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ABSTRACT: Photocatalysis stands as a very promising alternative to photovoltaics in exploiting solar energy and storing it in
chemical products through a single-step process. A central obstacle to its broad implementation is its low conversion efliciency,
motivating research in different fields to bring about a breakthrough in this technology. Using plasmonic materials to photosensitize
traditional semiconductor photocatalysts is a popular strategy whose full potential is yet to be fully exploited. In this work, we use
CdS quantum dots as a bridge system, reaping energy from Au nanostructures and delivering it to TiO, nanoparticles serving as
catalytic centers. The quantum dots can do this by becoming an intermediate step in a charge-transfer cascade initiated in the
plasmonic system or by creating an electron—hole pair at an improved rate due to their interaction with the enhanced near-field
created by the plasmonic nanoparticles. Our results show a significant acceleration in the reaction upon combining these elements in
hybrid colloidal photocatalysts that promote the role of the near-field enhancement effect, and we show how to engineer complexes
exploiting this approach. In doing so, we also explore the complex interplay between the different mechanisms involved in the
photocatalytic process, highlighting the importance of the Au nanoparticles’ morphology in their photosensitizing capabilities.
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Bl INTRODUCTION its large band gap (3.2 eV for anatase), leading to excitations
restricted to the UV segment of the solar spectrum, thus
rendering it a relatively inefficient material to exploit solar
radiation.”

The potential of this wide band gap semiconductor for
photocatalysis has led to the pursuit of different strategies to
overcome its limitations in terms of external quantum
efficiency, including morphological modifications (increasing
surface area or porosity) and chemical transformations
(nitrogen doping and co-doping with other elements, surface
complexation, and sensitization by inorganic complexes or

TiO, has been a pioneering material that presents very
interesting physical and chemical properties such as out-
standing chemical stability, low toxicity, low cost, good
supportability on a variety of substrates, and high photo-
catalytic activity under ultraviolet (UV) excitation." As a
semiconductor, it absorbs photons with sufficient energy to
have an electron transition from its valence band (VB) to its
conduction band (CB), thus generating an electron—hole pair.
These charges can create reactive species in solution that can
be involved in oxidation or reduction processes.” Due to the
good alignment of its VB and CB with the redox potential of
key reactions, there have been many different implementations Received:  June 1, 2023 Phgtonics
of TiO, nanoparticles as a photo-active component in Published: September 6, 2023
applications such as air and water purification, hydrogen

evolution, sterilization, and the formation of self-cleaning

devices and anti-fogging surfaces.”> ™ Nevertheless, the main

disadvantage of the use of TiO, as a photocatalyst is related to
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Figure 1. (a) Absorbance spectra resulting from semiconductor absorption and band gap calculation (Tauc plot) of TiO, NPs (black) and CdS-
QDs (blue). (b) Normalized absorbance spectra of AuNSs (red), AuNS@SiO, (orange), AuNRs (brown), and AuNR@SiO, (purple). (c,d) TEM
images of the AuNS and AuNR, respectively (those of the silica-coated particles are inserted in the upper right corner of each panel).

organic dyes), aiming at tailoring the band gap of TiO,.*”"

The ability of plasmonic nanoparticles (PNPs) to harvest
visible and NIR light can be used to extend the spectral range
usable by a nearby semiconductor, increasing the photo-
catalytic activity of the hybrid under sunlight or other broad-
spectrum illumination. In this framework, departing from
traditional thermal catalysis, the plasmonic activation of TiO,
can be explained through two different mechanisms: hot-
electron injection (HEI) and near-field effects allowing
plasmonic energy transfer (PET). Each of them has its own
advantages and drawbacks, but detailed knowledge of how to
balance and exploit them optimally is still lacking."*”"® One
should also note that photoheating can also contribute to the
catalysis,"”'® but in this study we focus on the mechanisms
that more clearly separate plasmonic photocatalysis from
traditional thermal catalysis. Consequently, we have used
experimental conditions that avoid the contribution of
photoheating, so as to discern the balance between HEI and
PET: we clamped the temperature of the sample to a
homogeneous low value with a thermal bath and magnetic
stirring,"” and we worked with light intensities that can only
lead to a minuscule local temperature rise.”*™>* Of course,
exploiting the HEI and PET mechanisms offered by plasmonic
nanostructures is of use beyond photosensitizing semi-
conductors, e.g., driving photocatalysis directly,z‘%’24 controlling
the photogrowth of NPs with special shapes,~ allowing
chiral plasmonic photochemistry,”**” or for SERS applica-
tions.” !

