elongated
CdS shell on the CdSe NPs (cf. Figure7.1b). This is implemented by using the
latter as seeds to initiate heterogeneous CdS nucleation. The length of the CdS
domain was adjusted by varying the amount of CdSe seeds injected, while keep-
ing the amount of Cd and S precursor constant (Table7.2). The DRs’ diameter
was roughly 4 nm for all batches of DRs. Due to the differences in CdSe core size,
the DRs made from the 2.3nm CdSe seed have a quasi-type II potential profile,
while the DRs made from larger cores (2.95nm and 3.1 nm) exhibit a type I po-
tential profile.[”273] Therefore, the electronic excited states delocalize into the CdS
shell for the former, while they localize at the CdSe core for the latter.[”?]

The static absorbance spectra (solid line) and the respective PL peaks (dashed
line) of two batches of DRs with similar lengths and diameters but different CdSe
core sizes are shown in Figure7.3. Both spectra exhibit the characteristic fea-
tures known for this semiconductor heterostructure. The pronounced features
at 460nm and 415nm can be attributed to the 1% (1o, — 103,) and 1IT (171, —
171y,) excitonic transitions in the CdS domain, respectively. [29,94;100;149] The small
shoulder at around 490 nm can be assigned to the excitonic transition in the bulb
region of CdS surrounding the CdSe core (see inset in Figure?7.1b and cf. Fig-
ure 4.9). 76941351361 Gince in both batches of DRs the CdS domains have the same
diameter, these CdS shell absorption features are identical. The weak absorption
teature at roughly 550 nm and 580 nm for the DRs with a small and large core,

respectively, can be assigned to the excitonic transition in the CdSe core. The
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maximum of the PL spectrum of the CdSe/CdS DRs occurs Stokes-shifted with
respect to the CdSe core absorption at around 560 nm and 595 nm, respectively.
As the radiative recombination occurs at the CdSe core, the core size determines
the emission color. The full width at half maximum (FWHM) of the PL peaks is
30.3nm +0.2nm and 33.5nm +0.2nm for the DRs with a small and large core,

respectively, indicating a small size distribution in the DRs’ diameter.

Table 7.2: Dimensions, aspect ratio, and volume of the synthesized CdSe/CdS
DRs, CdSe seed size and injected amount of substance. The injected
amount of substance was calculated from the concentration of the seed
suspension, which was determined from the absorbance spectra using
the calculation by Mulvaney et al. (cf. Section 6.7, Equation (6.3)).1152]
The dimensions of the DRs were determined from TEM micrographs
(see Figure A2a-e).

Seed Amount of Length Diameter = Aspect Volume
Diameter  Substance (nm) (nm) Ratio (nm?)
(nm) Seeds
(nmol)
2.95 51 475+ 4.2 40+03 12 597
2.95 79 339+ 1.7 43+03 7.9 492
2.30 55 444 +27 38+0.5 12 504
2.30 79 35.3+4.2 40+04 8.8 444
3.10 55 46.3 +£5.9 41+04 11 611
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Figure 7.3: Static absorbance and PL spectra of two DR batches of different core
size (2.3nm, blue line and 3.1 nm, orange line) and of arbitrary con-
centration. The absorbance spectra were recorded in a spectrometer
which was equipped with an integrating sphere.
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7.1.3 Pt-Tipping

The third and final step in synthesizing the hybrid nanophotocatalysts is to grow
cubic (c) Pt tips on the w-CdSe/CdS DRs (cf. Figure7.1c). It was investigated
whether the photodeposition or high-temperature synthesis method is best suited
for obtaining highly active photocatalysts, having a single Pt domain at the DR’s
tip opposing the CdSe core. The position and number of Pt domains deposited
were determined from TEM micrographs (>200 NPs were evaluated).

Pt Growth via Photodeposition

Alivisatos and coworkers reported that photodeposition of Pt onto CdSe/CdS
DRs leads to the vast majority of Pt domains growing at the side of the DRs, next
to the CdSe core.!®] In reductive photodeposition, the location of metal depo-
sition is dependent on the electrons’ localization within the heterostructure (cf.
Figure 4.11).°V1311 As the electron localization is influenced strongly by the di-
mensions of the functional components of the heterostructure, it was investigated
in this thesis, whether the size of the CdSe core and the length of the CdS rod do-
main affect the location of Pt deposition. In this context, Pt was photodeposited
onto DRs of different geometries, and the location of the Pt domain growth was
investigated (Figure 7.4 and Table 7.3). During photodeposition, Pt deposits con-
tinuously on the DRs with increasing illumination time (Figure 7.5).

Table 7.3: Dimensions of the DRs used for photodepositing Pt, as well as the pro-
portion of Pt domains grown at the DRs’ tips, at the sides of the DRs
next to the core, and at both tips of the DRs.

Core Rod Rod Pt Pt Pt Domains
Diameter Length Diameter Domains  Domains at Both
(nm) (nm) (nm) at Tip (%) atSide (%)  Tips (%)
3.1 46 4 8 92 0
2.3 44 4 28 71 1
23 35 4 69 29 2

For DRs with a large core and a type I band alignment, the metal deposition
occurs mainly next to the core (cf. Table7.3). In DRs with a small core and a
quasi-type II heterojunction, a significantly larger proportion of metal domains
deposits at the DRs’ tips. However, the majority of domains still grow at the
sides of the DRs. On the contrary, for short rods with a small core, the majority
of metal domains deposit at the DRs’ tips. These results confirm that the CdSe
core size and CdS rod length indeed influence the location of metal deposition.

For DRs with a type I band alignment, the photogenerated electrons transfer into
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Figure 7.4:

Figure 7.5:

Schematic illustrations and TEM micrographs of CdSe/CdS DRs of
different core and shell dimensions after photodeposition of Pt do-
mains. For long DRs with large cores (a) nearly all of the domains
deposit at the sides of the DRs, for long rods with small cores (b) the
majority of the domains grow at the sides and some at the tips, while
for short rods with small cores (c) the majority of the domains deposit
at the DRs’ tips (cf. Table 7.3). The insets in (b) and (c) show Pt domains
deposited at the side of a DR and at the tips of some DRs, respectively.
The schemes depict the most numerous species of the Pt-CdSe/CdS
DRs.
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Proportion of bare DRs (blue line), DRs with a Pt domain grown at the
DR'’s tip (orange line), side (green line), and both tips of the DR (red
line) against the illumination time during photodeposition of Pt. The
DRs had a small CdSe core and a short CdS rod domain (cf. Table7.3
for parameters).

the CdSe core, directing metal deposition to occur next to the core. In DRs with a

quasi-type II band alignment, the electrons delocalize into the CdS rod domain,

and therefore favor metal deposition at the DR’s tip. As the number of surface

defects, and thus trap states, increases with the length of the rod, the probability

of an electron reaching the tip of the DR decreases with increasing length.[100:102]
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Hence, the most Pt domains deposit at the DR’s tip for short rods with small
cores. However, for achieving large photocatalytic efficiencies, a long CdS do-
main is favored over a short one due to an increased spatial charge separation.
Furthermore, even for the short DRs a significant proportion of the Pt domains
still deposit next to the CdSe core, again reducing photocatalytic efficiency due
to a small spatial charge separation. Nevertheless, regardless of the dimensions
of the DRs, almost exclusively single Pt domains deposit on the DRs and hardly
any DRs are double-tipped.

Pt Growth via High-Temperature Synthesis

The number and size of Pt domains deposited on the DRs by the hot-injection
synthesis were controlled by varying the ratio of Pt precursor to DRs or the
reaction time. By modifying the ratio of Pt precursor to DRs (0.34 mgnmol !,
0.88 mgnmol !, and 1.3 mgnmol~'), DRs with barely any Pt domains on them,
with mainly a single Pt tip on the DR’s tip, and with multiple Pt domains are
obtained, respectively (cf. Figure 7.6; see Section A1.3 for calculation of DR con-
centration and Table A2 for introduced amounts of reactants).
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Figure 7.6: Schematic illustrations and TEM micrographs of CdSe/CdS DRs after
hot-injection deposition of Pt using a reaction time of five minutes and
a ratio of Pt precursor to DR of 0.34mgnmol~! (a), 0.88 mgnmol !
(b), and 1.3 mg nmol ! (c), respectively. With increasing amount of Pt
precursor per DR, more and larger Pt domains grow on the DRs. The
schemes depict the most numerous species of the Pt-CdSe/CdS DRs.

The influence of the reaction time was investigated by extracting aliquots during
a synthesis. The number and size of deposited domains increase with reaction
time (see Figure 7.7 and Figure 7.8). However, with long reaction times (>9 min

for this sample), additional Pt domains grow on previously single-tipped DRs
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(see Figure 7.7). In contrast to the photodeposition method, the Pt domains rarely
grow at the sides of the DRs, but their deposition is directed towards the facets
of high reactivity (001) and (001) at the tips of the DRs. Pt domain growth on
the DRs’ sides occurs increasingly on long DRs and on DRs with pronounced
bulb regions around the core, probably induced by surface defects (see inset in
Figure7.8d).[100:102]
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Figure 7.7: Reaction time-dependent proportion of bare DRs, DRs with a single Pt
domain at the DRs’ tip, and DRs with multiple Pt domains after Pt de-

position using a hot-injection synthesis. The determined proportions
are listed in Table A3.

Comparing the approaches for Pt deposition via photodeposition and hot-injec-
tion synthesis, aiming for highly active photocatalysts, hot-injection is more suit-
able because almost no Pt domain growth occurs next to the core but primarily at
the DRs’ tips. In the photodeposition approach, the disadvantage of reduced spa-
tial charge separation within the obtained photocatalysts prevails over the advan-
tage of nearly exclusive growth of single tips. Additionally, in the hot-injection
approach, the deposition of two Pt tips can be inhibited using a short reaction
time, low ratio of Pt precursor to DRs, and a reasonable DR length (< 50 nm).
For a reaction time of 5min and a ratio of Pt precursors to DRs of 0.3 mgnmol !
(12mg Pt precursor and ~ 40 nmol DRs introduced), using 29 nm long DRs with
2.3nm core size, nearly exclusively single-tipped DRs were obtained: 48 % of the
DRs had a single, large Pt tip (tip diameter > 2nm - right inset Figure 7.9a), 24 %
had a single, small Pt tip (tip diameter <2nm - left inset Figure 7.9a), only 1%
had two Pt tips at both ends of the DR, and 27 % had no Pt tip. In the HAADF
STEM and HRTEM measurements, it is clearly visible that the deposited domains
consist of Pt, having a higher atomic number (Z) than Cd, S, and Se and hence
appearing brighter in the dark-field measurement and darker in the HRTEM (Fig-
ure 7.9b+c). This batch of Pt-tipped DRs was used to conduct most of the steady-
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Figure 7.8: TEM micrographs of CdSe/CdS DRs after hot-injection deposition of
Pt at a reaction time of 5 min (a), 6 min (b), 9 min (c), and 12 min (d).
The inset in (d) shows a DR with Pt domains at each tip and on the
bulb region.

Figure 7.9: TEM (a), HAADF STEM (b), and HRTEM (c) measurements of the Pt-
tipped DRs. The left and right inset in (a) show a DR with a single,
small and large Pt tip, respectively. Figure modified from Wengler-
Rust et al.,119] ysed under Creative Commons CC-BY license.

state H, generation, static and time-resolved spectroscopy measurements in the
study on the EDA-dependent surface interactions (see Section 7.3 and Section 7.5).
The XRD measurement of the Pt-tipped CdSe/CdS DRs validates the wurtzite
structure of the CdS domain (Figure 7.10). Due to the small volume fraction of
the CdSe and Pt domains compared to the CdS domain, both materials are barely
visible in the diffractogram. The reflexes that can be assigned to the (100) and
(110) planes are especially pronounced due to a texture effect, resulting from the
preferred lateral orientation of the anisotropic DRs on the Si substrate.[157/158]
Due to the nanoscopic size of the particles and thus the small number of lat-
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tice planes, the reflexes are broadened compared to larger (e.g. micrometer-sized)
particles.[1%7158] Diffractograms of bare DRs of different core sizes are shown in
Figure A4.
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Figure 7.10: XRD measurement of Pt-tipped CdSe/CdS DRs (black line) and the
reference diffraction data sets from The International Centre for Diffrac-
tion Data of w-CdS (The Powder Diffraction File (PDF) No. 01-075-
1545,1%1 blue line), w-CdSe (PDF No. 00-008-0459,1%%l orange line)
and c-Pt (PDF No. 01-087-0642, 11611 green line).

7.2 Ligand Exchange and Phase Transfer to Water

The Pt-tipped DRs were transferred to aqueous suspension by exchanging the na-
tive, non-polar, organic ligands to MUA. After ligand exchange, the NPs are still
individually dispersed (cf. Figure 7.11b). A significantly larger quantity of MUA
is required to stabilize the bare DRs in water than the Pt-tipped (25 % more MUA
added). This finding suggests that the phosphine ligands bind more strongly to
the surface of the bare DRs than the OA and OAm ligands to the surface of the
Pt-tipped DRs and thus need a larger excess of MUA ligands to be displaced.
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. &\\\\\s/\

Figure 7.11: TEM micrographs of the Pt-tipped DRs with native, non-polar, or-
ganic ligands (a) and after ligand exchange to MUA (b).

