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The results of this work cover the influence of plasmonic (gold) and
non-plasmonic (palladium) nanostructures on the photocatalytic
activity and redox properties of titanium dioxide. Materials deco-
rated with gold, palladium and both materials were examined using
photoelectrochemical and spectroelectrochemical methods to
establish the changes introduced by the modifications and the
possibility of the influence of the plasmonic effect from gold on
their activity. Additionally, the photocatalytic tests of hydroxyl
radical generation and hydrogen evolution were performed to
confirm the activity of modified materials in oxidation and reduction
reactions. It turned out that in the observed system the catalytic
properties of palladium determine mostly the activity of modified
materials, and the surface plasmon resonance of gold does not
affect the activity. Moreover, the influence of the nanostructures on
the activity, besides the catalytic performance, is the same for
plasmonic and non-plasmonic ones and results in a change in the
redox properties of the semiconductor.

Introduction

Modification of titanium dioxide with metallic nanostructures
is one of the most explored topics in terms of activity
enhancement of this material. There are many reports on the
mechanisms of the activity increment of semiconductors in the
presence of metallic nanostructures,'” however, they are still
inconsistent. Considering the modification with plasmonic
nanostructures, the mechanisms often involve hot electron
transfer, local field enhancement or energy transfer from the
plasmonic nanostructure to the semiconductor. However, the
hypothesized mechanisms in some cases are questionable.®’
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Most of the authors agree that the plasmonic properties depend
on the nanostructures’ size, composition and environment.*®
For instance, the sizes for which they observe hot electron
injection are different in various cases, although the substrate is
the same.>'*" Or, the local field enhancement is thought to be
responsible for the increase in the activity in the surface plas-
mon resonance (SPR) absorption range of the semiconductor
that cannot absorb light that induces SPR.** There are also some
thorough reports providing evidence of the possibility of plas-
monic effect utilization.*** The non-plasmonic nanostructures
are, in contrast, used as electron sinks' or catalytic sites."”
Despite the name, the non-plasmonic nanostructures exhibit
surface plasmon resonance. However, the SPR band, in this
case, covers an inconvenient range of light (in terms of photo-
catalysis). Therefore, they are considered non-plasmonic
components of the system.'® To tune the properties of both
types of nanostructures and combine their advantageous
properties, the use of bi-metallic modifications is employed.
Often the alloyed or core-shell nanostructures are synthe-
sized"* but the modification with two metals separated at the
substrate surface is also known.*® One of the interesting
approaches is the use of plasmonic nanostructures as antennas
for the non-plasmonic ones.” In this case, there is no
enhancement in the semiconductor activity caused by the
plasmonic effect. Instead, this effect is used to enhance the
catalytic properties of the non-plasmonic active centers.
Therefore, the exact phenomena occurring in the photocatalytic
systems can strongly depend on the kind of metal and should be
carefully recognized.

In this work, two metals, gold and palladium were selected to
examine the behaviour of plasmonic and non-plasmonic
nanostructures, respectively, deposited on titanium dioxide.
The influence of catalytic properties and the impact of the size
of nanostructures on photoactivity and redox properties of the
semiconductor were explored. Moreover, for a better overview,
samples modified with both metals simultaneously were
examined.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion

Gold and palladium were selected to examine the influence of
the plasmonic and non-plasmonic metallic nanostructures on
the photocatalytic properties of titanium dioxide. TiO, was
modified by the photodeposition of the metals on the surface.
The photodeposition was carried out for 60 s or 10 min and the
obtained samples were denoted as A60sPd and A10minPd for
modification with palladium, A60sAu and A1OminAu for
modification with gold, and A60sAuPd and A10minAuPd for
modification with both metals (A stands for the TiO, anatase
phase). More experimental details are provided in the ESI.¥ The
time of photodeposition was selected to obtain a significant
difference in the size and amounts of the nanostructures. A
longer time enables the formation of more stable nano-
structures as the equilibrium in the growth process can be
achieved, while at the beginning it can be disturbed inter alia by
Ostwald ripening.”® The presence of metallic nanostructures in
the modified materials was established by scanning electron
microscopy and EDS spectroscopy. Fig. 1 and S17 reveal the
successful deposition of palladium, gold and both metals
simultaneously after photodeposition. It is well-known that
gold can be deposited more easily, thus it is not surprising that
in the case of this metal, the number of nanostructures is the
highest.>*