After the absorption of light, the localized surface plasmon
resonance (LSPR) created on a metal NP produces a
population of excited electrons that oscillate in resonance
with the incoming field. A small population of these electrons
have higher kinetic energies, referred to as “hot electrons,” and
can participate in the HEI process. That high energy allows
them to leave the metal and be transferred to a nearby
semiconductor.”> The overall capability of a PNP to induce
HEI depends on several factors, including the size, shape, and
composition of the metal NP, as well as the type of interface
connecting metal and semiconductor.'>*** However, even in
scenarios conducive to an efficient HEI across the interface,
this effect is partially balanced by the back-transfer of injected
carriers to the metal, where their kinetic energies are rapidly
shared with the other electrons in the Fermi sea. This
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deleterious effect is understood to be reduced when creating a
Schottky barrier between metal and semiconductor, blocking
electrons at the CB edge to return to the metal. Importantly,
the balance between these two effects depends on the
concentration of the PNPs and previous reports have shown
that quantities exceeding a certain metal concentration
threshold induce a decrease in the net photocatalytic
efficiency, /143536

The PET mechanism can be understood as arising from a
light concentration effect at the semiconductor through the
enhanced electric near-field induced by the PNPs,>’ = or
trough models such as plasmon-induced resonance energy
transfer (PIRET), a non-radiative dipole—dipole energy
transfer between the metal and the semiconductor.'”'*** In
either case, PET only occurs when there is spectral overlap
between the plasmonic modes of the PNPs and the absorption
band of the semiconductor. In contrast to HEI, PET processes
do not involve charge transfer between the metal and other
elements and can occur in geometries where the plasmonic
sensitizer and the semiconductor are separated by an insulating
material.' >

Another approach capable of enhancing the photocatalytic
properties of TiO, is the combination of TiO, with other
semiconductors with narrower band gaps that allow the
absorption of lower-energy photons from the visible
region.‘“_44 Moreover, if the CB of the second semiconductor
lies at higher energies than that of TiO,, it is beneficial for
enhancement of the charge separation, in a cascade-like
process. In this work, we have used CdS quantum dots (CdS-
QDs) to accrue these advantages. Besides being cheap and easy
to synthesize, the absorption of CdS partially overlaps with the
plasmonic resonance of small Au NPs, which makes it an
interesting candidate for creating plasmonic-semiconductor
hybrids,””** both in colloidal suspension®” and creating planar
metamaterials.’® While the photogenerated electrons in the
CdS CB are transferred to the TiO,, the photogenerated holes
remain in the CdS VB. In this manner, the charge
recombination probability is also reduced as a result of the
separation effect, to the benefit of the energy conversion
efficiency and overall photocatalytic activity."”*" The addition
of PNPs to the TiO,/QDs assemblies can further enhance the
overall photocatalytic performance of the composites by
increasing the charge carriers transferred.””™>” One can also
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Figure 2. (a) Scheme of the layer-by-layer assembly of the hybrid photocatalysts. In the first step, the chosen PNPs are adsorbed onto the surface of
SiO, beads, and subsequently, the layers of CdS-QDs and TiO, NP are added. (b—e) TEM images and (f) vertically offset absorbance spectra of
the hybrid photocatalysts formed with (b) AuNS/CdS/TiO, (red line), (c) AuNS@SiO,/CdS/TiO, (orange line), (d) AuNR/CdS/TiO, (brown
line), and (e) AuNR@SiO,/CdS/TiO, (purple line). Black and blue spectra correspond to hybrid assemblies with TiO, and CdS/TiO,,

respectively.

consider the QDs as a “bridge” between the PNPs and the
TiO, NPs, in terms of both HEI and, perhaps more
importantly, PET due to the more significant overlap between
the PNP and QD spectra. This situation is in contrast with that
of a metallic catalyst in interaction with the PNPs, in which
PET is possible at broader wavelength ranges.”*>°

Herein, we report a layer-by-layer (L-B-L) synthesis strategy
for the hierarchical assembly of either Au PNPs or core—shell
Au@SiO, PNPs with CdS-QDs and TiO, NPs onto
submicrometric silica beads (SiO,). The SiO, shell over the
PNP will block charge transfer events to and from the metal
NPs. These hybrid photocatalysts will be a test bench onto
which to explore the outcomes of making either HEI or PET
the dominant energy transfer mechanism and evaluate what
design leads to greater efficiencies. On these lines, we will also
explore the effect of the L-B-L deposition order over the final
photocatalytic effects, supporting our description of the hybrid
photocatalysts’ operation and offering additional insights into
the engineering of successful photocatalytic complexes.