7.3 Optical Properties of Bare and Pt-tipped
CdSe/CdS Dot-in-Rods

7.3.1 Static Absorbance and Photoluminescence Spectroscopy

The static absorbance spectrum of the Pt-tipped DRs shows an increased absorp-
tion compared to the bare DRs (Figure 7.12a). This increased absorption is in-
duced by the broad tail of the platinum’s surface plasmon (Figure7.12a, green,
dotted line), spanning from the near-infrared to the UV region and superimpos-
ing with the DRs’ absorption. [894162] The static absorbance spectrum of the Pt
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Figure 7.12: Static absorbance spectra of bare DRs (blue line), Pt-tipped DRs (or-
ange line), and Pt NPs (green, dotted line), as well as static PL
spectra of bare DRs (blue, dashed line) and Pt-tipped DRs (orange,
dashed line) in toluene (a). Static absorbance spectra of bare and Pt-
tipped DRs of arbitrary concentration with native, non-polar ligands
in toluene and with MUA ligands in water (b). The absorbance spec-
tra were recorded in a spectrometer which was equipped with an in-
tegrating sphere. Figure modified from Wengler-Rust et al.,[1%%! used
under Creative Commons CC-BY license.
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NPs was recorded on homonucleated Pt NPs (see Figure 7.13). The deposition of
Pt tips causes a significant quenching of the DRs” PL (by more than 80 % for the
displayed sample, cf. Table 7.4 and Figure 7.12a, dashed blue and orange line; see
Section7.1.3 for sample parameters). This PL quenching results from the transfer
of electrons into the Pt tip, impeding radiative charge recombination (cf. kgt, kyad,
and k;,q" in Figure 7.14a+b, respectively).
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Figure 7.13: TEM micrograph of homonucleated Pt NPs.

Table 7.4: PL quantum yields of bare and Pt-tipped CdSe/CdS DRs in toluene,
capped with non-polar, organic ligands (Organics) and in water,
capped with MUA ligands (MUA), respectively. The quantum yields
were determined in a spectrofluorometer.

Ligand QYpr, (%) for QYpr, (%) for
Bare DRs Pt-Tipped DRs
Organics 45 8
MUA 2 3

After exchanging the ligand to MUA and transferring the nanocatalysts into wa-
ter, the static absorbance does not change (see Figure 7.12b). However, the QYp,
is quenched strongly by the ligand exchange (by more than 60 % for the Pt-tipped
DRs and more than 90 % for the bare, cf. Table 7.4). Analogous to the PL quench-
ing by Pt deposition, the quenching results from charge transfer onto the ligand
(kmua and kypa” in Figure 7.14a+b, respectively). Due to the large oxidative po-
tential of the thiolate group of the MUA ligand (redox potential of roughly 0.8 V
vs NHE),[38162-164] photogenerated holes can transfer onto it, inhibiting radia-
tive charge recombination. For the MUA-capped, bare DRs, the QYpy, is smaller
than that of the Pt-tipped DRs. This results possibly from a larger amount of
MUA ligands on the bare DRs compared to the Pt-tipped DRs (see above). Ad-
ditionally, the reduced QYpy, could result from an Auger-channel generated by
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photoinduced electrons remaining in the DR after hole transfer onto the MUA
ligand. In the Pt-tipped DRs, these electrons transfer to the Pt domain. However,
as the excitation power during the measurement is low, the impact of this effect
should be small.

Figure 7.14: Schematic illustration of MUA-capped, Pt-tipped (a) and bare (b)
CdSe/CdS DRs, showing the rate constants of charge transfer and
recombination channels. The blue arrows indicate electron trans-
fer, the green arrows indicate hole transfer. In the Pt-tipped DRs,
the photogenerated holes locate into the CdSe core (kcore), while the
photogenerated electrons transfer into the Pt tip (kgr). Instead of or
after transferring into the core, the holes can be scavenged by the
MUA ligand (kmua). The Pt tip catalyzes hydrogen production af-
ter accumulation of electrons (kcat). The photocatalytic activity of the
nanohybrid is limited by the competing processes of radiative (k;,q)
and non-radiative charge recombination (kpon—rad). Most of the rate
constants are significantly influenced by the presence of the Pt tip. In
the illustration of the bare DRs (b) these rate constants are therefore
marked as k'.

7.3.2 Transient Absorption and Time-Resolved
Photoluminescence Spectroscopy on Pt-Tipped CdSe/CdS
Dot-in-Rods

TA spectroscopy measurements can be depicted as single differential spectra re-
corded at the respective delay times, or the kinetics at distinct wavelengths can
be plotted (Figure 7.15a+b, respectively). Furthermore, the complete TA measure-
ment can be combined in a 3D map (Figure 7.15¢c). Within such a TA map, the de-
lay time is plotted against the wavelength, while the color indicates the AA. The
TA map of bare, MUA-capped CdSe/CdS DRs after excitation at 400 nm shows
the same features as their static absorbance spectra (cf. Figure 7.12). The CdSe core
bleach feature is located at ~ 550 nm, the CdS shell bleach feature at ~ 460 nm,
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and the bulb bleach feature at ~490nm. The bleaches recover over time, as can
be tracked in the time-dependent change of the spectra or in the respective ki-
netics (see Figure 7.15a+b, respectively). Investigating the bleach recovery kinet-
ics of distinct features and comparing it to the kinetics of other features enables
tracking of the charge carriers” movement and recombination. By combining the
measurements of the fs- and ns-TA setup, the kinetics of distinct features can be

resolved across a temporal range extending from fs to s (Figure 7.16a+b).
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Figure 7.15: TA spectra at different delay times (a), bleach decay kinetics at the
CdS shell (466 nm) and CdSe core (548 nm) feature (b), and 3D map of
the TA measurement of MUA-capped, bare DRs in water, at 400 nm
excitation.

Additional conclusions can be drawn from the radiative recombination of the
charge carriers using time-resolved PL spectroscopy. In this section, the move-
ment of the photoinduced charge carriers into the CdSe core, Pt tip, trap states,
and onto the MUA ligand are tracked using TA and time-resolved PL spectros-

copy, and the time scales on which these processes occur are roughly determined.
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Figure 7.16: Non-normalized (a) and normalized (b-d) TA bleach recovery kinet-
ics, combining fs- and ns-TA measurements for MUA-capped, bare
CdSe/CdS DRs in water. The TA kinetics are measured at 400 nm ex-
citation, comparing the CdS shell (466 nm, blue line) and CdSe core
(548 nm, orange line) bleach recovery.

Hole Transfer Into the CdSe Core

The rapid transfer of the photogenerated holes into the CdSe core can be in-
vestigated by comparing the CdSe core and CdS shell TA bleach emergence of
bare CdSe/CdS DRs upon shell excitation (Figure 7.16b+c; ko in Figure 7.14b).
The excitation of the CdS shell induces a rapid rise of the shell bleach, attain-
ing its maximum value after less than one picosecond and promptly recovering
thereafter. In contrast, the CdSe core bleach reaches its maximum value only af-
ter approximately four picoseconds. The delayed rise of the core bleach feature
is caused by the transfer of holes from the shell into the core. 051011651 Hence,
this hole transfer process apparently proceeds within a few picoseconds.[%! Af-
ter this hole transfer, the delocalized electrons successively recombine radiatively
or non-radiatively with the holes at the core (k,,4 and k.. in Figure7.14b).
Therefore, both bleach features recover at a similar rate in the range from 0.1 -
100 ns (Figure 7.16b). However, at larger delay times, the CdSe core bleach recov-
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ers completely (after ~ 300 ns), while a long-lived CdS shell bleach remains (Fig-
ure7.16d). This long-lived bleach feature is probably induced by trapped charge

carriers at the NCs’ surface. [24/6576;136]

Electron Transfer Into the Pt Tip

The influence of the Pt tip on the charge movement within the semiconductor
can be visualized by comparing the TA bleach kinetics of bare and Pt-tipped DRs.
The rapid electron transfer from the semiconductor into the Pt tip leads to an ac-
celerated recovery of the shell bleach for the Pt-tipped DRs (Figure 7.17a; kgt in
Figure 7.14a).1951%] Additionally, the initial shell bleach is roughly 25 % smaller
for the Pt-tipped DRs (Figure7.17a). This indicates that some electrons trans-
fer into the tip at a transfer rate beyond the TA setup’s time resolution, which
is estimated to be approximately 150-200 fs for the fs-TA setup.1%l Thus, most

of the electron transfer into the metal tip occurs within the first few tens of pi-
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Figure 7.17: TA bleach recovery kinetics of the MUA-capped, bare (blue line) and
Pt-tipped (orange line) CdSe/CdS DRs in water, measured at 400 nm
excitation, probed at the CdS shell bleach (466 nm) (a+b) and at the
CdSe core bleach (548 nm) (c+d), combining fs- and ns-TA measure-
ments.
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coseconds, which is consistent with literature reports. [65] Likewise, this electron
transfer causes an accelerated recovery of the core bleach as the electrons delo-

).[65165] However, at

calize within the quasi-type II heterostructure (Figure7.17¢c
longer delay times, the core bleach recovers faster for the bare DRs than for the
Pt-tipped ones (Figure 7.17d).[1% For the bare DRs, the core bleach recovers fully
after roughly 300 ns, whereas some bleach remains for the tipped DRs. This long-
lived bleach feature is evidently induced by the Pt tip. The transfer of electrons
into the Pt tip enables long-lived spatial charge separation, with the holes resting
at the core. These holes appear to generate the observed bleach feature. There-
fore, the occurrence of this long-lived bleach feature demonstrates that the pho-
togenerated holes indeed contribute to the CdSe core bleach. The shell bleach of
the bare and Pt-tipped DRs recovers at a similar rate at longer delay times (Fig-
ure 7.17b). Both kinetics show a long-lived bleach feature, which is generated by

surface-trapped charges (see above).

Surface-Trapped Holes
Besides influencing the shell kinetic, surface-trapped holes (STHs) generate a
photoinduced absorption feature in the red spectral region of the TA spectrum

[66:148149] pon excitation by the probe pulse, the trapped

(see Figure7.18a+b).
holes are excited deeper into the VB of the semiconductor, resulting in a posi-
tive AA. Trap states can result from defect sites, dangling bonds, or polar lig-

676870711 The STH feature is significantly larger (larger AA) in the pres-

ands.!
ence of MUA ligands at the NPs surface compared to non-polar, organic ligands
(Figure 7.18b+c), confirming that the hole-accepting MUA ligands generate addi-
tional hole trapping sites. The STH feature occurs within less than a picosecond
for both ligands (Figure 7.18c), which is in line with literature reports on hole
trapping. [6676:148

the organics-capped NPs recovers within a couple of nanoseconds (Figure 7.18d),

I The additional absorption of the MUA-capped compared to

and both kinetics recover similarly thereafter (Figure7.18e). The holes trapped
on the MUA ligand thus vanish within nanoseconds, either by (non-radiative)
recombination or by detachment of the oxidized MUA ligand. [34/162166]
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Figure 7.18: TA spectra at 10 ps delay time (a) and averaged over a delay time

range from 1 to 10 ps, showing the STH feature (b), TA decay kinet-
ics of the STH feature, averaged in the probe spectral range from
600 to 700nm (see red box in (a)) at different delay time ranges (c-
e). All measurements were conducted at 400 nm excitation, using
CdSe/CdS DRs, capped with MUA in water (blue line) and capped
with non-polar, organic ligands in toluene (orange line), combining
fs- and ns-TA measurements.
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Hole Transfer Onto the MUA Ligand

The transfer of the photoinduced holes onto the MUA ligand can additionally be
visualized by comparing the TA CdSe core bleach recovery kinetic of the MUA-
capped NPs in water with the kinetic of NPs capped with non-polar, organic
ligands in toluene (Figure 7.19; kyjua and kyua” in Figure 7.14a+b, respectively).
The normalized kinetics are shown in order to neutralize the impact of varia-
tions in the NP concentration of the samples. In the presence of the MUA ligand,
the bleach recovery is accelerated for both bare and Pt-tipped DRs. This accel-
erated bleach recovery is likely to be caused by the hole transfer onto the MUA
ligand. Additionally, the bleach reaches its maximum for the MUA-capped NPs
a few picoseconds earlier than for the NPs capped with hydrophobic ligands.
This indicates that some holes transfer onto the MUA ligand directly instead of
transferring into the core, resulting in a shortened bleach rise.
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Figure 7.19: TA CdSe core bleach recovery kinetics of bare (a) and Pt-tipped (b)
CdSe/CdS DRs, capped with MUA in water (blue line), and capped
with non-polar, organic ligands in toluene (orange line). The TA ki-
netics were measured at 400 nm excitation and probed at the CdSe
core bleach (548 nm), combining fs- and ns-TA measurements.

Charge-Separated State Feature

In the Pt-CdSe/CdS nanocatalyst, the charge separation can be visualized by the
so-called charge-separated state (CSS) feature. The CSS feature results from a
Stark effect-induced shift of the CdS exciton transition and occurs red-shifted
from the CdS shell bleach. [2965:94148;149162167] The Stark effect is generated by the
electric field between the spatially separated electron at the Pt tip and the hole
in the semiconductor domain. As the photoinduced absorption feature (posi-
tive AA) occurs red-shifted from the CdS shell bleach, it spectrally overlaps with
the bulb region’s bleach (negative AA; cf. Section7.3.2 for bulb bleach location).
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The extent of the bulb bleach varies between batches of NPs, since the absorption
of the bulb region depends on the DRs’ shape and composition. Additionally, the
number and size of Pt tips influence the formation of the CSS feature.!*’! There-
fore, the occurrence of the CSS feature is dependent on the NPs’ parameters, and
it does not occur as a discernible feature of positive AA for every batch of NPs.
Comparing the TA spectra of MUA-capped, bare and Pt-tipped DRs in water (see
Section A2 for sample parameters), the CSS feature arises as a positive AA after
roughly 7 ns (Figure 7.20b). However, the shoulder that eventually develops into
the positive feature emerges already after 1 ps, which is consistent with the rapid
electron transfer into the Pt tip (cf. Figure 7.20a). %]
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Figure 7.20: TA spectra at 1ps (a) and 7ns (b) delay time of MUA-capped, bare
(blue line) and Pt-tipped (orange line) CdSe/CdS DRs in water, at
400 nm excitation. The shoulder, that eventually develops into a CSS
feature of positive AA is already visible at 1 ps for the Pt-tipped DRs.
Figure modified from Wengler-Rust et al.,1%® used under Creative
Commons CC-BY license.

