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Revealing the Effect of Nanoscopic Design on the Charge
Carrier Separation Processes in Semiconductor-Metal

Nanoparticle Gel Networks

Jakob Schlenkrich, Ddniel Zdmbd, Anja Schlosser, Pascal Rusch, and Nadja C. Bigall*

In this paper, it is shown that the nanoscopic design of combining semicon-
ductors and noble metals has a direct impact on the macroscopic (electro-
chemical) properties of their assembled, hyperbranched, macroscopic gel
networks. Controlled and arbitrary deposition of gold domains on CdSe/

CdS nanorods leads to tipped and randomly decorated heteroparticles,
respectively. Structural and optical properties of the gel networks depend
upon assembling the hybrid particles by means of oxidative or ionic routes.
Additionally, the impact of different building block designs on the charge car-
rier separation processes is investigated from spectroelectrochemical point
of view. A more efficient charge carrier separation is revealed in the tipped
design manifesting in higher negative photocurrent efficiencies compared to
the arbitrary decoration, where the charge recombination processes are more
remarkable. This work sheds light on the importance of the nanostructuring
on the spectroelectrochemical properties at the macroscale paving the way

approach towards novel hybrid functional
materials with unique properties, which
differ from those of colloidal mixtures
of the two materials.'"3] The synthesis of
these hybrid nanomaterials is often chal-
lenging due to different lattice dimen-
sions, thermal stability, or chemical
reactivity.! Nevertheless, various combi-
nations of different materials have already
been synthesized and their promising
properties have been demonstrated.*!
Combining a semiconductor and a (noble)
metal at the nanoscale results in hybrid
nanostructures with advantageous proper-
ties for potential applications in photoca-
talysis, photoelectrochemical sensing, and
photovoltaic applications.®! To date, the
importance of the design at the nanoscale

towards their use in photochemical reactions.

1. Introduction

Combining different material classes at the nanoscale (such
as metals with magnetic materials, semiconductors with mag-
netic materials or semiconductors with metals) is a promising
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(i-e., engineering the components towards

different hybrid-particles) has mainly

been demonstrated at the single particle
level and in solution-based ensembles."13 In semiconductor-
metal hybrid nanoparticles, the photoelectrochemical perfor-
mance relies on the efficient charge carrier separation and the
utilization of the photogenerated electrons and holes in fur-
ther reactions which is the major requirement for the above-
mentioned applications." CdSe/CdS nanorods (NRs) alone
offer some extent of charge carrier separation due to a negli-
gible energy difference between the conduction band of CdSe
and CdS and the resulting delocalization of the photoexcited
electrons through the heterojunction and thus over the entire
NR. Due to this special band alignment, this material combi-
nation behaves as a quasi-type II heterojunction.” However,
growing, e.g., gold on the semiconductor NRs leads to hybrid
nanoparticles exhibiting further enhanced separation of the
excited electrons and the holes within the different materials
which enables the usage of these charge carriers in redox reac-
tions.l®) Nanostructural properties have remarkable impact on
the overall optical or electrochemical response of the built-up
macrostructures. We have shown recently that the number of
gold nanoparticles relative to CdSe/CdS nanorods essentially
governs the optical properties of macroscopic gel structures
prepared by the cogelation of the two components.”/l How-
ever, prior to the assembly, design of hybrid building blocks
at the nanoscale (that is in terms of spatial distribution of the
noble metal domains) is of great importance as well. These
hybrid nanomaterials as ligand stabilized NPs in solution are
usually restricted to solution-based applications, or the active
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materials are prepared via the conventional drying of the hybrid
nanocrystals. However, assembling the nanoscopic building
blocks into macroscopic, porous, 3D gel-like structures could
significantly broaden their applicability.'®! In nanocrystal gels,
the nanoscopic characteristics of the nanoparticle building
blocks can be retained and novel properties can emerge simul-
taneously, which underlines the advantages of these assembled
structures over their colloidal solutions.”) Upon partial removal
of the stabilizing ligands from the nanocrystal surface under
controlled conditions, the assembly of the nanoparticles can be
initiated leading to an interconnected nanocrystal network.[2021
Although gel-like structures have been prepared from various
materials to date, we have recently presented novel routes
towards the formation of hybrid nanocrystal networks for spec-
troelectrochemical applications, where the preparation route
(ie., via simple mixing of different building blocks or pre-
paring the hybrid semiconductor-noble metal nanoparticles
prior to their assembly) has been found to be of central impor-
tance.?2-26] While simple mixing and co-gelation has not led to
efficient charge carrier separation, growth of the metal domains
directly on the nanorods or nanoplatelets enabled to fabricate
hybrid gel structures with enhanced photoelectrochemical per-
formance. This sheds light on the impact of proper nanostruc-
turing on the emerging properties at the macroscale.
Consequently, in the present work, our objective is to syn-
thesize and assemble different gold decorated CdSe/CdS NRs
and form macroscopic porous gel-like structures with effective
charge carrier separation (schematically shown in Figure 1) in
order to investigate the impact of particle design on the spec-
troelectrochemical properties of the gel networks (at the mac-
roscale). To deposit gold domains in controlled and arbitrary
manner, different synthetic approaches were applied to prepare
gold tipped and randomly decorated CdSe/CdS NRs (referred
to as tipped-NR and random-NR, respectively). These NRs were
employed as building blocks to fabricate different semicon-
ductor-metal hybrid aero- and xerogels to investigate the macro-
structural properties upon different nanoscale design. The key
difference between these gels is the significantly diverse spatial
distance between the neighboring gold domains in the hybrid
nanostructures. The characterization with electron microscopy,
UV-vis spectroscopy and electrochemical measurements like
intensity modulated photocurrent spectroscopy (IMPS) give
insights into the nanoscopic structure and its influence on the
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optical and spectroelectrochemical properties of the assembled
networks. Here, both an oxidative method using H,0, and a
nonoxidative method using Y?* cations were applied to desta-
bilize the aqueous nanoparticle solutions and trigger their
assembly.[20-21