B RESULTS AND DISCUSSION

As illustrated in Figure la, the commercial TiO, NPs and the
prepared CdS-QDs have band gaps of 3.3 and 2.6 eV,
respectively, as calculated based on the experimental extinction
spectra by means of Tauc’s plot. In this manner, the addition of
CdS alone in a hybrid catalyst with TiO, can enhance the
photo-absorption of light in the visible region.

We have synthesized four different types of Au NPs to
integrate them onto the TiO,/CdS-based hybrid nanostruc-
tures reported herein. These four systems are created in order
to explore two different aspects of the PNP contribution: (i)
choosing the wavelength of the main LSPR, and (ii)
investigating whether they can contribute through HEI. First,
we created naked and silica-coated gold nanospheres (AuNS
and AuNS@SiO,), with their main LSPR in the visible
spectrum, displaying plasmonic signatures centered at 523 and

3312

535 nm, respectively (red and orange spectra, Figure 1b) and
with the AuNS diameter fixed at 23 nm (Figure 1c). Second,
we created naked and silica-coated gold nanorods (AuNR and
AuNR@Si0,), with their main LSPR in the near-IR region,
with longitudinal plasmon bands centered at 856 nm and 871
nm, respectively (brown and purple spectra, Figure 1b), and
with an aspect ratio of 4.15 (54 X 13 nm, Figure 2d). In the
case of silica-coated nanoparticles, the maximum absorption is
shifted to higher wavelengths, with respect to the original
AuNP, as a result of the refractive indices increasing once the
AuNPs are screened by the SiO, shell.*® In both Au@SiO,
NPs, the SiO, shell is homogeneous, with a thickness of 8 nm
(Figure S1). In this manner, we will explore four distinct
scenarios by combining two different well-differentiated
plasmonic signatures with two different dominant photo-
sensitization mechanisms. Accordingly, the naked resonators
will be in direct contact with the QDs/TiO, assemblies
showing a dominant HEI mechanism while the silica-coated
resonators will show a pure PET mechanism due to their
isolated silica shell. Moreover, by utilizing both AuNS and
AuNR, we can compare plasmonic excitation from different
regions of the electromagnetic spectrum.

As mentioned above, the different Au nanoparticles are
integrated into hybrid photocatalysts. For this purpose, silica
beads with a diameter of 525 nm exposed to a positively
charged solution of polyelectrolyte have been used as supports
for the adsorption of the negatively charged PNPs, followed by
the adsorption of the CdS-QDs and, finally, another layer with
S nm TiO, NPs (Figure 2a). This layer-by-layer protocol has
been previously used for the assembly of PNP and semi-
conductors, permitting tight control over the composition and
functionality of the final structure.'”*>*” For comparison
purposes, the PNP/CdS/TiO, hybrids formed present the
same Au/Cd/Ti molar ratio (0.0711/0.121/1, determined by
ICP-OES, Table S1). Moreover, the catalysts present high
homogeneity and colloidal stability (Figure 2b—e). With
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Figure 3. Photocatalytic degradation of RhB in the presence of the hybrids with TiO, (a) and with QDs and TiO, (b). (c) Photocatalytic hydrogen
generation assisted by formic acid in the presence of different hybrids (nanomoles of H, per mg of catalyst in 1 h of reaction). (d) Photocatalytic
degradation of RhB in the presence of the catalyst composed by AuNS@SiO,, QDs, and TiO, by changing the order of the L-B-L assembly
(AuNS@Si0,/QDs/TiO,, orange circles; QDs/AuNS@SiO,/ TiO,, white circles). In all panels, the catalyst with TiO, alone is represented in black
and the catalyst with QDs and TiO, alone is represented in blue; catalyst with AuNSs, AuNS@SiO,, AuNRs, and AuNR@SiO, is represented in
red, orange, brown, and purple, respectively (triangles for control experiments without QDs and circles for hybrids with QDs and TiO,). P = 1.0

atm, T = 25 °C, and A € [350,2400] nm.

respect to the optical properties (Figure 2f), the hybrids
display a strong absorption under 500 nm as a consequence of
QDs and TiO, absorption in the visible and UV regions,
respectively. Additionally, an important scattering contribution
of the SiO, beads is perceived at lower wavelengths, with a
long tail covering the visible spectrum and part of the NIR.
Over it, the LSPR signatures of the naked and silica-coated
nanoparticles are discernible (Figure 2f) with a slight red shift
with respect to the free particles in solution as a consequence
of the larger effective refractive index created by the materials
surrounding the PNPs.”**’