Time-Resolved Photoluminescence Spectroscopy

Analogous to the static PL, the time-resolved PL decay kinetic is significantly in-
fluenced by the Pt deposition and ligand exchange (see Figure 7.21a). Similar to
the QYpp (see Table7.4), the average PL lifetime is considerably reduced by Pt
deposition (reduced by ~ 50 % for the NPs in toluene, see Table 7.5; cf. k;,q and
kiaq” in Figure 7.14a+b, respectively) and ligand exchange (reduced by ~ 55 % for
the bare DRs). In line with the QYpr, Tp. increases by Pt-tipping for the MUA-
capped NPs in water. Unexpectedly, the determined PL lifetime for the MUA-
capped, Pt-tipped DRs in water is larger than for the Pt-tipped DRs in toluene
and for the bare DRs in water. This is probably caused by the intensity-weighted

average emphasizing long decay times, resulting in large variations in the deter-
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mined average PL decay times, even though the PL kinetics decay similarly (cf.
Figure7.21a).
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Figure 7.21: Normalized time-resolved PL decay of bare and Pt-tipped CdSe/CdS
DRs, capped with MUA or non-polar, organic ligands in water or
toluene, respectively (a), and TA CdS shell (466 nm) bleach recovery
and PL decay kinetics for MUA-capped, Pt-tipped CdSe/CdS DRs in
water (b). The TA kinetics are measured at 400 nm excitation, com-
bining fs- and ns-TA measurements.

Table 7.5: Intensity-weighted average PL lifetimes of bare and Pt-tipped Cd-
Se/CdS DRs in toluene, capped with non-polar, organic ligands and
in water, capped with MUA ligands. The fitting parameters are listed

in Table A4 and Table A5.
Solvent Tpr, (ns) for Tpr, (ns) for
Bare DRs Pt-Tipped DRs
Toluene 23 12
H,O 10 15

The time-resolved PL decay kinetic is recorded solely from radiative recombi-
nation of the photogenerated charge carriers, whereas in the TA measurement,
contrast is additionally generated by charge carriers, which recombine non-radia-
tively. The related non-radiative decay channels have an influence on the PL ki-
netic (cf. Equation (4.10)) but do not contribute to the measured signal directly.
For the MUA-capped, Pt-tipped DRs in water, the TA CdS shell bleach initially
decays significantly faster than the PL (first ns) and later more slowly (>20ns)
than the PL kinetic (Figure7.21b). This is likely to be caused by the fast elec-
tron transfer into the Pt tip and the slow, non-radiative recombination of trapped
charge carriers, which proceed faster and slower than the radiative recombina-
tion, respectively, and both are resolved in the TA measurement. As the signal is
created differently in TA and PL spectroscopy, these differences in kinetics should
only be related qualitatively.




70 7 Results and Discussion

7.3.3 Pt Amount-Dependent Charge Carrier Dynamics

The influence of the number and size of Pt domains on the electron transfer rate
was studied. The charge carrier dynamics, the PL lifetime, and QYpy, of four sam-
ples with different amounts of Pt deposited on the DRs were investigated in this
context. The bare DRs (see Figure 7.22a) were compared to Pt-tipped DRs with
tiny (1-2nm) and mostly single tips (Pt-DRsgpa11, see Figure 7.22b), Pt-tipped DRs
with mostly two medium (2-3nm) tips (Pt-DRspfeqium, see Figure7.22c), and Pt-
tipped DRs with at least two, mostly large (3-4 nm) tips and some homonucleated
Pt NPs (Pt-DRsLarge, see Figure 7.22d). The DR batch used in this study had a core
size of 2.95 nm and therefore a type I potential profile, favoring localization of the
photogenerated electrons into the core. In order to exclude the influence of the
reductive MUA ligand and focus on the electron dynamics, the NPs were capped
with organic, non-polar ligands and dispersed in toluene.

Figure 7.22: TEM micrographs of bare DRs (a), Pt-tipped DRs with tiny (1-2nm)
and mostly single tips (Pt-DRsgya11) (b), Pt-tipped DRs with mostly
two medium (2-3nm) tips (Pt-DRspjeqium) (€), and Pt-tipped DRs
with at least two, mostly large (3-4nm) tips and some homonucle-
ated Pt NPs (Pt-DRsparge) (d). The colors of the frames around the

figures match the color code in Figure 7.23.

The TA bleach recovery kinetics at the CdS shell and the CdSe core feature and
the time-resolved PL kinetics are shown in Figure 7.23. The PL decay kinetics
were fitted with multiexponential decay functions (see Table A6 for fitting param-
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eters), and the intensity-weighted PL lifetimes were calculated (Table7.6). The
TA bleach kinetics recover faster with an increasing amount of Pt deposited on
the DRs (see Figure7.23a-d). These accelerated kinetics probably result from an

increased electron transfer rate into the Pt domains of larger sizes and numbers.
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Figure 7.23: TA bleach decay kinetics probed at the CdS shell bleach (465nm)
(a+b) and at the CdSe core bleach (590 nm) (c+d), non-normalized
(a+c) and normalized (b+d), and PL decay kinetics (e+f) of Cd-
Se/CdS DRs with Pt domains of different sizes and numbers (see
color code in (e)), capped with non-polar, organic ligands in toluene,
at 450 nm excitation.
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Table 7.6: Intensity-weighted tp1, and QYpy, of bare and Pt-tipped CdSe/CdS DR,
with Pt domains of different sizes and numbers, capped with organic,
non-polar ligands in toluene. The average decay times were calculated
from the fitting parameters of the PL decay (Table A6). The quantum
yields were determined relative to coumarin 153 (cf. Section A4 for PL
spectra and details on calculation).

Batch L, (ns)  QYpr, (%)

DRs 22.2 27
Pt-DRsg. 831 3.1
Pt'DRSMedium 3.46 0.69

Pt-DRSparge  1.33 0.042

With increasing Pt domain size, the Coulomb repulsion between electrons is re-
duced, allowing more electrons to transfer into one Pt domain and thus favoring
fast electron transfer.[?’l Additionally, an increasing number of Pt domains accel-
erates electron transfer.!?’] Interestingly, the PL kinetics likewise decay faster with
increasing Pt amount deposited on the DRs (see Figure7.23e+f and Table7.6).
Thus, metal deposition does not induce static quenching by extinguishing the
individual DR’s PL completely (cf. Figure 7.24a). Instead, each tipped DR emits
residual PL with a reduced PL lifetime (cf. Figure 7.24b). This reduced PL lifetime
results from the increased electron transfer rate onto the Pt domain with increas-
ing Pt amount (cf. Equation (4.16)). The QYpr, decreases significantly faster with
increasing Pt amount than the PL lifetime (cf. Table7.6). This leads to an expo-
nential behavior of QYpy,, - QYP_L1 in the Stern-Volmer-plot, indicating that static
and dynamic quenching occur simultaneously (cf. Figure 7.25). However, it must

“\F N\

Figure 7.24: Scheme illustrating the static (a) or dynamic (b) quenching of the Pt-
tipped DRs. In the case of static quenching, the PL of the individual
DRs is extinguished completely by the Pt tips and the observed PL
originates from remaining bare DRs. On the contrary, in the case

of dynamic quenching, the Pt-tipped DRs emit residual PL with a
reduced PL lifetime.
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be considered that the concentration of quenchers does not change gradually be-
tween the batches, but that the size and number of quenchers per NP varies.
Besides, the Pt-DR batch with the largest amount of Pt introduced (Pt-DRsarge)
contained large homonucleated NPs, while in all the other batches, the Pt was
only deposited on the DRs. Thus, not all batches contain the same species of
quencher as assumed in the Stern-Volmer-plot. The displayed Stern-Volmer-plot
should therefore just be considered an estimation for illustrating the relation of
QYpr, and p, to the Pt amount. Nevertheless, the results suggest that PL quench-
ing by deposition of noble metal on semiconductor NPs can be described best as
a combination of static and dynamic PL quenching.

The initial TA bleach varies for the bare and different Pt-tipped DRs (cf. Fig-
ure7.23a+c). A fraction of the photogenerated electrons transfers into the Pt do-
mains faster than the time resolution of the TA setup, leading to a smaller initial
bleach for all tipped DRs compared to bare (see above). The batch containing the
largest amount of Pt (Pt-DRspa.ge) has the largest initial shell bleach of all tipped
samples but the smallest initial core bleach, and vice versa for the batch with the
smallest amount of Pt in it (Pt-DRsgp,,)1). This illustrates the competition between
electron transfer into the core of this type I heterosystem and into the Pt domains.
The larger the number and size of Pt domains on each DR, the fewer electrons

transfer into the core.
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Figure 7.25: Stern-Volmer-Plot of the Pt amount-dependent PL lifetime and quan-
tum yield. The quencher concentration, which equals the Pt amount,
was estimated by assuming a linear relation to Tp,, - TP_]}.
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7.4 Influence of the Dimensions of the Functional
Components of the Photocatalyst on the

Hydrogen Evolution Efficiencies

The influence of the length of the CdS domain, the CdSe core size, and the num-
ber of tips on the QEyy, was investigated. In line with literature reports, the largest
QEp, was obtained for long CdS rods with small CdSe cores (see Figure 7.26, Fig-
ure 7.27, and Table 7.7).[2632] The number of Pt tips deposited on the DRs was not
uniform for all investigated samples. It was shown in literature that single-tipped
DRs achieve a larger QFy, than double-tipped. 27281 Therefore, the difference in
QEg;, should be even larger for catalysts of different core sizes but with the same
amount of Pt tips (indicated by the dashed arrow in Figure 7.26).
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Figure 7.26: Hydrogen production quantum efficiencies for MUA-capped, Pt-
tipped and bare CdSe/CdS DRs of different CdSe core size, CdS
rod length, and number of tips in water, in the presence of IPA (see
Table 7.7 for NP parameters and Figure A7 for hydrogen generation
measurements).

Additionally, steady-state hydrogen production measurements were conducted
on bare DRs with small CdSe cores in the presence of IPA. For the bare DRs, no
hydrogen evolved during illumination for 3h.! These results prove that the Pt

!Even in the presence of 1M KOH in water and 10vol% IPA, no hydrogen was produced by
the bare DRs within 3 h, even though the hydroxide & alcohol mixture is a highly active EDA
system (cf. Figure 7.34).
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tip is of crucial importance for obtaining hydrogen production due to its catalytic
activity and by improving spatial charge separation.

S\
~a

Figure 7.27: TEM micrographs of Pt-tipped CdSe/CdS DRs of different dimen-
sions, which were used for investigating the influence of core size
and rod length on the photocatalytic activity.

Table 7.7: Quantum efficiencies in hydrogen production obtained for Pt-tipped
and bare CdSe/CdS DRs of different CdS length and CdSe core size, as
well as number of Pt tips (cf. Figure 7.27), using IPA as an EDA.

Type of Core Rod Rod Average QEq,
NPs Diameter Length Diameter Number of Pt (%)
(nm) (nm) (nm) Tips per DR
Pt-DRs 3.0 34 1 1 0.91 + 0.02
Pt-DRs 23 35 4 2 3.1+0.1
Pt-DRs 2.3 44 4 2 54+0.2
DRs 2.3 29 4 0 0.0+ 0.0

7.5 Electron Donating Agent-Specific Surface
Interactions that Promote the Photocatalytic
Activity of Nanohybrids

In a comprehensive study, the impact of the introduced EDA on the photocat-
alytic activity, charge carrier dynamics, and colloidal stability of the nanohy-
brids was investigated. Typical concentrations of EDAs were added to the MUA-
capped, Pt-tipped CdSe/CdS DRs in water.? [3234-3638] Additionally, as a point of
reference, the performance of the colloidal nanocatalysts was studied in the ab-
sence of any additional EDA. To exclude any potential influence of varying NP

2For the alcoholic EDAs MeOH, EtOH, and IPA the concentration of the EDA was 10 vol%, while
for sodium sulfite and for the mixture of sodium sulfide & sodium sulfite it was 0.1 M each.
For the mixtures of hydroxide & alcohol, a 1M KOH solution in water was combined with
10vol% MeOH and 10 vol% IPA, respectively (KOH & IPA and KOH & MeOH).
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parameters, all measurements displayed in this section were conducted using the
same batch of NPs unless otherwise stated (a batch of nearly exclusively single-

tipped DRs was used; see description on the batch in Section7.1.3).

7.5.1 Optical Properties and Colloidal Stability of Pt-CdSe/CdS
Nanophotocatalysts in the Presence of Electron Donating
Agents

In Figure 7.28a+b, the static absorbance spectra of the Pt-tipped CdSe/CdS DRs

are shown, recorded in a spectrometer equipped with an integrating sphere and

a linear beam path, respectively. The absorbance spectra recorded employing an
integrating sphere are very similar, regardless of the EDA added. On the contrary,
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Figure 7.28: Static absorbance spectra (a+b) and normalized autocorrelation func-
tions g2(¢,T) (c) of MUA-capped, Pt-CdSe/CdS DRs in water after
adding different EDAs (see color code in (a)). The absorbance spectra
were recorded in a spectrometer which was equipped with an inte-
grating sphere (a) and with a linear beam path (b), respectively. The
normalized autocorrelation functions were recorded by DLS mea-
surements. Figure modified from Wengler-Rust ef al.,['%] used under
Creative Commons CC-BY license.




7.5 Electron Donating Agent-Specific Surface Interactions that Promote the -

Photocatalytic Activity of Nanohybrids

the absorbance spectra recorded in the spectrometer with a linear beam path are

significantly increased over the whole spectral region in the presence of the sul-
fide & sulfite mixture, as well as the mixtures of KOH & alcohol as EDAs. This
rise in absorbance can be attributed to an increased light scattering by the col-

loidal NPs in the presence of sulfide and hydroxide, which is also evident by vi-

sual examination of the suspensions (Figure 7.29 and Figure 7.30). Additionally,

the NPs are colloidally stable in the presence of the alcoholic EDAs and sulfite for

several days, whereas after adding the hydroxide & alcohol EDA mixtures or the

sulfide & sulfite mixture, the NPs aggregate and precipitate within hours without

stirring (cf. Figure 7.31).