2. Results and Discussion

2.1. Characterization of the Nanoparticle Building Blocks

The spatial control over the growth of gold domains on CdSe/
CdS NRs can be achieved by adjusting the reaction parameters.
This can lead to differently designed hybrid NRs: the selective
growth on the tips of the NRs as well as the growth of gold on
defect sites along the NRs.>#] In this work, a slightly modified
method following Menagen et al. has been applied to synthesize
the above-mentioned gold tipped-NR and the random-NRs.!
This offers two nanostructuring routes: (i) the light-induced
growth procedure leads to the selective growth of gold on the
preferred sulfur rich facets which are located at the tip of the
NR, with the size of the domains being controlled by the reac-
tion time. Gold is reduced directly by the photoexcited electrons
supporting the growth on the preferred facets forming tipped
NRs. (ii) Using a thermal growth mechanism (namely without
irradiation during the growth process), reduction of gold is
induced on several defect sites along the semiconductor NRs
via the amine being present in the solution. This manifests
itself in a form of randomly decorated hybrid nanoparticles. The
morphology and optical properties of the hybrid particles using
the selective growth mechanisms are demonstrated in Figure 2,
where the transmission electron microscopy (TEM) images and
the extinction spectra are shown before and after the phase
transfer from organic to aqueous solutions. In the extinction
spectra, the spectroscopic features of the semiconductor as well
as of the metal can be observed. The rise in the extinction at
600 nm is correlated to the CdSe core and at 450 nm to the CdS
rod. Tipped-NR and random-NR systems show additionally the
localized surface plasmon resonance (LSPR) of the gold with a
maximum between 500 and 600 nm. Differences between the
tipped-NR and random-NR systems in the wavelength range of
480-700 nm can be attributed to the difference in the size of the
grown gold domains. The domains on the randomly decorated
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Figure 1. Schematic pathways from CdSe/CdS NRs to gold decorated gel networks using two different approaches.
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Figure 2. Extinction spectra in toluene and water (solid lines) compared to the spectrum of pure CdSe/CdS NRs in toluene (dashed line) and TEM
images of a—c) tipped-NRs and d—f) random-NRs. g) Scheme of the electronic band structure of a gold decorated CdSe/CdS NR with the governing

charge carrier processes upon illumination.