The photocatalytic efficiency of the synthesized nano-
composites has been evaluated through the photodegradation
of rhodamine B (RhB) and formic acid dehydrogenation,
which serve as model reactions. In this manner, the
degradation of RhB in the presence of the hybrids was
monitored by following the decrease in the absorption
maximum of this dye (4,,,, = 554 nm) as a function of time,
using a solar simulator with emission ranging from 350 nm to
2400 nm. First, the photocatalytic experiment was performed
using the catalyst without the QD layer (Figure 3a), providing
us with a baseline of the TiO, photoactivity. After 3 h of
reaction, only 13.90% of degradation was observed using the
SiO, beads functionalized with TiO, NPs alone (black line,
Figure 3a) as a result of the direct photoexcitation of the
semiconductor with the small fraction of UV photons. In the
case where we added naked AuNS and AuNR, the degradation
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of the dye was increased to 26.89% and 31.91%, respectively,
during the same period of time (red and brown lines, Figure
3a) as a result of the combined effect of HEI and PET
mechanisms by the PNP. The increased efficiency for the HEI
with AuNRs with respect to AuNSs for the same Au/Ti molar
ratio is due to the former having more intense local fields
around the tips of the PNPs for sharper anisotropies as well as
the presence of the main resonance at longer wavelengths (see
Figure 4¢) 1180 Unsurprisingly, the addition of silica-coated
gold nanoparticles does not have a major influence on the final
degradation with respect to the system without PNPs (orange
and purple lines, Figure 3a) as only the PET mechanism can
occur in these systems, and the spectral overlap between the
plasmonic modes and the TiO, absorption is very small.
When the same experiment was performed using the
catalysts with the QD layer and in the absence of AuNP, the
degradation of RhB increased from 13.90% (black line, Figure
3a) to 28.8% (blue line, Figure 3b). The enhanced photo-
catalytic activity can be attributed to a more effective response
of the catalyst with QDs in the visible region.”' ™" As
mentioned above, we expect this effect to increase when
adding PNPs as the photosensitizers. With the addition of
AuNSs and AuNRs onto the assemblies, the degradation
increases to 39.48% and 48.77%, respectively (red and brown
lines, Figure 3b). Interestingly, the use of catalysts with
AuNS@SiO, and AuNR@SiO, leads to 93.96% and 56.97% of
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Figure 4. (a) Representation of the HEI mechanism in the hybrid composed of AuNS/CdS-QDs/TiO, (upper panel) and PET in the hybrid
composed of AuUNS@SiO,/CdS-QDs/TiO, (lower panel). (b) Theoretical extinction cross sections of AuNS, AuNS@SiO,, AuNR, and AuNR@
Si0,. (c) Rate of intraband hot carrier excitation for naked AuNSs and AuNRs. (d) Average field enhancement (eq 1) and (e) average field
enhancement, referenced to zero and normalized by the Au volume of each particle. The blue region in panel (e) indicates the spectral region with
non-zero QD absorption. In all figures, AuNSs, AuNS@SiO,, AuNRs, and AuNR@SiO, are represented in red, orange, brown, and purple,
respectively. (f,g) Electric field maps for the transversal and longitudinal modes of AuNR@SiO2 (f) and for the plasmonic mode of AuNS@SiO,
(g). The external boundary of the SiO, layer is highlighted with a dashed white line.

degradation, respectively. We discuss these differences below,
with the support of computational results.

We reproduced the same general trends with an additional
model reaction, measuring the photocatalytic hydrogen
generation assisted by the degradation of formic acid in the
presence of the hybrid nanomaterials as photocatalysts (Figure
3¢).**®" This experiment produces the same trend reported for
the photodegradation of RhB. In this manner, the photo-
generated hydrogen increases from 12.88 nmol g~' h™’, when
using assemblies without Au (blue column, Figure 3c), to
17.72 nmol ¢! h™" and 22.45 nmol g~' h™" for naked AuNSs
and AuNRs (red and brown columns, Figure 3c), respectively.
In the presence of the silica-coated AuUNS@SiO, and AuNR@
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SiO,, the photogenerated hydrogen increases to 49.86 nmol
g~ h™" and 41.05 nmol g™ h™", respectively.