Figure 7.29:

Figure 7.30:

Photos of MUA-capped Pt-CdSe/CdS DRs in water with MeOH (a),
NaySOj3 (b), NasS & NaySO; (c), and KOH & MeOH (d) as EDAs
added in the quartz-glass cuvette right before illumination. The sus-
pensions scatter light in the presence of sulfide and hydroxide due to
EDA-induced agglomeration of the NPs. An approximate scale bar
is shown in (a). Figure modified from Wengler-Rust et al.,['%1 used
under Creative Commons CC-BY license.

Photos of MUA-capped Pt-CdSe/CdS DRs in water with MeOH (a)
and a mixture of NayS & Nay;SOs3 (b) as EDAs added in the quartz-
glass cuvette under illumination during steady-state hydrogen pro-
duction measurements. In the presence of the alcohol, the NPs emit
green light, whereas the agglomerated NPs in the presence of sul-
tide only scatter the blue excitation light. An approximate scale bar
is shown in (a). Figure modified from Wengler-Rust et al.,['%] used
under Creative Commons CC-BY license.
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Figure 7.31: Photo of colloidal MUA-capped Pt-CdSe/CdS DRs in water in the
presence of IPA, a mixture of KOH & IPA, EtOH, and a mixture of
sulfide & sulfite (from left to right). While the NPs are colloidally
stable for weeks in the presence of the alcoholic EDAs, they precipi-
tate within hours after introducing the hydroxide & alcohol mixture
or the sulfide & sulfite mixture.

The autocorrelation functions recorded from DLS measurements confirm large
variations of the hydrodynamic radii after exposure to the different EDAs (Fig-
ure7.28¢).> The exposure to the alcoholic EDA IPA does not alter the hydrody-
namic radii. In contrast, following exposure to hydroxide and sulfide, a second
plateau emerges at lag times >1ms in the autocorrelation function, indicating
the existence of large aggregates. These agglomerates are also visible in TEM
(Figure 7.32). Thus, even a short exposure to sulfide and hydroxide appears to di-
minish the colloidal stability of the NPs irreversibly, impeding the dissolution of
the aggregates after precipitation and redispersion. These observations indicate
that the hydroxide and sulfide interact with the surface of the NPs, potentially by
attaching to it and displacing the MUA ligand. As previously demonstrated, hy-
droxides indeed attach to the surface of NPs, forming cadmium hydroxide at high
pH. [169-171] 1 jkewise, sulfide anions can attach to the CdS surface, too.[172-176]
Moreover, the autocorrelation function shifts to larger lag times after exposure
to sulfite, sulfide, and hydroxide, suggesting growth of the NPs” hydrodynamic
radii. This shift is most likely caused by the accumulation of salt ions in the NPs’
solvation shell, resulting in a growth of the latter and promoting electrostatic ag-

177-180] Fyrthermore, the NP aggregation in the presence of

gregation of the NPs.|
the surface-active hydroxide and sulfide induces a bathochromic shift in the the
static absorbance spectra (see Figure7.28a+b and Figure A9 for magnified plot)

and in the PL spectra (Figure 7.33). Besides, the absorption bands are less pro-

3In order to equalize the viscosity of the solvent for the DLS measurements, 1] the MUA-
capped Pt-DRs were exposed to the different classes of EDAs for 15 min while stirring, fol-
lowed by precipitation and redispersion of the NPs in water. For the MUA-sample, the same
volume of water was added instead of the EDA solution, in order to account for potential
ligand loss by dilution as well as during precipitation and redispersion.
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nounced after the addition of the sulfide & sulfite mixture or hydroxide & alco-
hol mixtures (cf. Figure 7.28a+b), which is likely attributed to a change in the NPs

dielectric environment.[171]

a

«%%

Figure 7.32: TEM micrographs of MUA-capped, Pt-CdSe/CdS DRs in water in

the presence of IPA at neutral pH (a) and pH 11 (b). At increased pH,
the NPs aggregate. DLS and absorbance measurements suggest that
the aggregation is even stronger at pH 14, however the large amount
of KOH inhibits imaging via TEM. Figure modified from Wengler-
Rust et al.,[13] used under Creative Commons CC-BY license.
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Figure 7.33: Static PL spectra of MUA-capped, Pt-tipped CdSe/CdS DRs in wa-

ter (MUA), in the presence of different EDAs (MeOH, EtOH, IPA,
Na2503, NaZS & Na2503, KOH & IPA, KOH & MeOH), and in
toluene, capped with non-polar, organic ligands (Organics). The PL
peaks are located at 558-560 nm in the presence of alcohols, NaySO3
and without EDA (MUA), whereas they shift bathochromicaly to 562
and 563 nm for KOH & IPA and KOH & MeOH, respectively, and no
clear peak occurs for NayS & NaySOs3. Figure modified from Wengler-
Rust et al.,19] used under Creative Commons CC-BY license.
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7.5.2 Steady-State Hydrogen Production Measurements

The photocatalytic activity of the NPs in the presence of various EDAs was in-

vestigated by steady-state hydrogen production measurements (Figure 7.34).4
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Figure 7.34: Quantum efficiencies in hydrogen production for MUA-capped, Pt-
tipped CdSe/CdS DRs in water, without a sacrificial EDA added
(MUA, QEy, = 0.3+0.05%) and in the presence of different sacrifi-
cial EDAs: MeOH (0.4 + 0.01 %), EtOH (1.7 £ 0.06 %), IPA (2.6 + 0.1 %),
NaySO3 (2.8+0.08%), NaS & NaySO; (5+0.2%), KOH & IPA
(40 +£2 %), and KOH & MeOH (47 +2 %). See Figure A8 for hydro-
gen production measurements. Figure modified from Wengler-Rust
et al.,[103] ysed under Creative Commons CC-BY license.

The cuvette setup was used for this study as it enables the accumulation of hy-
drogen gas and thus the detection of the analyte even at small production rates. In
accordance with literature, the determined QEp, is strongly affected by the intro-
duced EDA.[3234-3638] The largest QEy, is obtained upon addition of the sulfide
& sulfite mixture and the hydroxide & alcohol mixtures, even though the pres-
ence of hydroxide and sulfide induces NP agglomeration. These observations
are consistent with previous reports stating that the agglomeration of nanopho-
tocatalyst forming 3D networks does in fact increase the QEp,, despite reducing
the overall accessible surface area.[!9181-187] Thege reports attribute the rise in

4For the measurement in the absence of a sacrificial EDA (MUA), an alternative batch of MUA-
capped, Pt-tipped DRs was used (see Section A6.1 for details).
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QEp, to the energetic coupling between the attaching NPs, which enables charge
carriers’ movement within the extended networks. Therefore, the formation of
networks results in improved spatial charge separation over different NPs. Ad-
ditionally, photogenerated electrons from different NPs can accumulate at one
metal domain, creating a photocathode with increased potential for hydrogen

production, [107:182186] Thjg "

antenna mechanism" should be particularly benefi-
cial if some of the NPs have no tips, as these bare DRs do not contribute to the
photocatalytic activity if they are individually dispersed,” whereas they do in NP
networks due to inter-particle charge transfer.!'971841 As discussed above, the Pt-
tipped DRs synthesized via high-temperature synthesis always yield a mixture of
bare DRs and Pt-tipped DRs of different tip size and number.

Conducting cryo-TEM measurements, it was found that the NPs attach tip-to-tip,
forming chain-like structures or assembling into spherical "hedgehog"-agglome-
rates in suspension (Figure 7.35).[107:18] Given this preference for tip-to-tip align-
ment during single NP assembly, the NPs within the extended networks are likely
to exhibit the same relative orientation. Therefore, within the network, nodes
consisting of attached Pt tips should be present, facilitating the accumulation of

electrons from multiple NPs in these metal centers.

Figure 7.35: Cryo-TEM micrographs of MUA-capped and Pt-tipped CdSe/CdS
DRs in water (a+b) and in the presence of hydroxide (c) after precip-
itation and redisperion at pH 6.9 and 9.8, respectively. Many DRs
assembled tip-to-tip in the aqueous suspension. The sketches of at-
tached Pt-DRs are a guide to the eye. Figure modified from Wengler-
Rust et al.,19] used under Creative Commons CC-BY license.

°No hydrogen evolution was observed in a 3 h steady-state hydrogen production measurement,
using bare CdSe/CdS DRs in presence of the hydroxide & IPA mixture (1M KOH & 10vol%
IPA) or only IPA (cf. Figure 7.26).
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7.5.3 Time-Resolved Spectroscopy

The influence of the EDAs on the charge carrier dynamics within the DRs was

investigated by TA spectroscopy (Figure 7.36). In accordance with the static ab-
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Figure 7.36: TA spectra at 10 ps delay time (a), bleach recovery kinetics of the CdS

shell (b) and CdSe core (c) feature at bleach maximum, and aver-
aged TA kinetics in a wavelength range from 475nm to 490 nm (d),
displaying the CSS feature (see text), of MUA-capped, Pt-tipped Cd-
Se/CdS DRs in the presence of different EDAs (see color code in (b)),
after excitation at 400nm. The shell kinetics were plotted at wave-
lengths of: 462 nm for MUA, MeOH, EtOH, IPA, 464 nm for NaySOs3,
468 nm for Na,S & NaySO3;, KOH & IPA, and KOH & MeOH; core
kinetics: 548 nm for MUA, MeOH, EtOH, IPA, Na,SO3, 552 nm for
Na,S & NaySO3, KOH & IPA, and KOH & MeOH. The TA kinetics
after introduction of NasS & Nay;SO3; and KOH & MeOH are omitted
in (d) for clarity, as these measurements are very noisy in this spec-
tral region. Figure modified from Wengler-Rust et al.,!'%1 used under
Creative Commons CC-BY license.

sorbance and PL spectra (Figure7.28a+b and Figure7.33), the NPs” TA spectra

shift bathochromicaly in the presence of sulfide and hydroxide (Figure7.36a). In

order to account for this shift, the bleach recovery kinetics of the CdS shell and
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CdSe core feature are plotted for the wavelength at the bleach maximum for each
EDA (indicated by the A Amax label on the y-axis in Figure 7.36b+c). The bare DRs
exhibit the same TA bleach decay kinetics in the presence of alcoholic EDAs and
hydroxide, indicating that the observed EDA-induced changes in the decay ki-
netics for the Pt-tipped DRs indeed result from charge transfer processes in the
context of photocatalytic activity of the latter (cf. Figure A11). In Cd-chalcogenide
NPs, the bleach feature is dominated by electrons occupying the CB ground state,
while photogenerated holes contribute much weaker due to the high degeneracy

of band edge hole states. [189-191]

However, the bleach recovery kinetics of the Pt-
DRs still allow for investigation of the hole transfer onto the EDA. As hole and
electron experience Coulomb attraction, the latter are more mobile and can trans-
fer into the Pt tip faster if the former are scavenged by the EDA, resulting in an
accelerated bleach recovery (cf. Figure 7.37).[34

Alcoholic EDA lonic EDAAcceIerated e Transfer
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Figure 7.37: Scheme illustrating the emergence of the Stark effect in the presence
of the alcoholic EDAs (left) and the accelerated electron transfer into
the Pt tip due to direct hole transfer onto the surface-active ionic
EDAs (right). The Stark effect is generated by the electric field be-
tween the electrons at the Pt tip and the holes at the CdSe core. Figure
modified from Wengler-Rust et al.,[1%®! used under Creative Commons
CC-BY license.

The TA shell and core bleaches recover similarly in the presence of the alcoholic
EDAs (IPA, MeOH, EtOH) and without any added EDA (MUA) (Figure 7.36b+c).
In contrast, after introducing the ionic EDAs (sulfite, the mixture of sulfide & sul-
fite, and the mixtures of hydroxide & alcohol), the TA bleach recovery kinetics
are significantly accelerated compared to the alcoholic EDAs.

Additionally, the presence of surface-active and diffusion-limited EDAs influ-
ences the emergence of the CSS feature (Figure7.36d).® In the presence of the
alcoholic EDAs and if no EDA is added, a long-lived CSS feature occurs (positive
AA). On the contrary, after adding the ionic EDAs, no CSS feature emerges, and
only the recovery of the bulb bleach is observable in the spectral region.

®As the CSS feature did not emerge as a discernable feature for the batch of Pt-DRs used for the
time-resolved and steady-state measurements shown in this section, a similar batch of Pt-DRs
was studied (see above for detailed discussion on the NP parameter-dependent occurrence of
the CSS feature and see Section A2 for sample parameters).
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In line with the TA kinetics, the PL is largely quenched (Figure7.33, Table 7.8,
and Table7.9), and the PL decay is significantly accelerated (Figure 7.38) in the

presence of the surface-active compared to the diffusion-limited EDAs.

Table 7.8: PL quantum yields of MUA-capped, Pt-tipped CdSe/CdS DRs in water
(MUA) and in the presence of different diffusion-limited EDAs (MeOH,
EtOH, IPA). The quantum yields were determined in a spectrofluorom-

eter.

Electron Donor | MUA MeOH FEtOH IPA

QYpL (%) 3 3

3 4

Table 7.9: PL quantum yields of MUA-capped, Pt-tipped CdSe/CdS DRs in wa-
ter in the presence of surface-active EDAs (NaxSO3, NayS & NaySO;3,
KOH & IPA, KOH & MeOH). The quantum yields were determined in

a spectrofluorometer.