A10minPd

Fig. 1 SEM images of decorated materials (after 10 min of

photodeposition).
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The spectral properties of the studied composites were
analysed using DRS (Fig. 2 and S2t). As can be noticed, the
presence of the nanostructures has no significant effect on the
absorption edge position, and, therefore, on the bandgap value.
The maximal hypsochromic shift can be observed for materials
modified with palladium resulting in a bandgap increment.
Nevertheless, the change is not very pronounced (from 3.21 eV
for bare anatase to 3.28 eV for A10minPd). The SPR band is
clearly visible only for materials modified with gold, in the
range characteristic of this metal, i.e. 500 to 600 nm.*® This
band is more intense for A10minAu than for A60sAu which is
typical for larger particles. By diminishing the size of gold
nanoparticles, absorption intensity, as well as the relative
contribution of scattering to the absorption, rapidly decreases.>®
The SPR band is wide due to the polydispersity of the nano-
particles, which originates from the growth kinetics. Palladium
at the same time is considered a non-plasmonic noble metal
(along with platinum, rhodium, etc.),>” therefore, there is no
visible SPR band for the materials modified with this metal.
However, there are some reports on a weak SPR band of Pd
nanoparticles present below 400 nm, therefore, overlapping
with the absorption band of titanium dioxide and its Urbach
tail.***® Nevertheless, in the presented spectra no evidence of
such a band can be observed (Fig. S21). In the case of materials
modified with both metal structures, the SPR band is present
only for A10minAuPd, and it is visible in the same range as for
the gold-modified materials, indicating the prevalent influence
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Fig. 2 DRS spectra in KM representation (upper picture) and Tauc
plots for bare and modified materials (lower picture).
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of gold SPR (Fig. S2t). The lower intensity of this band can be
either the effect of a lower amount of gold nanoparticles or the
damping caused by the presence of palladium.** The phenom-
enon of SPR damping is a result of the influence of Pd interband
transitions which occur at lower frequency in comparison to
Au.® Similar observations were also described by Kanungo
et al.** and Zhan et al.**

To reveal the influence of the nanoparticles on the photo-
activity of the synthesized systems and get some insights into
their redox properties, photocurrent measurements were per-
formed (Fig. 3). Small nanostructures shift the Fermi level (Eg)
towards higher potentials compared to the bare material
(anodic shift of the switch point) and cathodic photocurrents
appear. This may indicate the behaviour of the structures as
electron sinks suppressing charge carrier recombination.
Moreover, as evidenced by cathodic currents, metal nano-
structures collecting electrons can improve the reductive prop-
erties of modified materials. The process of electron transfer
from the excited semiconductor to the metal ions adsorbed at
the surface and later metal clusters is the driving force for the
nanoparticle growth through the photodeposition method.
However, after a prolonged time of photodeposition, when the
larger nanostructures emerge, the Fermi level shifts towards
lower potentials as evidenced by the disappearance of cathodic
photocurrents and the absence of a photocurrent switch on the
IPCE maps. The photocurrent measurements are insufficient to
fully explain the exact reason for this phenomenon. From the
obtained data, it can be assumed that the processes of the
electron transfer to the environment have to be suppressed, and
may result in the worse catalytic properties of larger nano-
structures, in accordance with photocatalytic tests (vide infra).
Nevertheless, the charge separation in such systems still can be
significantly higher than for the bare material.

The phenomenon of observed Fermi level shifts may be
related to the change in the Fermi level of nanostructures
during their growth and its simultaneous equilibration in the
system. It was evidenced that with the change in the nano-
structure size, the Fermi level differs significantly.*** Usually
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Fig. 3 IPCE maps (vs. potential and wavelength) of bare and modified
materials.
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with the increase in the nanoparticle diameter, the Fermi level
energy decreases.***** Such an effect is in contrast to the
behaviour observed during our measurements. However, there
are also reports in accordance with our findings.*”** These
apparent discrepancies can be justified, as it is worth noting
that the nanoparticles were synthesized with different proce-
dures and sometimes organic linkers were used to attach the
nanoparticles to the electrode substrate. Moreover, various
substrates with different Fermi levels were used throughout
these studies. Described differences cannot be ignored. Scanlon
et al. mentioned the importance of the nanoparticle charging in
terms of their Er positions, e.g., due to the adsorption of the
stabilizers or the redox-active species from the environment.**
Moreover, Kiyonaga et al. ascribed the difference in the trend of
the Fermi level change with the increase of the nanoparticle
diameter due to the hydration of the nanostructures,*” and Das
et al. state that the Ey increases with the increase in nano-
particle loading and not with the change in their size.** Our
studied system was examined in water, and the loading with
nanostructures deposited at longer irradiation times was
higher. Thus, all the discussed effects can contribute to the
observed shifts in Eg.

Noteworthily, there is no significant difference between
plasmonic and non-plasmonic structures evidenced by photo-
current measurements (Fig. 3 and S3t). The maps are intensity
corrected, thus the absence of higher photocurrent in the range
of the SPR band of gold points to the lack of activity in this
region. This indicates no plasmonic enhancement of the pho-
toactivity of the system. Therefore, the observations lead to the
conclusion that the effect of size and loading of metal onto the
semiconductor prevail over the assumed plasmonic effects.

To further investigate the redox properties of the decorated
materials, spectroelectrochemical measurements were per-
formed to establish their conduction band (CB) edge poten-
tials.*® To determine the influence of the nanoparticles, the
reference and modified materials were examined. It was found
that the electronic states under the conduction band edge,
creating the Urbach tail and surface defects of the semi-
conductor, are no longer available after nanostructure deposi-
tion, and their density decreases with the increase of the
particle size and loading resulting in the conduction band edge
shift towards lower potentials (Fig. 4).