Finally, we investigated the influence of the assembly order
on the layer-by-layer synthesis of these nanohybrids. To
achieve this, we selected the catalyst, among the ones we
studied, with the highest photocatalytic efficiency, modified the
hierarchy in which the layers were assembled, and then
performed the photocatalytic degradation of RhB under similar
conditions. As we can see in Figure 3d, when we deposited the
AuNS@SiO, NPs in the middle layer between the CdS-QDs
and the TiO, NPs, the final degradation decreases from 93.96
to 50.04% (full and hollow orange circles, respectively). These
results support the interpretation that the CdS-QDs serve as an
energy pathway between PNP and TiO,, a function that they
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fulfill when they are between, and in direct contact with, the
PNP and the TiO, NPs. In other terms, depositing the QDs
after the PNP greatly increases the number of CdS-QDs that
are close to both PNP surfaces and TiO, NPs. By first
depositing the QDs, many of them will be either under the
PNP and thus not in close contact with TiO, NPs, or near
TiO, NPs, but far from the PNP-enhanced near field.

Turning now our attention to the phenomena underlying
the reaction in the different configurations, we can explain the
increased photocatalytic activity of the PNP-loaded hybrids by
taking into consideration the main photoactivation mechanism
of each system. In the hybrids with naked AuNP (Figure 4a),
the plasmonic excitation produces a population of “hot
electrons” that can be injected from the CB of the Au NPs
to the CB of CdS-QDs and, finally, transferred to the CB of the
TiO, NPs. It is important to remember, however, that in this
configuration, the PNP also acts as a recombination center,
reducing the overall electron events contributing to the
reaction.**>*%%* In the case of silica-coated nanoparticles
(Figure 4b), the electromagnetic field enhancement produced
by the LSPR increases the charge separation in the CdS-QDs
near the AuNS@SiO,. This effect, which should contribute in
the case of naked PNP, is now dominant because HEI, as well
as charge back-transfer, is blocked by the SiO, layer. Now,
electrons excited within the QDs can be transferred from the
CB of the QDs to the CB of the TiO, NPs. Again, it is
important to note that the silica layer prevents charge transfer
from the semiconductors to the metal. To further support this
interpretation of the results in Figure 3b,c, we performed
additional photocatalytic experiments using a band-pass filter
that allows passage only to light with wavelengths over 700 nm
(see Figure S2). When using AuNRs@SiO, hybrid photo-
catalysts, the activity drops to virtually nothing, as we are not
driving the transversal plasmonic mode capable of exciting the
QDs through its enhanced near-field, whereas when using
naked AuNRs, we see a reduced but still significant
degradation, as we lose the PET effect and the HEI of the
transversal mode but retain the HEI of the main AuNR mode
at longer wavelengths. Importantly, in this latter case, electron
back-transfer still hinders the photoreaction, limiting the
otherwise large capability of the AuNRs of exciting hot
electrons, as discussed below.

To extend our discussion on the role that the different
photosensitization mechanism has in these hybrids, we
complement the experimental results with computational
simulations of AuNR and AuNS modeled using the shapes
and sizes of the experimental samples. First, upon comparing
the computed extinction cross sections of the PNP (Figure 4c)
with their experimental absorbance (Figure 1b), we see that
the theoretical models reproduce well the optical properties of
the samples. If we look at the potential contribution of the
different energy transfer mechanisms (Figure 4a), we can
distinguish different relevant aspects to discuss. In Figure 4d,
we can see the rates of excitation of intraband hot carriers at
the surface of the PNPs. At this point, only the results for
naked AuNSs and AuNRs are included because by coating the
PNP with SiO,, we avoid the transfer of hot electrons between
the metal and the environment. In this plot, it is apparent that
the stronger longitudinal plasmonic mode of the AuNR
dominates in exciting hot electrons, over both its transversal
mode and the AuNS plasmon. It also underscores that allowing
hot carrier injection as a photocatalytic mechanism allows the
sensitization of the system to photons with lower energies, up

3315

to wavelengths in the near-IR with the AuNR studied herein.
This comes at the cost, however, of allowing carrier
recombination through electron back-transfer to the metal.*®
Qualitatively, this explains the modest improvement seen in
Figure 3a when using AuNR (brown triangles) over AuNS (red
triangles). In addition, with the naked AuNP, the excitation of
CdS-QDs and TiO, through the near-field also occurs, to the
extent that their absorption bands spectrally overlap with the
plasmon resonances, which is when we consider the SiO,-
coated AuNP for isolating this contribution.