NRs are slightly smaller (2.0 = 0.5 nm) compared to the gold
tips (3.0 + 1.4 nm), that alters their contribution to the extinc-
tion spectra due to different scattering and absorption cross
sections of smaller and larger gold domains.[?®]

A phase transfer of the hybrid particles to aqueous solutions
is required to trigger the assembly of the nanoparticle solution
using H,0, (to partially oxidize the surface ligands) or Y** cat-
ions (to partially remove and cross-link the ligands).2212] By
exchanging the TOP/TOPO ligands with the water soluble mer-
captopropionic acid (MPA), the gold decorated particles were
transferred to an aqueous solution by retaining the morphology
of the gold decoration achieved in organic medium (Figure 2).
To ensure the deprotonation of the carboxyl groups of MPA,
alkaline pH is generally used during the phase transfer, that can
be reached by the addition of tetramethylammonium hydroxide
(TMAOH) or potassium hydroxide (KOH).% In case of our
hybrid particle systems, however, highly basic conditions led to
the dissolution and detachment of the gold domains (Figure S3,
Supporting Information). Therefore, the phase transfer was car-
ried out without addition of extra base, hence the morphology
of the gold decoration could be retained as shown in the com-
parative TEM images of Figure 2.

The electronic band structure of the synthesized semicon-
ductor-metal hybrid NRs is shown in Figure 2c. Due to the
quasi-type II band structure of the CdSe/CdS NR and the Fermi
level of the gold which lies in between the valence- and the
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conduction band of the semiconductors, spatial separation of
the excited charge carriers can be achieved.™ Electrons delocal-
ized along the CdS shell are transferred to the metal domains
within the picosecond range while holes become located in the
CdSe core. The fast electron transfer to the metal domains
and a long lifetime of the electrons in the gold (up to microsec-
onds) enable the accumulation of electrons in the metal domain
leading to a rise of the Fermi level upon irradiation.?! This effi-
cient charge carrier separation and the electron accumulation
accomplish promising properties for catalytic applications such
as hydrogen evolution reaction (HER). Building up a connected
network from the hybrid nanoparticles opens up new routes
towards the utilization of the above-mentioned charge carrier
separation. The delocalization of the electrons upon illumination
can be observed throughout connected CdSe/CdS NRs which can
enable the enhanced electron transfer to the metal domains. 2021

2.2. Structural Characterization of the Semiconductor-Metal
Nanoparticle Gel Networks

The formation of a macroscopic network structure from the
differently designed hybrid NRs has been achieved by destabi-
lizing the nanoparticle solutions with two different methods.
Using H,0, as destabilizing agent leads to the oxidation of
the surface-attached MPA followed by a slow assembly of the
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NRs into a network of connected particles.?? H,0, at slightly
elevated temperatures (80°C) oxidizes the thiolated ligands
(RS7) to a radical (RSe) opening available active sites for the
assembly.?) The slow oxidation due to low concentrations of
the H,0, enables the controlled formation of the network con-
sisting of mainly tip-to-tip, crystal-to-crystal connected NRs.

As we have shown recently, trivalent cations in contrast
destabilize the nanoparticle solution in a nonoxidative way
without thermal activation.?!l Cations like Y** have a high
affinity to the surface of the metal and the semiconductor and
thus are able to remove the ligands from the surface. Using this
method, active sites for the assembly are formed which leads
to the connection of the nanorods. Eventually a nanoparticle
gel network is formed in a controlled manner. Additionally, the
cations interact via Coulomb forces with the anionic carbox-
ylic groups of the MPA which as well supports the assembly
of the nanoparticles. Although the TEM analysis of the connec-
tions between CdSe/CdS NRs formed with both H,0, and Y**
showed crystal contact between the building blocks, Y3* cations
resulted in a somewhat larger contact area and thus a stronger
contact between the nanorods (Figure 3).1%"

At this stage, nanostructuring meets macrostructuring: the
assembly of the semiconductor-metal hybrid nanoparticles
leads to 3D, porous structures with the retained morphology
of the gold decorated building blocks. The oxidative as well
as the nonoxidative destabilization procedures results in gold
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decorated semiconductor solvogels, from which monolithic
aerogels can be prepared upon drying the structures in a critical
point dryer (using supercritical CO,). Scanning electron micros-
copy (SEM) images show the voluminous, porous 3D structure
and the macroscopic character of the gel networks whereas the
TEM images give an insight of the nanoscopic morphology and
the position of the gold domains in the formed interconnected
NR network (Figure 3).