Electron Donor | NaySO3; NayS & NaySOs3

KOH & IPA  KOH & MeOH

QYpr (%) 1 0 0 0
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Figure 7.38: PL decay kinetics of MUA-capped, Pt-tipped CdSe/CdS DRs in wa-
ter (MUA), in the presence of different EDAs (MeOH, EtOH, IPA,
NaySO3, NapS & NapSO3, KOH & IPA, KOH & MeOH). The mea-
surements were conducted at 445 nm excitation and the spectra were
recorded at the wavelength of the PL maximum (see Figure?7.33
for PL peaks and position). Figure modified from Wengler-Rust et
al.,[1%] ysed under Creative Commons CC-BY license.
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7.5.4 Alcoholic Electron Donating Agents

If no sacrificial EDA is present, the photoinduced holes are exclusively scavenged
by the thiolate group of the MUA ligand.” [38/65:162192] Interestingly, the charge car-
rier dynamics are not affected by the presence of the alcoholic EDAs, indicated
by the unaltered TA bleach recovery kinetics (Figure 7.36b+c and see Figure A14
for long delay times) and PL decays (Figure 7.38). This finding suggests that the
photogenerated holes do not transfer directly onto these EDAs but only onto the
MUA ligand. Subsequently, the oxidized ligand can potentially be reduced by the
alcoholic EDA (cf. Figure 7.39a). At the start of the measurement, the NPs’ surface
is most likely hardly accessible for the alcoholic EDAs as the MUA ligands shield
it. The alkyl chains of the surface-attached MUA ligands were found to form a
non-polar layer, which repels the aqueous solvent, and therefore should likewise
repel the alcoholic EDAs.[34193-195] However, continued illumination gradually
degrades the ligand shell, as oxidized MUA ligands detach from the NPs’ surface
after forming dithiols. 341621661 The resulting holes in the ligand shell enable the
alcoholic EDAs to access the NPs’ surface and scavenge holes from the oxidized
head groups of the MUA ligands in a diffusion-limited manner (cf. Figure 7.39a).
The variations in QEy, in the presence of the different alcoholic EDAs proba-
bly result from the differences in the EDAs’ redox potentials, as these determine
the scavenging rate of trapped holes from the MUA ligands (-0.055V for MeOH
forming formaledhyde, -0.19V for EtOH forming acetaldehyde, -0.28 V for IPA
forming acetone).[1151%] In fact, the hole transfer may not occur via a two- but
one-electron transfer process, creating a free radical intermediate. This radical is
least reductive for MeOH, the EtOH radical is second, and the IPA radical is most
reductive (-0.74V,-0.94V, -1.2V vs NHE at pH 7, correlating with the pK, value of
the radicals: 10.7, 11.6, 12.2 for MeOH, EtOH, and IPA, respectively).[106:116:117;197]
Therefore, the current doubling effect is least likely to occur for the MeOH and
most likely for the IPA radical. This circumstance will probably contribute to the
differences in QEp, in the presence of the alcoholic EDAs, as the occurrence of
the current doubling effect increases the determined QFEyy,.

Since the hole transfer from the ligand onto the alcoholic EDA occurs outside the
semiconductor domain, it is not resolved in the shell or core TA kinetics. Nev-
ertheless, the STH feature provides indications for the occurrence of the transfer.

7Besides ligand oxidation, photogenerated holes can oxidize the anions in the semiconductor
crystal lattice, resulting in a degradation of the semiconductor domain.[1%%166] This degrada-
tion is clearly visible at the semiconductor domain of the Pt-DRs after three hours of illumi-
nation, in the absence of a sacrificial EDA (see Figure A13b). The introduction of a sacrificial
EDA prevents the degradation of the semiconductor (see Figure A13c+d).
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Figure 7.39: Scheme illustrating the hole transfer onto diffusion-limited (a) and

surface-active (b) EDAs. The diffusion-limited, alcoholic EDAs (IPA
in this example) have to penetrate through gaps in the ligand shell in
order to scavenge the photogenerated holes from the oxidized thio-
late groups of the MUA ligands. On the contrary, the surface-active
EDAs (hydroxide, sulfide, and sulfite in this example) attach to the
NP’s surface or locate in the solvation shell of the NP, resulting in
a much faster hole transfer compared to the diffusion-limited EDAs.
The blue arrows indicate movement of the EDA and electron transfer,
while the green arrow indicates hole transfer. Figure modified from
Wengler-Rust et al.,[1%] used under Creative Commons CC-BY license.

The STH feature seems to recover faster in the presence of the most active al-

coholic EDA IPA within the first nanoseconds, suggesting consumption of the

trapped charges (Figure 7.40). On longer time scales, both kinetics decay simi-
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larly, indicating that the hole transfer onto the EDA occurs within nanoseconds.
The long-lived feature probably results from holes trapped in deep trap states of
large potential, exceeding the redox potential of the alcoholic EDA. However, due
to the large noise level of the measurement, the trends are not clearly discernible.
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Figure 7.40: TA decay kinetics of the STH feature, averaged in the probe spectral
range from 600 to 700nm at different delay time ranges (a+b). The
measurements were conducted at 400nm excitation, using MUA-
capped, Pt-tipped CdSe/CdS DRs in water (MUA) and in the pres-
ence of IPA, combining fs- and ns-TA measurements. The decay ki-
netics in the presence of the alcoholic EDAs MeOH and EtOH are
shown in Figure A15.

7.5.5 Ionic Electron Donating Agents

The accelerated TA bleach recovery (Figure7.36b+c) and PL decay (Figure7.38)
kinetics after introducing the ionic EDAs indicate a direct transfer of the pho-
toinduced holes onto these EDAs. The surface activity of the ionic EDAs favors
direct hole transfer. While hydroxide and sulfide attach to the NPs’ surface (see
above), the sulfite anions are likely to accumulate in the NPs’ solvation shell (cf.
Figure 7.39b; see below for a more detailed discussion on EDA-specific surface
interactions). Additionally, the occurrence of the CSS feature confirms the dif-
ferences in the hole transfer rates between the alcoholic and ionic EDAs (Fig-
ure7.36d). In the absence of an EDA and in the presence of the alcoholic EDAs,
the CSS feature emerges, indicating a long-lived charge-separated state, gener-
ated by the electrons at the Pt tip and holes in the semiconductor domain (cf. Fig-
ure7.37a). In contrast, after introducing the ionic EDAs, no CSS feature occurs,
which suggests accelerated hole transfer, proceeding faster than the bulb bleach
recovery (cf. Figure7.37b). Moreover, the PL intensity is strongly quenched in
the presence of the ionic EDAs (Figure 7.33, Table 7.8, and Table 7.9), verifying the
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emergence of additional non-radiative decay channels, such as direct hole trans-

fer onto the surface-active EDAs.

Sodium Sulfite

The ions of the dissociated sodium sulfite salt are likely to localize in the NPs’
solvation shell (cf. Figure 7.39b). In contrast to the hydroxide and sulfide anions,
the sulfite anion interacts only weakly with the CdS surface of the NPs and does
not bind to it.[831%8] That sulfite anions interact less strongly with the CdS surface
than sulfide anions can also be deduced from the shift of the CdS flatband poten-
tial, which is significantly larger for sulfide than sulfite anions.!1%8] Nevertheless,
if the ligand shell is partly degraded due to oxidation of the ligand, the polar sul-
tite anion can be expected to be located closely to the NPs’ surface, favoring fast
and direct hole transfer. This direct hole transfer is enabled for the sulfite anion, as
its redox potential for the one-electron transfer is lower than the redox potential
of the thiolate ligand (~ 0.7V vs NHE and 0.8 V vs NHE, respectively; for compar-
ison: the one-electron redox potential for MeOH is ~ 1.2 V). [36:38/110;112-115;162;163]
Additionally, the elevated concentration of hydroxide anions after introducing
the basic sodium sulfite and sulfide may favor direct hole transfer (pH = 10 for
0.1 M NapSO3 and pH = 13 for 0.1 M NaS & Na,SO3).[?7]

Moreover, the presence of the sulfite alters the assembly behavior of the Pt-DRs
(cf. Figure A12c). After introducing the sulfite, the NPs do not attach tip-to-tip or
agglomerate but are mostly singly dispersed and assemble in a lateral side-by-
side orientation. The resulting attenuation of the antenna mechanism in the pres-
ence of sulfite might cause the unexpectedly small QEy,, which is only slightly
larger than in the presence of IPA, despite direct hole transfer (Figure7.34). The
observed change in assembly behavior may be caused by the growth of the NPs’
solvation shell due to the accumulation of the salt’s ions (cf. Figure7.28c). Fur-
thermore, the sulfite anion might bind to the CdS crystal lattice after oxidation,

forming a thiosulfate at the NPs’ surface, making it gradually less accessible.

Sodium Sulfide & Sodium Sulfite

In the presence of the EDA mixture of sulfide & sulfite, the TA shell and core
bleaches recover most rapidly (Figure7.36b+c). However, the QEy, in the pres-
ence of the sulfide & sulfite mixture is significantly smaller than for the hydroxide
& alcohol mixtures (Figure7.34). Lian and coworkers stated that the attachment
of the sulfide anions to the NPs’ surface creates an additional channel for charge

[174

recombination via the Auger mechanism.[74] This additional channel would ac-

celerate the decay kinetics but compete with hydrogen production. They argue
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that the Auger mechanism is enabled by “spectator” electrons at the NPs’ surface,
created by the reduction of redox-active mid-gap states of the semiconductor by

the sulfide anions. [1741%]

However, since the sulfide anions predominantly form
HS~ by hydrolysis in aqueous solution, 741731 they are likely to bind to the NPs’
surface similarly to the MUA ligand (RS™). Hence, the NPs’ surface is not nec-
essarily charged by the attachment of the HS™ anions, but the colloidal stabil-
ity is significantly reduced due to the missing alkyl chain and carboxylic head
group of the ligand (cf. Figure7.39b). Therefore, the acceleration of the PL and
TA kinetics may instead result from fast hole trapping and scavenging by the
surface-attached sulfide anions. Various additional factors may reduce the pho-
tocatalytic activity of the Pt-DRs in the presence of the EDA mixture of sulfide
& sulfite. For instance, the oxidation of sulfide anions can produce oxidative
disulfide anions, which were found to compete with the proton reduction at the

1751981 However, for the mixture of sulfide & sulfite, the forma-

photocathode. !
tion of disulfide anions is mitigated, and existing disulfides are scavenged by the
sulfite anions, which form thiosulfates instead. 341751981 Additionally, the sulfide
anions may poison the Pt photocathode by binding to its surface and impeding

proton reduction, [200-204]

Potassium Hydroxide & Alcohol

In the presence of hydroxide & alcohol, the largest QEp, is obtained (Figure 7.34).
While at neutral pH, the addition of MeOH achieves the smallest QEy, of all al-
coholic EDAs (6.5-times smaller QEy, than IPA), the QEy, at pH 14 is larger in
the presence of MeOH than IPA. This increase in QEp, may result from an en-
hanced concentration of alkoxides. As MeOH has a smaller pK, value than IPA
(MeOH: pK, =15.3, IPA: pK,; =17.1), [205] ¢ pH 14, the concentration of methoxide
is roughly two orders of magnitude larger than the concentration of the alkoxide
forming from the dissociation of IPA (10~! mTOl for MeOH and 102 mTOl for IPA,
see Section A6.3 for calculation). These alkoxides are highly reductive species and
may therefore function as additional EDAs.

Furthermore, the rise in QEy, with increasing pH was attributed to the high mo-
bility of the hydroxide anion and radical. [32:34] The hydroxide radical, forming
upon oxidation of the anion, functions as a redox shuttle by quickly relaying the
photoinduced hole to the alcoholic EDA.[3* However, this process may also oc-
cur for a *SH or *SR radical, created upon oxidation of the sulfide anion or the
thiolate group of the MUA ligand, respectively. But, as the reduction potential
of hydroxide radical is significantly larger than the one of the sulfanyl and thiyl
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radicals (1.9 V for hydroxide and 1.2V for sulfanyl radical),® [113:114] the Jikelihood
and resulting rate of hole transfer from the hydroxide onto the alcoholic EDA is
much larger than for the oxidized MUA ligand. Furthermore, the large reduc-
tion potential of the hydroxide radical enables it to reduce nearly any agent in its
vicinity in a diffusion-limited process. Thus, besides shuttling holes to the alco-
holic EDA, it may also oxidize remaining MUA ligand at the surface of the NP.
Consequently, this process may also contribute to the gradual degradation of the
NPs’ ligand shell at high pH.

As the pH affects the reduction potentials of the alcohols, it may likewise affect
the occurrence of the current doubling effect.[116117197] The pH dependency of
the reduction potentials of the EDAs follows a Nernstian behavior (-59 mV /pH),
whereas the CdS CB and VB potentials increase by only -33 mV /pH.[34 There-
fore, the driving force for the occurrence of the current doubling effect increases
with pH. Analogously, the current doubling effect may occur for the formed
alkoxides, as well as the sulfide and sulfite radicals (*S—, *SO; ), as these are
highly reductive species.[3¢ Thus, the current doubling effect is likely to con-
tribute to the large QEp, in the presence of the alcohol & hydroxide mixtures and
the sulfide & sulfite mixture (cf. Figure 7.34).