Then, considering energy transfer through near-field
interactions between AuNP and the environment, we present
in Figure 4e the volume-averaged field enhancement (FE) in
the space available around the AuNP or its SiO, coating. Here,
it is clear that the strongest contribution could come from the
longitudinal resonances of the AuNR, but the hybrid
photocatalyst cannot take the energy stored in the plasmonic
near-field at these wavelengths because the semiconductors do
not absorb in this part of the spectrum. In contrast, the near-
field enhancement at higher energies by the AuNP can
enhance the absorption rates of the QDs/TiO, assemblies.
Therefore, when considering the effects driving the photo-
degradation of RhB, we should focus on the FE in wavelengths
under 550 nm. At these wavelengths, our computational results
predict that the contribution of AuUNS@SiO, would be larger
than that of AuNR@SiO, on a per-particle basis (see Figure
S3). This is also the case when we consider the contribution to
the local FE on a “per-atom” basis (see Figure 4e), which can
be done by comparing the “excess” average field enhancement
normalized by the AuNP volume. This conclusion provides an
explanation for the experimental results in Figure 3b,c, where
these are precisely the hybrids showing a faster photo-
degradation. This arises from the fact that we are considering
colloidal NPs so that the anisotropy of the AuNR implies that
only a fraction of the ensemble will see its high-energy,
transversal plasmonic mode excited at a given time, whereas
the spherical symmetry of the AuNS guarantees a homoge-
neous performance in this regard.

Lastly, even though we have shown that the hybrid
photocatalysts perform well when operating with the SiO,
coating, we should consider that the shell separates the
components from the surface of Au. This impedes charge
transfer, but it also limits the reaction’s enhancement through
the near-field of the AuNP. This can be clearly seen by
contrasting the AuNS and AuNS@SiO, curves in Figure 4e or
the electric field maps in Figure 4f,g. Consequently, one ought
to consider the thickness of such insulating layers carefully, as
it is a design parameter with a large direct impact on the
performance of the photocatalyst. Both theoretical”® and
experimental®”**** works have suggested that insulating layers
of around 10 nm over small PNPs can provide a good balance
between reducing dissipation mechanisms and still allowing
enhancement through near-field interactions, with larger
particles,37 films,*° and structured metamaterials®’ having
shown optima at larger thicknesses. Additionally, we present
in Figure S4 a comparison of AuNRs coated with different
SiO, thicknesses, showing how insulating layers above ~10 nm
block the interaction between the PNPs and TiO, in RhB
photodegradation experiments. On the other hand, SiO, layers
below ~8 nm in thickness often have less regular shapes,
introducing variability in the barrier thickness.
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B CONCLUSIONS

We have refined a remarkable hierarchical layer-by-layer
assembly protocol for the creation of advanced photocatalytic
hybrid nanostructures. Through the strategic combination of
PNPs with CdS-QDs, we have achieved an unprecedented
enhancement of the photocatalytic activity displayed by TiO,
NPs. Within this catalyst family, the CdS-QDs effectively
utilize the near-field enhancement of the metal, underscoring
the significance of the spectral overlap between plasmons and
semiconductors. In fact, in pursuing the optimization of these
hybrid systems for photocatalysis, we have found that focusing
on the near-field enhancement of the CdS-QDs, bridging the
energy transfer from SiO,-coated PNPs to TiO, with an
indirect charge transfer initiated in the QDs, yields the largest
reaction rates. These rates surpass those arising from
combining, using naked PNPs, HEI, and closer-range near-
field enhancement due to the deleterious contribution of
charge back-transfer to the naked metal. To conclude our
exploration of hybrid composition engineering, we compared
different sequences of photocatalyst element deposition and
demonstrated the crucial importance of selecting an order that
maximizes the coverage of the PNP surface with CdS-QD@
TiO,-NP groups. This is done to exploit the aforementioned
indirect activation mechanism. Our study also explores systems
in which near-field-initiated mechanisms coexist with hot
carrier injection. The results obtained from hybrids containing
uncoated PNPs demonstrate how selecting a PNP geometry
that enhances hot carrier excitation rates—AuNRs in our
study—becomes a superior overall photosensitizer. However,
the competing effect of electron back-transfer renders this
configuration suboptimal when using QDs as the intermediate
photosensitizer. These results present a detailed picture of the
interplay between the different energy transfer mechanisms
involved in hybrid plasmonic photocatalytic systems and
underscore the importance of further detailed nanoengineering
studies. This opens a path toward the synthesis of complexes
that can optimize the different contributions of each
component.

B METHODS

Materials. Cadmium nitrate [99%, (Cd(NO,),)], sodium
sulfide (99%, NaS,), L-cysteine (99%), sodium hydroxide
(98%, NaOH), sodium borohydride (NaBH,), cetyltrimethy-
lammonium bromide (96%, CTAB), silver nitrate (AgNO;),
hydrochloric acid (37%, HCl), tetrachloroauric acid (HAuCl,:
3H,0), L-ascorbic acid (99%, AA), poly(allylamine hydro-
chloride) (MW 17,500, PAH), tetraethylorthosilicate (98%,
TEOS), ammonium hydroxide solution (28%—30%, NH,OH),
sodium citrate (Na;C¢H;0,), sodium chloride (NaCl),
rhodamine B (RhB), formic acid (99%, FA), and poly-
(styrenesulfonate) (MW 70,000, PSS) were purchased from
Sigma-Aldrich. TiO, nanoparticles S nm (anatase >99%) were
purchased from Nanoamor. Milli-Q water and absolute ethanol
were used in all preparations.