Arbitrary and controlled spatial deposition of noble metal
domains have impact on the structural properties of the gel
materials. Assembling the random-NRs, a network with gold
on the sides of the nanorods and additionally in many cases
as the (partial) connection between the NRs is formed. A
network from the tipped-NRs results in gold only in the con-
nection points between the NRs. Mostly, the gold domains
are located in-between the NRs, however, some direct rod-to-
rod connections without gold can also be observed due to the
single-tipped nature of the building blocks (i.e., one tip is non-
decorated). In comparison to the random-NR network, the dis-
tance between two gold domains (<10 nm in case of tipped and
~40 nm for random-NRs) and the size of the domains are larger
(3.2 £ 1.2 nm in case of tipped and 2.0 + 0.6 nm for random-
NRs). Due to the larger distance between them, an extended
mobility (enhanced spatial delocalization) of the electrons in
the tipped-NR network is expected, which was expected to alter
their spectroelectrochemical properties.

20 nm

Figure 3. Comparative morphological overview of different hybrid aerogel networks assembled via a—f) H,0, (upper panel) and g-I) Y3* (lower panel).
SEM images (a,d,g,j) and TEM images of random-NR aerogels assembled via H,0, (b,c) and Y3** (h,i) as well as tipped-NR aerogels assembled via
H,0, (e,f) and Y** (k,I). Insets of the SEM images show the photographs of the macroscopic aerogel monoliths.
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Figure 4. Nyquist plots of the IMPS response of random-NR xerogel networks formed with a) H,0, and b) Y** and of tipped-NR xerogel networks

formed with c) H,0, and d) Y**.

2.3. Spectroelectrochemical Investigation of the
Semiconductor-Metal Nanoparticle Gel Networks

To investigate the effect of the nanostructuring on the spec-
troelectrochemical properties (charge carrier dynamics) of the
hybrid macrostructures, intensity modulated photocurrent
spectroscopy (IMPS) was applied on xerogel samples (see
Figure S7 in the Supporting Information for the experimental
setup).l’¥ IMPS is a frequency-resolved spectroscopic tech-
nique, where a frequency-modulated light source excites a
photoelectrochemically active electrode which is under poten-
tiostatic control. In the applied measurements, the working
electrode consists of the nanoparticle network deposited on a
conductive substrate. As a response to the frequency-modulated
light (in the range of 1 Hz to 10 kHz), a photocurrent with a
certain intensity and phase shift compared to the intensity and
phase of the incoming light can be detected. In a Nyquist plot,
the real and imaginary IMPS datapoints result in semicircles
and can be interpreted with the knowledge of the charge car-
rier transfer processes in the investigated system. In Figure 4,
the photoelectrochemical response of indium tin oxide (ITO)
electrodes coated with the different xerogel networks (meas-
ured in an aqueous 0.5 M Na,SO; solution at pH = 9 which
acts as a hole scavenger) are shown. While pure ITO electrodes
(without gel structures) do not show active electrochemical pro-
cesses (see Figure S10 in the Supporting Information), positive
and negative photocurrents can be observed in the xerogel elec-
trodes under illumination which represent two major photo-
electrochemical processes. The transfer of electrons from the
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network to the electrode and the scavenging of the hole by
sulfite ions from the electrolyte lead to positive photocurrent,
whereas the electron transfer from the network to solution by
reducing protons to hydrogen results in negative photocurrent
(the main photoinduced electrochemical processes are detailed
in Figure S8 in the Supporting Information). For the discussion
of the results and the proposed mechanism only the course of
the photocurrent and not the absolute values have been used.
Although all samples have been prepared in the same way,
the exact amount of the electrode material cannot be entirely
unified, thus, the absolute values of the photocurrent might
slightly differ. Consequently, the photocurrent response and its
characteristics as a function of the bias potential and the fre-
quency of the light pulses are used for the interpretation.