7.6 Illumination Time- and Power

Density-Dependent Measurements

7.6.1 Illumination Time-Dependent Photocatalytic Activity

The time-dependent study was performed by combining steady-state hydrogen
production measurements in an online reactor and cuvette setup with time-re-
solved and static PL spectroscopy, as well as TA spectroscopy. The online reactor
setup was designed and assembled by Sebastian Hentschel (Mews Research Group,
Institut fiir Physikalische Chemie, Universitit Hamburg) and the hydrogen produc-
tion and PL spectroscopy measurements inside the reactor were performed in
collaboration with him. It was found that the hydrogen production rate is not
constant during illumination but increases during the first few hours of illumi-
nation, while using IPA as an EDA. In the online reactor, the measured hydro-
gen concentration and the determined QEg;, online increase continuously during a
measurement time of four hours (Figure 7.41a). However, in this measurement,

the increase in hydrogen production rate is superimposed with the effect of la-

8Note that potentials might deviate for surface-bound species.
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Figure 7.41: Time-dependent steady-state hydrogen production measurements
conducted using the online reactor (a) and cuvette setup (b). Time-
dependent PL during the measurement in the online reactor (c).
Static PL spectra (d) and PL decay (e) before and after a hydrogen
production measurement, at 445nm excitation. For all displayed
measurements, similar batches of MUA-capped, Pt-CdSe/CdS DRs
in water were used and IPA was introduced as an EDA. The mea-
surements in the reactor and cuvette setup were conducted at power
densities of 12.2mW cm~2 and 7.72 mW cm 2, respectively.

tency between hydrogen evolution and detection of a constant hydrogen con-

centration in the reactor setup (see Section A7 for measurement and discussion

on latency in the reactor setup). But, as this latency period lasts only 40 min (cf.
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Figure A16), the increase in the hydrogen concentration and QEg, online for times
> 40 min can be attributed exclusively to a rise in the hydrogen production rate
of the nanocatalysts. In the cuvette setup, the volume of accumulated hydrogen
increases exponentially for long illumination times, which likewise indicates an
increase in the hydrogen production rate (see Figure 7.41b). At the same time, the
NPs’ PL intensity decreases significantly, and the emission wavelength shifts dur-
ing illumination (Figure 7.41c+d: maximum of PL peak shifts bathochromicaly by
2nm after the steady-state hydrogen production measurement). Additionally, the
PL decay is accelerated after the steady-state hydrogen production measurement
(Figure7.41e; T,ye decreased from 8.1 to 6.4ns; see Table A8 for fitting parame-
ters).

Interestingly, similar trends are observable in TA spectroscopy (Figure 7.42 and
Figure 7.43). By recording multiple consecutive TA scans (220 s per scan and five
maps were averaged, respectively), the illumination time-dependent change of

the bleach features and the charge carrier dynamics were monitored. The CSS fea-
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Figure 7.42: TA spectra of MUA-capped, Pt-CdSe/CdS DRs in the presence of
IPA at 10 ps (a+b) and 6 ns (c) delay time, recorded in multiple con-
secutive scans, at 400 nm excitation. Five TA maps were averaged,
respectively (see color code in (a)).
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ture increases (Figure 7.42c), the CdSe core bleach rises and shifts bathochromi-
caly (Figure7.42b+c and Figure7.43b), the CdS shell bleach recovers faster (Fig-
ure 7.43e) and the core bleach gradually faster (Figure 7.43f) in later scans. These
findings suggest that the charge separation becomes more efficient with increas-
ing illumination time. The accelerated CdS bleach recovery indicates that the
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Figure 7.43: TA bleach recovery kinetics of the CdS shell (a+c+e) and the CdSe
core (b+d+f) feature, non-normalized (a-d) and normalized (e+f)
of MUA-capped, Pt-tipped CdSe/CdS DRs in the presence of IPA,
recorded in multiple consecutive scans, at 400 nm excitation. Five TA
maps were averaged, respectively (see color code in (c)).
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electrons transfer into the Pt tip more quickly with increasing illumination time.
The increased CSS feature shows that a growing number of spatially separated
charge carriers are available for photocatalysis, which is consistent with the ob-
served rise in the hydrogen production rate. The improved charge separation
might result from the successive ligand loss by photooxidation, enabling the
diffusion-limited EDA to access the surface (Figure7.39a). At the same time,
the ligand loss induces gradual agglomeration of the NPs, enabling inter-particle
charge transfer (see above). As a consequence, the PL intensity is reduced, and
the PL decay is accelerated. Additionally, the gradual agglomeration could ac-
count for the bathochromic shift observed in TA and PL spectroscopy. The suc-
cessive rise of the core bleach indicates that more charge carriers transfer into the
core over time. Additionally, annealing processes may occur at the interface of
the CdSe and CdS domains. The same illumination time-dependent behavior can
be observed in TA if no sacrificial EDA is added (Figure 7.44).
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Figure 7.44: TA spectra at 6 ns (a) and 10 ps (b) delay time and normalized bleach
recovery kinetics of the CdS shell (c) and CdSe core (d) feature of
MUA-capped, Pt-CdSe/CdS DRs in water with no sacrificial EDA
added, recorded in multiple consecutive scans, at 400 nm excitation.
Five TA maps were averaged, respectively (see color code in (a)).
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However, in the presence of sulfite, the NPs’ illumination time-dependent TA
spectra and kinetics are significantly altered (Figure 7.45). Independent of the il-
lumination time, no CSS feature occurs in the presence of sulfite (Figure7.45a),
which is consistent with the findings presented in the EDA-dependent study (see
Figure 7.36d). Furthermore, the initial core bleach increases slightly but does not
shift bathochromicaly over time (Figure 7.45b), and the shell bleach recovery is
not accelerated (Figure 7.45c). Possibly, the fast and direct hole transfer onto the
sulfite diminishes MUA oxidation and therefore prevents NP agglomeration. The
NP agglomeration might additionally be inhibited by the attachment of formed
thiosulfate at the NPs’ surface (see above). Due to the missing agglomeration, no
bathochromic shift of the core bleach occurs, and the inter-particle charge trans-
fer is impeded, resulting in a constant hydrogen production and bleach recovery
rate. In line with this explanation, the steady-state hydrogen generation measure-
ment conducted in the cuvette setup shows a linear behavior (see Figure A8e).
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Figure 7.45: TA spectra at 6ns (a) and 10 ps (b) delay time and normalized bleach
recovery kinetics of the CdS shell (c) and CdSe core (d) feature of
MUA-capped, Pt-tipped CdSe/CdS DRs in the presence of NaySOs3,

recorded in multiple consecutive scans, at 400 nm excitation. Five
maps were averaged, respectively (see color code in (a)).
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7.6.2 Power Density-Dependent Photocatalytic Activity

Excitation power density-dependent measurements were partly conducted in the
online reactor setup and partly in the cuvette setup. Due to the constant flow of
carrier gas through the reactor setup, it allows for conveniently measuring large
volumes of analyte. However, the constant gas flow impedes analyte detection
at small production rates. In contrast, in the cuvette setup the produced gas can
accumulate, enabling the detection of small volumes of analyte. Therefore, the
online reactor and cuvette setup were used for experiments at large and small
power densities, respectively.

In accordance with the illumination time-dependent studies, the determined hy-
drogen production rate and quantum efficiency in hydrogen production are de-
pendent on the order in which the power density-dependent measurements are
performed (Figure 7.46 and Figure 7.47a+b).> When going from high to low den-
sities, the hydrogen production rate decreases slower than it increases while go-
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Figure 7.46: Power density-dependent hydrogen production rates (a) and quan-
tum efficiencies in hydrogen production (b) determined by con-
ducting steady-state hydrogen production measurements on MUA-
capped, Pt-tipped CdSe/CdS DRs in the presence of IPA in the cu-
vette setup. The measurements were performed successively, chang-
ing the power density from high to low (blue squares) and low to
high (orange circles), respectively. See Figure Al8a-f for hydrogen
production measurements.

9In Figure 7.46 two series of measurements were conducted in the cuvette setup, each consisting
of three measurements of varying excitation power densities: the first series of measurements
had decreasing power densities (high to low: 7.72mW cm ™2, 421 mW cm 2, 0.690 mW cm~2),
while the second had increasing power densities (low to high: 0.690 mW cm~2, 421 mW cm~2,
7.72mW cm~2). After each measurement, the cuvette was purged with nitrogen for 20 min.
The measurements in the online reactor were conducted in two series of measurements, going
from high to low (Figure 7.47a) and low to high (Figure 7.47b) power densities.
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Figure 7.47: Steady-state hydrogen production measurements (a+b) and time-
dependent PL measurements (c+d) of MUA-capped, Pt-tipped Cd-
Se/CdS DRs in water in the presence of IPA, conducted in the online
reactor at different power densities.

ing from low to high (Figure7.46a and Figure 7.47a+b). Accordingly, the quan-
tum efficiency increases faster going from high to low than it decreases while
going from low to high power densities (Figure 7.46b and Figure 7.47a+b). There-
fore, it can be deduced that the higher the power density, the faster the photocat-
alytic activity increases. This is especially evident in the second measurement at
4.21 mW cm ™2 in Figure 7.46: both, the production rate and QEp, are higher when
going from high to low than from low to high power densities. Additionally, the
bathochromic shift is enhanced at larger power densities (Figure 7.47c+d). These
findings support the explanation of ligand loss-induced agglomeration, which
proceeds faster at larger power densities.

Combining the measurements from both setups, the power-dependent hydrogen
production rate and QFy, were determined in a range from 0.241 mW cm 2 to
44.5mW cm~2 (Figure 7.48; see Section A9 for details on calculation of produc-
tion rates and QEp,, calibration, and error bars). The QEg, was found to increase
exponentially with decreasing power density, which is in line with previous re-
ports for large power densities (10 - 200 mW cm~2).34 The rise in QEy, probably

results from a reduced charge recombination rate with decreasing power density
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(cf. Figure 7.49). 3% Interestingly, the exponential trend of the QFy, continues for
small power densities despite the increased time intervals between excitations of
the individual NPs. As two electrons are required to form a hydrogen molecule,
a photogenerated electron must live on the Pt tip of a single NP for hundreds
of milliseconds before a hydrogen molecule can form (average of four absorbed
photons per second per NP at 0.241 mW cm 2 power density; see Section A10 for
calculation). However, the lifetime of the charge carriers is estimated to be only
microseconds. 4141 Therefore, the observed hydrogen generation at these small
power densities indicates inter-particle charge transfer enabled by network for-

mation.
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Figure 7.48: Normalized, power density-dependent hydrogen production rates
(a) and quantum efficiencies in hydrogen production (b), after 2h of
illumination, determined by conducting steady-state hydrogen pro-
duction measurements on MUA-capped, Pt-tipped CdSe/CdS DRs
in the presence of IPA, combining measurements in the online reac-
tor and cuvette setup. The dashed, black line is a guide to the eye,
highlighting the exponential trend. As different setups and samples
were used, the values in the cuvette setup were normalized to the cal-
culated values in the reactor setup between ~ 6 and 9mW cm 2 (see
Figure A17 for non-normalized data of different measurement series
and Figure A18 for hydrogen production measurements).
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Figure 7.49: Scheme illustrating the differences in photocatalytic activity of Pt-
tipped DRs at high (a) and low (b) power densities. At high power
densities, greater proportion of the photogenerated charge carriers
are lost to radiative and non-radiative charge recombination, which
is favored by a reduced charge separation, resulting from charging of
the Pt tip and CdSe core.
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8 Conclusion

From correlating the charge carrier dynamics, photocatalytic activity, and col-
loidal stability of Pt-tipped CdSe/CdS DR nanocatalysts in the presence of differ-
ent EDAs, it can be concluded that the photocatalytic activity of the nanocatalysts
strongly depends on processes occurring at their surface. Conducting TA, time-
resolved PL, and static spectroscopy, as well as steady-state hydrogen produc-
tion, electron microscopy, and DLS measurements, it was found that EDAs inter-
act differently with the NPs’ surface and ligand shell. While the alcoholic EDAs
(MeOH, EtOH, IPA) scavenge the holes diffusion-limited from the oxidized MUA
ligand at the NPs’ surface, the ionic EDAs (NaxSO3, NaxS & NaySO3, KOH & IPA,
KOH & MeOH) are surface-active, which enables direct hole transfer onto the
latter EDAs. Furthermore, it was revealed that the presence of the surface-active
EDAs hydroxide and sulfide induces NP agglomeration. Analogously, illumina-
tion time- and power density-dependent measurements indicated the formation
of NP agglomerates in the presence of alcoholic EDAs, resulting from ligand loss
during solar-to-fuel conversion. The photocatalytic yield was found to increase
by agglomeration, which was attributed to charge transfer between the connected
NPs, resulting in improved spatial charge separation. Therefore, this study pro-
poses a new conception of colloidal nanocatalysts, which does not regard them
as isolated catalysts but rather as building blocks for assembling functional and
structured catalyst networks.

Based on the presented insights, this work may encourage pursuing studies that
aim to improve the photocatalytic yield. Given the revealed importance of pro-
cesses occurring at the NPs’ surface, modifications of the latter promise a signif-
icant improvement in the NPs’ photocatalytic activity. For instance, alternative
non-thiol-terminated ligands that do not trap the photogenerated holes could be
used to stabilize the NPs in aqueous suspension. In the presence of these ligands,
the direct hole transfer onto the EDA would not compete with a transfer onto the
ligand and may therefore be resolvable via TA spectroscopy. Furthermore, the lig-
and would not degrade during the solar-to-fuel conversion process, resulting in
a constant hydrogen production rate and colloidal stability of the NPs. However,

the use of alternative ligands may impede network formation and reduce the sur-
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face accessibility for the EDAs, causing low photocatalytic yields. Alternatively,
ligands could be used that bind selectively to the metal or semiconductor domain
and therefore favor the selective attachment of metal tips, forming metal domain
junctions, which function as distinct reduction sites within the NP network. An-
other setscrew for improving the photocatalytic yield is the concentration of the
introduced EDA, which should influence the assembly behavior of the nanocat-
alysts. Eventually, the gained insights may pave the way for large-scale applica-

tions of photocatalysts for solar-to-fuel conversion.
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A1l.1 Absorbance Spectra
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Figure Al: Static absorbance spectra of CdSe NPs of different sizes, of arbitrary
concentration, with phosphonate ligands in toluene, recorded in a
spectrometer with a linear beam path. The diameter of the NPs was
calculated from the first excitonic peak (2.95nm (a), 2.87 nm (b), and
3.10nm (c); see Table7.1 for synthesis parameters and calculated NP

diameters).