Synthesis and PAH Functionalization of Silica Beads.
Monodisperse silica spheres with a diameter of 520 nm were
prepared using a modified Stober method.*® Typically, a TEOS
solution (1.7 mL, 1.2 M) was added to a solution containing
ethanol (18.12 mL), ammonium hydroxide (1.96 mL), and
water (3.21 mL). This mixture was stirred at room temperature
for 2 h. The excess reagents were removed by three
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centrifugation—redispersion cycles with ethanol (5000 rpm,
1S min).

Subsequently, PAH was dissolved in a 0.5 M NaCl aqueous
solution with a final polymer concentration of 1 mg/mL. Then,
30 mL of the positively charged PAH solution was added to 30
mg of silica nanoparticles and stirred at room temperature for
30 min. The excess reagents were removed by three
centrifugation—redispersion cycles with water (5000 rpm, 15
min).

Synthesis of Gold Nanospheres. 50 mL of a stable
dispersion of spherical negatively charged citrate-stabilized
gold nanoparticles, or nanospheres (AuNSs), was prepared by
a method described elsewhere.”” The final diameter was fixed
at 23 nm =+ 2 nm after two growth steps.

Synthesis and PSS Functionalization of AuNRs. 50 mL
of AuNRs with LSPR centered at 856 nm was synthesized by
the seed-mediated growth method, as described elsewhere.””
The dimensions obtained from the TEM analysis images were
54 nm + 4 nm of length and 13 nm =+ 1 nm of thickness. Then,
25 mL of the final CTAB-stabilized AuNR solution was
subsequently coated with a layer of a negatively charged
polyelectrolyte (PSS) in order to facilitate the deposition onto
the positively charged PAH-functionalized silica beads.”!

Silica Coating of AuNSs and AuNRs. 25 mL of the
citrate-stabilized AuNS and 25 mL of the CTAB-stabilized
AuNR were coated with a thin layer of silica by following a
previously published procedure.”” The silica thickness was 8
nm + 1 nm for AuNS@SiO, and AuNR@SiO, (Figure S1).

Deposition of AuNS, AuNS@SiO,, AuNR@PSS, and
AuNR@SiO, onto PAH-Functionalized Silica Beads. 0.5
mL of each solution of PNP (C,, = 0.5 mM) was added to §
mL of PAH-functionalized silica beads (1 mg/mL). The
mixture was stirred at room temperature for 3 h and washed by
three centrifugation—redispersion cycles (5000 rpm, 20 min).
The product was re-dispersed in 5 mL of water and
functionalized with another layer of PAH in order to deposit
the cadmium sulfide QDs.

Synthesis of Cadmium Sulfide Quantum Dots and
Deposition onto SiO,-PNP Assemblies. CdS-QDs were
prepared using a modification of the protocol reported by Bae
et al.”’ Under a N, atmosphere, 1 mmol of L-cysteine and 0.5
mmol of cadmium nitrate, were placed in a flask and dissolved
in 100 mL of Milli-Q water with the pH value adjusted at 7.0
by using a prober buffer solution. The mixture was kept under
stirring at 47 °C. Then, a sodium sulfide solution (0.51 mmol)
was added dropwise under continuous stirring and allowed to
react for 2 h. The CdS-QD formation was confirmed by UV—
vis spectroscopy (Figure 1d), and the solution was kept in the
dark.

1 mL of the synthesized CdS-QDs (0.72 mg/mL) was added
to S mL of each solution of the PAH-functionalized SiO,-PNP
assemblies, and the mixture was stirred at room temperature
for 3 h. The excess of QDs was removed by three
centrifugation—redispersion cycles (5000 rpm, 20 min), and
the SiO,-PNP-QDs assemblies were functionalized with
another layer of PAH.

TiO, Deposition. SO mg of TiO, (anatase, S nm
nanoparticles) re-dispersed in 100 mL of a sodium citrate
solution (2.5 mM) was sonicated for 1 h with an ultrasonic tip.
The aggregates of TiO, NPs were removed by centrifugation
(3500 rpm, 10 min). Then, S mL of each solution of the PAH-
functionalized SiO,-PNP-QD assemblies was added to 4 mL of
the TiO, solution, and the mixture was stirred for 3 h. The
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excess TiO, was removed by three centrifugation—redispersion
cycles (5000 rpm, 20 min), and the final catalysts were
protected from light until the photocatalytic experiments. The
final molar PNP/TiO,/CdS ratios for all the samples were
determined by inductively coupled plasma mass spectrometry
(ICP-OES, Table S1).