In the IMPS spectra, a different behavior of the networks
upon applying positive and negative bias potentials can be
observed. Positive photocurrent dominates at bias potentials of
0 and +150 mV, while negative photocurrent with a turnaround
towards the positive photocurrent direction can be observed
for 150, 300, and 450 mV, respectively (Figure 4). This turna-
round indicates the competition between processes leading to
positive and negative photocurrents. The negative photocurrent
becomes more remarkable at high frequencies. In contrast,
the positive photocurrent becomes more pronounced at lower
frequencies. These observations are also supported by linear
sweep voltammetry measurements, which show the evolution
of the positive and negative photocurrents at different bias
potentials in time as well (Figure S9, Supporting Information).
Comparing the networks of random and tipped-NRs indicates
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Figure 5. Schematic illustration of the energy landscape of the heteronanoparticle, the electron accumulation, and the rise of the Fermi level in the
metal domain upon longer irradiation time and the subsequent change of the photocurrent direction. The conduction band offset at the CdSe/CdS
heterojunction is around 0.23 eV, which leads to the formation of a quasi-type 11 alignment.”] For the positioning of the Au Fermi level, the bulk value
was used (—5.1 eV), which can rise upon being contacted with a semiconductor surfacel® but still remains within the band gap of the CdS shell.

that the tipped network reaches higher photocurrent quantum
efficiencies regarding the negative as well as the positive photo-
current. Furthermore, the semicircles show an elongated shape
at lower frequencies, which is less pronounced at negative bias
potentials and not observed at positive bias potentials for the
random-NR networks. The different destabilization methods
show minor differences in the high frequency range. A less
extensive turnaround at negative bias potentials in case of H,0,
destabilized networks and the elongation at positive bias poten-
tials for the tipped network is slightly more pronounced in case
of the Y3* destabilized network.

2.4. Mechanism of the Charge Carrier Dynamics

Based on the above-discussed observations, a model for the
charge carrier dynamics can be derived. Figure 5 depicts the
estimated energy landscape of the heteronanoparticles and
illustrates the evolution of negative and positive photocur-
rents. Upon irradiation of the semiconductor-metal hybrid gel
networks, the excited electrons are accumulated in the metal
domains regardless of the location of the gold on the NRs. This
is supported by the intrinsically small conduction band energy
difference (=0.23 eV) between the CdSe core and the CdS
shell that makes the electron delocalization possible over the
NR.I5193435] Nevertheless, the main driving force of the elec-
tron extraction from the semiconductor into the noble metal
domain is the Fermi level of the gold located in the band gap of
the CdS.B3% Electrons from the gold domains favorably reduce
protons and form hydrogen, due to their longer lifetime in the
metal domains and the catalytic activity of the metal. This leads
to an increasing negative photocurrent with decreasing fre-
quency of the light pulses (Figure S8, Supporting Information).
In semiconductor-metal hybrid nanoparticles, not only the con-
tact between the metal and the semiconductor,?® but the elec-
tron accumulation inside the Au upon irradiation might also
be able to raise the Fermi level of the gold domain.’"%l On the
one hand, with further decreasing frequency (i.e., increasing
irradiation times), the Fermi level of the gold domains raises
and the electron transfer from the conduction band of the sem-
iconductor to the gold domains becomes less favorable while

Adv. Optical Mater. 2022, 10, 2101712 2101712 (6 of 8)

the electron transfer to the electrode becomes more favorable
(Figure 5). Furthermore, with the accumulation of the elec-
trons and the holes, the possibility of charge carrier recombina-
tion increases due to the increasing Coulomb forces between
the electrons and the holes. Additionally, for the random-NR
network, tunneling processes between the gold domains can
also occur which was shown by Lavieville et al. where shorter
distances between metal domains led to an increased conduc-
tivity.® The higher tunneling probability and thus shorter dis-
tances to the holes in random-NR networks leads to a larger
recombination rate.3%*! Although in Figure 5, solely the
vicinity of the electrode is depicted, these effects can also take
place further from the electrode surface due to the NR-NR con-
nections throughout the network.