A1.2 Dimensions of Synthesized CdSe/CdS Dot-in-Rods

Table Al: Dimensions, aspect ratio and volume of additional batches of Cd-
Se/CdS DRs used in this work. The dimensions of the DRs were de-
termined from TEM micrographs (see Figure A2f-i). An exemplary his-
togram showing the distribution in length and diameter of a DR batch
is shown in Figure A3.

Seed Diameter Length Diameter Aspect ~ Volume
(nm) (nm) (nm) Ratio (nm?)
2.95 343 £22 46104 7.5 570
2.30 36.7 £2.7 42403 8.7 508
2.30 293 +34 41+04 7.1 387
2.30 28.9 = 3.6 42+04 6.9 400
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Figure A2: TEM micrographs of the different CdSe/CdS DR batches used in this
work. See Table 7.2 (a-e) and Table A1 (f-i) for dimensions of the func-

tional components of the DRs (the order of appearance in the tables
and figure are identical).
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Figure A3: Histogram of the determined lengths and diameters of a batch of Cd-
Se/CdS DRs. An average length of 29.3 & 3.4 and diameter of 4.1 +
0.4 was calculated (cf. Table Al and Figure A2h).
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A1.3 Calculation of the Dot-in-Rod Concentration

The concentration of DRs was determined from the absorbance spectrum, based
on the calculations from Dorfs et al. (cf. Section 6.8).[1%0] Based on the DRs dimen-

sions (I = 36.7nm, d = 4.2nm) the volume of an individual DR was determined
V =(d/2)*-m-1=>508nm>

and the molar extinction coefficient at 350 nm was calculated (cf. Equation (6.4))

L =1.44-107 L

£ =28326.9 - 508nm’ . :
mol cm nm mol cm

Eventually, the DR concentration was derived from the sample’s absorbance at
350nm (OD = 1.7) using the Beer-Lambert law (see Equation (4.18)) while con-
sidering the dilution factor of the measurement (in this example: 20 uL of DR

suspension in 2.4 mL solvent: 220:+20 — 121)
1.7-121 1
c= S =143
144107 _L_1em m

Due to the PL of the DRs, the OD was determined in a spectrometer with a linear
beam path (cf. Section4.6.1 for detailed discussion on differences of OD deter-
mined in a spectrometer with a linear beam path or an integrating sphere).

As the OD of the sample above was only measured in a spectrometer with an
integrating sphere, the OD that would have been measured in a linear beam path
was calculated from the OD measured for a comparable sample (similar DR di-
mensions and QYpr, labeled by subscript "ref") in both setups:

ODpR,,int = 0.0426, ODpR_, lin = 0.690, ODpR int = 0.118, QYpr,pRr,., = 45% and
QYpr,pr =40%

ODpRr, lin
ODpR, int

QYpuDR.

=1.7,
QYPLDR,

ODpR lin = ODpRiint -
with ODjn and ODyy, as the OD measured in a spectrometer with an integrating

sphere and linear beam path, respectively.
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A1.4 Pt Growth on CdSe/CdS Dot-in-Rods

Table A2: Volumes of DR suspension, amounts of Pt precursor, and resulting ra-
tios of Pt precursor to DRs added for the precursor amount-dependent
hot-injection Pt deposition on CdSe/CdS DRs discussed in Section 7.1.3
and shown in Figure 7.6.

DR Suspension (mL) Pt Precursor (mg) Ratio of Pt Precursor to DRs ( nrrnngol)
0.3 1.44 0.34
2 25 0.88
0.15 2.88 1.3

Table A3: Reaction time-dependent proportion of bare DRs, DRs with a single
Pt domain at the DRs’ tip, and DRs with multiple Pt domains after Pt
deposition using a hot-injection synthesis. Samples were prepared by
extracting aliquots from the reaction suspension and the number of Pt
domains was determined from TEM micrographs (cf. Figure 7.8).

Reaction Time (min) Bare (%) Single Tip (%) Multiple Domains (%)

5 90 10 0
6 69 31 0
9 22 64 14
12 4 47 49
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Figure A4: XRD measurement of bare CdSe/CdS DRs of different core sizes (large
core (subscript "LC"): 3.1 nm, red line and small core (subscript "SC"):
2.3nm, black line) and reference diffraction data sets (cf. Figure7.10).
Due to the much smaller volume fraction of the CdSe core compared
to the CdS shell domain, the former is barely visible in the diffrac-
togram, also for large cores.
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A2 Charge-Separated State Feature - Pt-CdSe/CdS
Dot-in-Rod Batches

The Pt-CdSe/CdS nanocatalysts used for the CSS feature study in Figure7.20
and Figure7.36d had a CdSe seed diameter of 2.3nm, an average rod length of
36.7+2.7nm, and a rod diameter of 4.2+ 0.3 nm. These DR parameters were de-
termined by evaluating ~ 200 NPs in TEM micrographs (cf. Figure A2g). After Pt
deposition, 71 % of the NPs had a single Pt tip, 20 % had two tips, 9 % had no tip
(~ 150 Pt-DRs were evaluated in TEM micrographs - cf. Figure A5).

Figure A5: TEM micrograph of Pt-CdSe/CdS DRs used for the CSS measure-
ments in Figure 7.20 and Figure 7.36d.
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A3 Fitting Parameters - Transient Absorption and

Photoluminescence Kinetics

Table A4: Multiexponential decay fitting parameters for PL decay of bare Cd-
Se/CdS DRs, capped with non-polar, organic ligands in toluene and
capped with MUA ligands in water.

Solvent Ai; 1 (ns) Ajp o (ns) As; 13 (ns)

Toluene 0.895;48.6 8.08;15.0 1.73;5.32
H,O 1.84;18.7 3.74;5.15 37.4;0.551

Table A5: Multiexponential decay fitting parameters for PL decay of Pt-tipped
CdSe/CdS DRs, capped with non-polar, organic ligands in toluene and
capped with MUA ligands in water.

Solvent Ai; 11 (ns) Ajp T (ns) As; 13 (ns)
Toluene 1.46;23.2 8.29;8.17 6.63;1.97
H,O 232,222 458,574 9.28;1.08

Table A6: Multiexponential decay fitting parameters for the PL decay kinetics of
bare and Pt-tipped CdSe/CdS DRs with Pt domains of different sizes

and numbers, capped with non-polar, organic ligands in toluene.

Sample A1, 11 (ns) A (ns) Asz; 13 (ns)
DRs 1.67;39.2 9.8;14.3 -;-
Pt-DRsgan 4.05;,10.5 4.74;3.69 3.77;0.464
Pt-DRSpedium 397,493 7.08;1.45 11.9;0.214
Pt-DRSLarge 1.63;2.62 6.6;0.614 17;0.127
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A4 Determining the Photoluminescence Quantum
Yield Relative to Coumarin 153

The QYpr, of the bare and Pt-tipped DRs, with Pt domains of different sizes and
numbers was calculated relative to coumarin 153. Emission spectra of coumarin
153 in ethanol and of the bare and Pt-tipped DRs, with Pt domains of different
sizes and numbers in toluene, were recorded at different integration times and
positions of the emission attenuator (EM-attenuator), in order to obtain an ade-
quate signal for all measurements (Figure A6a-e). The attenuation of the emis-
sion by the position of the EM-attenuator was calibrated (Figure A6f) for calculat-
ing an attenuation factor, which was considered while calculating the integrated
emission intensity and QYpy, (Table A7, cf. Equation (6.5) for formula).
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Figure A6: Static PL spectra of coumarin 153 in EtOH (a) and bare CdSe/CdS
DRs (b), both at 0.1s integration time and 10 % position of the EM-
attenuator, Pt-tipped DRs, with Pt domains of different sizes and num-
bers: Pt-DRsgpap at 0.1 s integration time and 20 % position of the EM-
attenuator (c), Pt-DRspedium at 0.1 s integration time and 60 % position
of the EM-attenuator (d), Pt-DRsparge at 1s integration time and 100 %
position of the EM-attenuator (e), capped with non-polar ligands in
toluene, all at 450 nm excitation. Transmitted intensity at different po-
sitions of the EM-attenuator at 592 nm excitation (f).
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Table A7: Measured OD, attenuation factor, integrated emission intensity, refrac-

tive index of the solvent, 290! and calculated QYp;. for coumarin 153 in
ethanol,['>] bare and Pt-tipped CdSe/CdS DRs, with Pt domains of
different sizes and numbers, capped with organic, non-polar ligands
in toluene. The attenuation factor combines the differences in integra-
tion time and position of the EM-attenuator. The integrated emission

intensity is calculated from the spectra in Figure A6 and considers the
attenuation factor.

Sample OD at Attenuation Integrated Refractive QYpr,
450nm  Factor Emission (Counts) Index (%)
Coumarin 153 0.0941 1 140747 1.361 54.4
DRs 0.104 1 63827 1.494 27.3
Pt-DRsgman~ 0.0939 2.75 6699 1.494 3.12
Pt-DRspedium ~ 0.102 10.6 1590 1.494 0.691
Pt-DRSLarge 0.101 181 97.3 1.494 0.0425

A5 Influence of the Dimensions of the Functional
Components of the Photocatalyst on the

Hydrogen Evolution Efficiencies
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Figure A7: Steady-state hydrogen generation measurements in the cuvette setup
on MUA-capped, Pt-tipped CdSe/CdS DRs of different dimensions
(see Table7.7) in water in the presence of IPA. The data was fitted lin-

early in order to determine a hydrogen production rate for calculating
the QEH2
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A6 EDA-Dependent Steady-State Hydrogen

Generation and Spectroscopic Measurements
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Figure A8: Steady-state hydrogen generation measurements in the cuvette setup
on MUA-capped, Pt-tipped CdSe/CdS DRs in water (a) and in the
presence of different sacrificial EDAs: MeOH (b), EtOH (c), IPA (d),
NaySOs (e), NaxS & NaySOs (f), KOH & IPA (g), KOH & MeOH (h).
For the measurement in (a) another batch of Pt-DRs was used (see Sec-
tion A6.1). The data was fitted linearly in order to determine a hydro-
gen production rate for calculating the QEy,. The red data points in-
dicate measurements that were not considered during fitting, as these
measurements were distorted by the detection limit of the GC (a+b) or
incorrect aliquot extraction (g). The measurement time was increased

to 210 min in (a+g) in order to obtain enough measurements for valid
fitting.
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Figure A9: Static absorbance spectra of MUA-capped, Pt-tipped CdSe/CdS DRs
in water, in the presence of different EDAs (IPA, NaySOs3, Na,S &
NaySO3, KOH & IPA, KOH & MeOH). In the presence of the EDA
mixture of NaS & Na,SO; and the mixture of KOH & alcohol a
bathochromic shift occurs.

A6.1 Alternative Batch of MUA-Capped, Pt-Tipped CdSe/CdS
DRs for Steady-State Hydrogen Generation Measurements

For the static UV-vis spectroscopy and steady-state hydrogen production mea-
surements on the Pt-DRs in the absence of any EDA (MUA) in Figure 7.34, an al-
ternative batch of Pt-DRs was used, exhibiting comparable dimensions (2.30 nm
core size, 28.9 = 3.6nm length, 4.2 £ 0.4nm diameter), photocatalytic activity
(see Figure A10a), as well as static absorbance (Figure A10b+c) to the Pt-DR sam-
ple used for the other EDAs in Figure 7.34.
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Figure A10: Quantum efficiencies in hydrogen production (a), static absorbance
spectra recorded in an integrating sphere (b) and linear beam path (c)
for an alternative batch of MUA-capped, Pt-tipped CdSe/CdS DRs in
the presence of different EDAs (see color code in (b).
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A6.2 Time-Resolved Spectroscopy and Colloidal Stability
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Figure A11: Normalized TA bleach recovery kinetics of bare CdSe/CdS DRs in
the presence of IPA, KOH & IPA, and without any sacrificial EDA
added (MUA) at the CdS shell (a) and CdSe core (b), at 400 nm exci-
tation. Independent on the choice of EDA, the kinetics are the same.
Thus, the observed EDA-dependent changes in decay kinetics for the
Pt-tipped DRs (Figure 7.36b+c) apparently result from charge trans-

fer processes in the context of photocatalytic activity of the nanohy-
brids.

Figure A12: TEM micrographs of MUA-capped, Pt-tipped CdSe/CdS DRs in wa-
ter (a) and in the presence of EtOH (b) and Na;SOs (c). The DR attach
tip-to-tip in water and in the presence of the alcohol, whereas they as-
semble laterally in the presence of the sulfide.
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Figure A13: TEM micrographs of MUA-capped, Pt-tipped CdSe/CdS DRs before
(a) and after (b) three hours of illumination without any sacrificial
EDA added. Due to the absence of a sacrificial EDA, the semicon-
ducting domain was degraded by the photogenerated holes. The
red circles mark NPs where this photogenerated degradation is es-
pecially apparent. The micrographs in (c+d) show the MUA-capped,
Pt-tipped CdSe/CdS DRs from Figure A12b+c in the presence of
EtOH and NaySO3, respectively, after three hours of illumination. No
degradation of the semiconductor is observable and the NPs kept the
tip-to-tip and lateral alignment, respectively.
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Figure A14: ns-TA bleach decay kinetics of the CdS shell (a) and CdSe core (b) fea-
ture of the MUA-capped, Pt-tipped CdSe/CdS DRs in water (MUA)
and in the presence of the alcoholic EDAs (MeOH, EtOH, IPA) on
long time scales, at 400 nm excitation. The kinetics are not altered by
the addition of the alcoholic EDAs.
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Figure A15: TA decay kinetics of the STH feature, averaged in the probe spec-
tral range from 600 to 700 nm. The measurements were conducted at
400 nm excitation, using MUA-capped, Pt-tipped CdSe/CdS DRs in
water (MUA) and in the presence of the alcoholic EDAs MeOH and
EtOH, combining fs- and ns-TA measurements. The kinetics with-
out an additional EDA (MUA) and in the presence of MeOH decay
similarly, which is in accordance with the photocatalytic activity (cf.
Figure7.34). Unexpectedly, the kinetic in the presence of EtOH does
not decay significantly faster. This is likely due to the large noise

level in this spectral region.
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A6.3 Dissociation of Alcoholic EDAs at Large pH

The addition of an acid (HA) to water results in the (partial) dissociation of the
acid into two ions.
HA + H,O= A" + H;0"

The extent of acid dissociation is dependent on the strength of the acid, which is
quantified by the associated acid dissociation constant K, or the pK,-value.