Chemical, Structural, and Optical Characterization.
TEM images were obtained using a JEOL JEM 1010
transmission electron microscope operating at an acceleration
voltage of 100 kV. UV—visible—NIR absorbance spectra were
recorded on a Cary 8454 UV—visible—NIR spectrophotometer
fitted with a thermostat holder and collected from a 1 cm-path-
length quartz cuvette. Quantitative element detection from
liquid samples was performed using a PerkinElmer Optima
4300 ICP-OES spectrometer with the samples previously
digested in hydrofluoric acid.

Photocatalytic Studies. Photocatalytic Degradation of
RhB. The photocatalytic activity of the nanohybrids was
evaluated by the degradation of RhB in a magnetically stirred
sample in a bath at 25 °C under light irradiation in a LOT solar
simulator (300 W Xe lamp, wavelength excitation from 350 nm
to 2400 nm). The study is carried out in a 20 mL aqueous
solution with a concentration of RhB of 0.01 mM and 4 mg of
the hybrid photocatalyst. The mixtures were stirred for 1 h in
the dark to blend well and allow the adsorption—desorption
equilibrium to take place before irradiation. Aliquots of 2.5 mL
were taken within 30 min intervals during the experiments in
order to measure the variation in the absorbance of the dye.
The photocatalytic activity of the hybrids was measured in
terms of photodegradation of RhB over irradiation time.

Photocatalytic Dehydrogenation of Formic Acid. Photo-
catalytic hydrogen generation assisted by formic acid has been
followed using nanohybrids as photocatalysts. Typically, S mL
of an aqueous dispersion of the catalyst (0.8 mg/mL) was
mixed with 200 yL of formic acid in a 13 mL reactor. The
gases were purged with Ar for 2 min before sealing the flask.
The dispersion was magnetically stirred inside a water bath at
35 °C under light irradiation with the solar simulator (1€
[350, 2400] nm). After 1 h, the gases were analyzed with an
Agilent 7820A gas chromatographer to measure the volume of
H, generated.

Simulations. Theoretical modeling has been performed in
order to allow a correct interpretation of the optical and
photochemical data obtained experimentally. To do so, we
have solved the classical electrodynamic response of the
plasmonic particles using a solver that uses finite element
methods (FEM), COMSOL Multiphysics, and from these
results, we have derived the relevant contribution of the
different systems to hot carrier injection and near-field
absorption enhancement. For the latter, we have computed
the average FE around the systems as

_ /V% av
Jyav (1)

where E is the electric field, E, is the background field created
by the incident plane wave and V is the volume surrounding
the plasmonic material up to a distance of 20 nm from its
surface. It is important to note that, in the case of SiO,-coated
AuNP, the boundary of this volume remains unchanged but
the volume filled with SiO, is not included in V as we are
interested in the effect of the near-field onto the absorption of

FE
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TiO, or the QDs. The permittivity of the materials was taken
from experimental values and was assumed to be immersed in
a medium with a dielectric constant n = 1.33. The permittivity
of gold was broadened by a factor of 2 using the Drude model
to account for crystal imperfections. The models for Au
nanorods were 56 nm in length and 13 nm in diameter, and the
Au spheres were 23 nm in diameter. In both cases, the models
with a SiO, layer had a thickness of 8 nm.

When it comes to computing the rate of excitation of
intraband hot carriers at the surface of the plasmonic metal, we
have used a formalism detailed in a previous work.”* In
particular, we have used the expression

22
rateyy ® %ﬁhw—ﬁ]ib/‘ IEnormal(r)l2 ds
z° h (hw) Sup

to compute the rate of excitation of hot carriers with excess
energy above AE = 1 eV. This expression is derived from a
quantum formalism but uses the local results of the electric
field inside of the Au metal from the classical simulations. In
the above expression, E,,,.i(r) is the component of the field
normal to the metal—environment interface, measured just
inside the metal. The expression 7iw denotes the energy of the
incoming photons, Ey is the Fermi energy of the metal, and Syp
is the surface of the metal particle. The intensity of the source
of radiation was chosen as having a simple flat spectrum with
an irradiance of I, = 1.25 W/m? per wavelength, chosen as a
representative value of a typical solar irradiance at sea level in
the visible range.
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