The turnaround to more positive photocurrent with
decreasing frequency can be explained with the raise of the
Fermi level and the increasing recombination rate due to the
accumulation of the electrons in the metal domains. Higher
photocurrent quantum efficiencies for the tipped-NR net-
work indicate a more efficient charge carrier separation and
thus a more efficient electron transfer towards the electrolyte.
Another feature which is observed for the tipped-NR network
is the elongation of the semicircles at low frequencies having
a positive bias potential. The elongation results when electrons
from further distances reach the electrode, which is observed
at lower frequencies due to the larger timescale of the electron
transport through the network.[21424] Thus, the elongation sug-
gests electron mobility within the semiconductor network, and
consequently indicates larger metal-to-metal domain distances
in the interconnected tipped structure. These tipped structures
possess only one Au domain on each semiconductor NR which
leads as well to semiconductor-semiconductor contacts that
enable the electron delocalization and transport within larger
parts of the network. This cannot be observed in the randomly
decorated particle network, where the structural properties
clearly showed remarkably smaller spatial distances (less than
10 nm) between the gold domains hindering the free electron
movement across the connected NRs. Due to the better connec-
tion between the rods in case of the Y** destabilized networks,
the electron seems to be more free to travel in these architec-
tures compared to the H,0, destabilized ones. That agrees well
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with the findings regarding the larger contact areas between
the NRs in such cases.2

In comparison to the particle networks, we have shown
earlier the spectroelectrochemical properties of random-NR
particles as submonolayers.!! In case of individual particles
on ITO, no turnaround to more positive photocurrents can be
observed which is correlated to the connection of the particles
to the ITO electrode and the missing contact between the NRs.
Electrons in the gold domains can easily tunnel to the ITO elec-
trode which hinders the accumulation of the electrons in the
metal domains and thus the rise of the Fermi level. With this
the photocurrent direction does not change with increasing fre-
quency. Instead, for hybrid gel structures as investigated in the
present work, the NR-NR connections have a higher impact
on the charge carrier dynamics compared to submonolayers,
where the contribution of the NR-ITO interface to the IMPS
response is significantly overrepresented.

As it has recently been demonstrated by Banin et al., the
catalytic activity of gold in hybrid nanostructures shows size
dependency.!** The overall catalytic efficiency depends on the
efficiency of electron transfer from the semiconductor to the
metal domain and on the catalytic activity of the metal domain
itself. Both show opposite dependencies regarding the size of
the metal domains, and thus, an optimal metal domain size can
be found to maximize the activity. Importantly, this size-effect
of the gold domains in our networks cannot be simply corre-
lated with the observed photoelectrochemical differences, since
the optimal gold domain size is around 2 nm.!" According to
this, a higher negative photocurrent for the random-NR net-
work would be expected, which however, cannot be observed
due to another important effect: the increased recombination
rate in the random-NR network (due to the much smaller spa-
tial distances between the Au domains) overweighs the auspi-
cious gold domain size resulting in a lower observed photo-
current efficiency.

3. Conclusion

To conclude, 3D networks of interconnected CdSe/CdS/Au
semiconductor-metal hybrid nanoparticles have been pre-
pared. Different spatial distribution of the gold domains can be
achieved by assembling randomly decorated and tipped CdSe/
CdS/Au hybrid nanoparticles into 3D, hyperbranched networks.
Using two different gelation routes for both types of building
blocks, highly porous, voluminous, and branched aerogels
have been obtained in all cases. In form of xerogels deposited
on conductive substrates, all these gold-decorated networks
show an effective charge carrier separation, which leads to the
accumulation of the electrons in the metal domains upon irra-
diation. Intensity modulated photocurrent spectroscopy has
revealed the effect of the spatial distance between the metal
domains on the charge carrier separation efficiency. More effi-
cient charge carrier separation has been found in the tipped-NR
networks resulting in higher negative photocurrent efficien-
cies compared to the random-NR networks where the charge
recombination is more pronounced. Our results imply that the
design of the hybrid nanoparticles plays central role in the elec-
trochemical properties of the assembled macrostructures, i.e.,
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nanostructuring has a vast impact on the properties of macro-
scopic gel networks. Control over the location of metal domains
on the building blocks—compared to the arbitrary decoration—
facilitates a more effective charge carrier separation. Beside
the nanoscale particle design, the linking procedure (gelation
route) is of central importance in the tailoring of the interpar-
ticle interactions and, thus, the macrostructuring of different
semiconductor-metal hybrid NPs with high application poten-
tial in photoelectrocatalysis and energy harvesting.
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