()

B L\ [A7] - [H307] L
pKi = —log (Ka -1 rn_ol) = —log ( HA] -1 ol (A.2)

The higher the K,, or the lower the pK, value, the stronger the acid.!?” The
degree of dissociation a specifies the proportion of dissociated acid

(A7

“ T HAl

(A.3)

with the initial concentration of the non-dissociated acid [HA],.12%] With the re-
lation [HA], = [A™] + [HA] and Equation (A.1) the degree of dissociation can be
expressed as

K, 10~ PKa mol
[HsO0] + Ko [H30%] 4 10~ PKa mol”

(A4)

Even though MeOH and IPA are weak acids, at pH 14 a fraction of the alcoholic
EDAs dissociates, forming the respective alkoxide. In the case of MeOH the fol-
lowing equilibrium results

MeOH + H,0O = MeO™ + H;07,

with MeO™ as the methoxide anion.
The pK, value of MeOH is 15.3,1205] and 10vol% of MeOH were introduced,

which corresponds to an initial concentration [MeOH], of 2.48 mTOI

AMeOQH = 0.0477

I
[MeO ] = aneon - [MeOH], = 1.18 - 10 %
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Analogous in the presence of IPA (pKa =17.1,201[IPA] = 1.31 mTOl)
app = 7.94-107%

1

[IPA~] =1.04-103 22,

L
with [IPA*] as the concentration of the IPA alkoxide. Thus, at pH 14, the con-

centration of alkoxides is roughly two orders of magnitude larger in the case of
MeOH compared to IPA. Since these alkoxides are highly reductive and should
be able to bind to the NPs surface, the QEp, is larger in the case of the hydroxide
& MeOH mixture than in the IPA mixture.

A7 Latency Hydrogen Detection in the Reactor Setup

The experiment displayed in this section was performed by Sebastian Hentschel
(Mews Research Group, Institut fiir Physikalische Chemie, Universitit Hamburg).
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Figure Al6: Hydrogen detection measurement in the reactor setup. Hydrogen

gas was injected at a rate of 50 pL. min~! into the liquid phase inside
the reactor. The injection was started at 0 min. After 60 min, the in-
jection was stopped. The dashed lines indicate 100 %, 95 %, and 5 %
of the constant value of hydrogen concentration during injection.

The latency between hydrogen production and detection of a constant hydrogen
concentration in the reactor setup was characterized by injecting hydrogen gas at
a constant rate (50 pL min~') into the liquid phase (159 mL water) of the reactor
setup. The gas was injected from a gastight syringe using a syringe pump. The

measured hydrogen concentration stabilizes at a constant value approximately
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40 min after starting the hydrogen injection (Figure A16). Roughly 15 min after
the start of the hydrogen injection, the measured hydrogen concentration is al-
ready at 95 % of this stable value. The injection was stopped 60 min after the
start of the hydrogen injection. The hydrogen concentration recovers completely
(0ppm) after another 60 min. Roughly 20 min after stopping the injection, 95 % of
the hydrogen concentration recovered.

A8 Illumination Time-Dependent Photocatalytic

Activity - Fitting Parameters

Table A8: Multiexponential decay fitting parameters for the PL kinetics of MUA-
capped, Pt-tipped CdSe/CdS DRs in water the presence of IPA before
and after a hydrogen production measurement (see Figure 7.41e for PL

kinetics).

Sample A; 1 (ps) Az 2 (ps) As; 13 (ps)
Before Illumination 1.83;14.6 4.42;451 17.5;0.813
After Illumination 1.87;9.92 5.11;2.61 6.19;0.409

A9 Power Density-Dependent Photocatalytic Activity

The non-normalized QEy, data of the different measurement series in the on-
line reactor and cuvette setup are shown in Figure A17. As discussed above, the
hydrogen production rate increases over time. In order to align all production
rates regarding their illumination time, the theoretical value after 2h of illumi-
nation was calculated for all measurements in the reactor setup. The hydrogen
production rate at 122mW cm ™2 after 2h of illumination was extracted from the
measurement. The theoretical production rates after only 2h of illumination at
9.12mWcm~2 and 6.08 mW cm ™2, as well as 22.8 mW cm 2 and 44.5 mW cm 2
were calculated from the factors by which the production rates varied upon chang-
ing of the power densities (cf. Figure A19). For each power density, the QEp, was
determined from the calculated production rate and the sample’s OD, which was
determined in a spectrometer with an integrating sphere before the measurement
(cf. Equation (6.11)). For the cuvette setup, the contribution of the illumination
time was considered in the error bar (cf. Figure7.48). The factor by which the

hydrogen production rate increases within 2h of illumination was determined
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from the measurement in the reactor setup (Figure A20). Based on this factor, the
expected illumination time-dependent increase in the hydrogen production rate
was considered in the negative error. For the measurement in the cuvette setup
at 4.21 mW cm 2, which was measured after 2 h of illumination at a smaller and
larger power density, respectively (cf. Figure7.46), the average value was calcu-
lated. The power densities were calibrated using a water-filled reactor or cuvette,

respectively.
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Figure A17: Non-normalized (a+c) and normalized (b+d) power density-
dependent hydrogen production rates (a+b) and quantum efficien-
cies in hydrogen production (c+d), after 2h of illumination, deter-
mined by conducting steady-state hydrogen production measure-
ments on MUA-capped, Pt-tipped CdSe/CdS DRs in the presence
of IPA, combining different measurement series in the online reactor
and cuvette setup (see color code). In (b+d) the values in the cuvette
setup were normalized to the calculated values in the reactor setup

between ~ 6 and 9 mW cm 2.
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Figure A18: Steady-state hydrogen generation measurements in the cuvette setup

on MUA-capped, Pt-tipped CdSe/CdS DRs in water in the pres-
ence of IPA at different excitation power densities (7.72mW cm 2
(a+f+g+j), 4.21 mW cm 2 (b+e+h), 1.53 mW cm 2 (i), 0.690 mW cm 2
(c+d), 0.241 mW cm~2 (k)). The data was fitted linearly in order to

determine a hydrogen production rate for calculating the QEy, (see
Figure A17).
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Figure A19: Factors by which the hydrogen production rates decreased and in-
creased, respectively, upon reducing (a) and increasing (b) the power
density in the power-dependent measurement in the reactor setup
(see Figure7.47 for details on measurement). The factors were cal-
culated from the hydrogen production rates before and after change
of the power density. The production rate after the change of the
power density was extrapolated from the linearly increasing rate for
>45 min after the change in power density.
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Figure A20: Calculation of the factor by which the hydrogen production rate in-
creases within 2 h of illumination in the reactor setup (see Figure 7.47
for details on measurement). The factor was calculated from the hy-
drogen production rates at 120 min and 240 min of illumination time.
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A10 Calculation - Absorbed Photons per Time per

Nanoparticle

Experimental parameters: Hgy. = 0.241mW em ™2, A =14.5cm?, OD = 0.74, nnps
= 2.5nmol
Fraction of absorbed light Abs (see Equation (4.19))

Abs=1—10"%74 = 0.82.

Absorbed power density Hapsg

w W
Ppps = 0.82-0.241 —— = 020 .
cm cm

Number of absorbed photons per time % (cf. Equation (6.8) and Equation (6.9))

NPphotons _ Hpps - A+ A —65. 1015 Photons
t h-c ' S )

Total number of NPs #xps
#ps = ninps - Na = 1.5 - 10%.
Number of photons absorbed by each NP per time

—NPh;’tO“S _, ,Photons
— =43—.
#NPs s
At an excitation power density of ~ 0.24 mW cm 2 (excitation power of 3.5 mW),
each NP absorbs an average of four photons per second. Analogously, at a power
density of ~7.9mW cm~2 (115mW), each NP absorbs approximately 140 pho-

tons per second, which corresponds to one photon absorption per NP every 7 ms.
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B Safety

Table B1 lists the chemicals employed in this study including their classification
according to the Globally Harmonized System of Classification and Labelling of
Chemicals (GHS), as well as hazardous and precautionary statements. Table B2
lists all utilized substances classified as carcinogenic, mutagenic, or reprotoxic
(CMR) by the Regulation "for Classification, Labeling and Packing" (CLP Regu-
lation) by the European Union ((EG) 1272/2008).

Table B1: Used chemicals with respective GHS symbols, hazardous and pre-

cautionary statements (see Figure Bl for pictograms of GHS symbols).

Safety information obtained from Merck safety data sheets.[?%]

Substance CAS-Number GHS Symbol = Hazardous Precautionary

Statements Statements
Acetone 67-64-1 02, 07 225,319,336 210, 233, 240, 241,
242,305+351+338
Argon 7440-37-1 04 280 410+403
Cadmium oxide 1306-19-0 06, 08, 09 330,341,350, 202,260,264, 271,
361fd, 372, 273, 304+340+310
410
Chloroform 67-66-3 06, 08 302, 315, 319, 201, 273,
331, 336, 351, 301+312+330,
361d, 372, 412 302+352,
304+340+311,
308+313

Coumarin 153 53518-18-6 - - -
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Substance CAS-Number GHS Symbol = Hazardous Precautionary
Statements Statements
(1,5-Cyclooctadiene)- 12266-92-1 07 315,319,335 261, 264, 271, 280,
dimethylplatinum(II) 302+352,
305+351+338
1,2-Dichlorobenzene 95-50-1 07,09 302,332,315, 273,280,301+312,
317, 319, 335, 302+352,
410 304+340+312,
305+351+338
Diphenyl ether 101-84-8 07, 09 319, 410 264,273, 280,
305+351+338,
337+313, 391
Ethanol 64-17-5 02, 07 225,319 210, 233, 240, 241,
242, 305+351+338
1,2-Hexadecanediol 6920-24-7 - - -
n-Hexylphosphonic acid 4721-24-8 07 315, 319 264, 280, 302+352,
305+351+338,
332+313, 337+313
Hydrogen 1333-74-0 02,04 220, 280 210, 377,381,
410+403
Isopropyl alcohol 67-63-0 02, 07 225,319,336 210, 233, 240, 241,
242, 305+351+338
11-Mercaptoundecanoic 71310-21-9 07 315,319,335 261, 264, 271, 280,
acid 302+352,
305+351+338
Methanol 67-56-1 02, 06, 08 225, 210, 233, 280,
301+311+331, 301+ 310,
370 303+361+353,
304+340+311
Nitrogen 7727-37-9 04 280 410+403
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Substance CAS-Number GHS Symbol = Hazardous Precautionary
Statements Statements
Nonanoic acid 112-05-0 07 315, 319 264, 280, 302+352,
305+351+338,
332+313, 337+313
n-Octadecylphosphonic 4724-47-4 07 315, 319 264, 280, 302+352,
acid 305+351+338,
3324313, 337+313
n-Octylamine 111-86-4 02,05,06,09 226,301+311, 210, 273, 280,
314, 332, 335, 303+361+353,
410 304+340+310,
305+351+338
Oleic acid 112-80-1 - - -
Oleylamine 112-90-3 05,07,08,09 302,304, 314, 273,280,
335,373, 410 301+330+331,
303+361+353,
304+340+310,
305+351+338
Platinum(II) 15170-57-7 07,08 302+312+332, 280, 301+312,
acetylacetonate 315, 319, 335, 302+352+312,
361 304+340+312,
305+351+338,
308+313
Potassium hydroxide 1310-58-3 05, 07 290, 302, 314 234, 260, 280,
301+312,
303+361+353,
305+351+338
Selenium 7782-49-2 06, 08 301+331, 373, 260, 264, 273,
413 301+310,

304+340+311, 314
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Substance CAS-Number GHS Symbol = Hazardous Precautionary
Statements Statements
Sodium sulfide 1313-82-2 02, 05, 06, 09 251, 290, 235, 260, 280,
301+311, 314, 303+361+353,
400 304+340+310,
305+351+338
Sodium sulfite 7757-83-7 - - -
Sulfur 7704-34-9 07 315 264, 280, 302+352,
332+313,
362+P364
Toluene 108-88-3 02,07, 08 225,304, 315, 202, 210, 273,
336, 361d, 301+310,

373,412 303+361+353, 331

Triethylamine 121-44-8 02, 05, 06 225,302, 210, 280, 301+312,
311+331, 314, 303+361+353,
335 304+340+310,
305+351+338

Trioctylphosphine 4731-53-7 05 314 280,
303+361+353,
304+340+310,
305+351+338,

363, 405

Trioctylphosphine oxide 78-50-2 05 315, 318, 412 264,273, 280,
302+352,

305+351+338,
332+313
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Table B2: Employed CMR substances, used amounts, and classification by the
CLP Regulation. The substances are classified as carcinogenic (C), mu-
tagenic (M), harmful to the development of the unborn child (Rp), and
harmful to fertility (Rg). Safety information obtained from the list of
CMR substances by the "Deutsche Gesetzliche Unfallversicherung" 2101

Substance CAS-Number AmountUsed C M Rp Rg

Cadmium oxide 1306-19-0 10¢g B 2 2 2

Cadmium sulfide  1306-23-6 10g B 2 2 2
Chloroform 67-66-3 5L 2 2
Toluene 108-88-3 20L 2

& &

GHS 01 GHS 02 GHS 03

A

GHS 04 GHS 05 GHS 06

A A

GHS 07 GHS 08 GHS 09

Figure B1: GHS hazard pictograms.
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