These results along with DRS allow for further recognition of
the redox properties of the materials. According to the DRS
measurements, upon modifications, the absorption edge shif-
ted only slightly (Fig. 2) and therefore, the bandgap changed
negligibly (by about 0.07 eV). At the same time, the conduction
band edge shifted by approximately 0.1 V for smaller nano-
structures and around 0.2 V for larger ones (Fig. 4). Therefore,
there is a possibility of a change in the redox properties of the
materials after nanostructures’ deposition. As for smaller
nanostructures, the shift is less pronounced, while the bandgap
increase remains the same (in comparison to larger nano-
structures), it can be concluded that the growth of nano-
structures results in the disappearance of some electronic states
and therefore the bandgap widening. Therefore, the redox
properties are affected insignificantly, but the impact of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Results of spectroelectrochemical measurements depicting
the density of electronic states in the vicinity of conduction band
edges of the materials.

enhanced charge carrier separation on the photoactivity cannot
be neglected. For larger structures, the CB band edge is shifted
by ca. 0.2 V. Therefore, the shift of the valence band by around
0.1 V towards lower potentials should occur. Such an effect can
influence the oxidative properties of the materials, i.e., they can
be slightly worse oxidizers than before the modification. The
difference of 0.1 V is not very significant, however, it can be at
least one of the reasons for the shift of the Fermi level towards
lower potentials observed on the IPCE maps for the materials
modified with larger nanostructures. A schematic representa-
tion of the described changes is provided in Fig. 5.

The spectroelectrochemical measurements also revealed no
differences between the behaviour of plasmonic and non-
plasmonic nanostructures. Both types cause the decrease in
the availability of the states under the CB edge, which served as
the nucleation centers for their growth, and influence the redox
properties of the semiconductor in the same way.

To examine the properties of the materials in photocatalytic
reduction and oxidation processes, a few types of tests were
performed. To evaluate the nanostructures’ influence on

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The scheme of the changes introduced to the states’ distri-
bution and band edge potentials after the growth of metallic nano-
structures (depicted as violet dots).

oxidation and reduction, the tests of terephthalic acid oxidation
and water splitting, respectively, were selected. Observation of
hydroxyterephthalic acid appearance in the system indicates
the formation of hydroxyl radicals during photocatalytic
oxidation of water. Similarly, the determination of hydrogen
from the water splitting points to the reductive properties of the
materials as the hydrogen is the product of water reduction
during water splitting. By examining these two processes
separately, one can notice possible differences in the redox
properties of the materials outlined in previous measurements.
The results of mentioned photocatalytic tests, performed under
simulated solar light, are presented in Fig. 6.

The tests of water oxidation to form hydroxyl radicals show
no significant differences between bare and modified mate-
rials. This is in line with the observations made during pho-
toelectrochemical and spectroelectrochemical tests as the
oxidative properties of the materials should not differ signifi-
cantly. The negligible increase in the activity for some mate-
rials may be ascribed to the better charge separation in
modified materials which seems to be more pronounced for
materials with larger nanostructures. The influence of depos-
ited metals on oxidative properties can be thus considered
almost insignificant. In contrast, a significant impact can be
observed during water splitting tests. The amount of evolved
hydrogen is higher for the materials decorated with smaller
nanostructures compared to their counterparts with larger
ones. It can be clearly seen that the materials after 60 s of
photodeposition exhibit better reductive properties which
corroborate with the photoelectrochemical measurements and
also is indicated by the CB shift evidenced during spec-
troelectrochemical measurements.

The difference between gold and palladium nanostructures,
which should be expected due to their plasmonic and non-
plasmonic behaviour, emerges exclusively in the hydrogen
evolution. The outstanding performance of palladium-modified
titanium dioxide (compared to other samples) is the result of
the catalytic properties of this metal encompassing the great

Nanoscale Adv., 2023, 5, 6038-6044 | 6041
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Fig. 6 Tests with terephthalic acid oxidation (upper picture) and water
splitting (lower picture).
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Fig. 7 Methanol dehydrogenation tests under simulated solar light.

hydrogen absorption and its unusual bonding in atomic form
which is very advantageous for pure hydrogen formation.*
However, despite the nature of metal, the samples with smaller
nanostructures are more active than those with larger ones.
This trend is reversed only for the samples modified with both
metals simultaneously and can be ascribed to the higher
content of palladium in the sample after 10 minutes of
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photodeposition which results in a higher hydrogen evolution
rate. Thus, it is evidenced that the catalytic properties of this
metal prevail over the influence of nanostructures on the
material's redox properties.

The photocatalytic tests of hydroxyterephthalic acid forma-
tion were performed also under visible light (1 > 420 nm), which
revealed that the modified TiO, exhibits lower activity in
comparison to the bare material in oxidation processes
(Fig. S41). This phenomenon can be ascribed to the widening of
the bandgap and the unavailability of the states that were
responsible for the absorption in this range for the bare mate-
rial. Additionally, the water splitting tests were also conducted,
however, the amounts of produced hydrogen were near the
noise level, which, taking into account the accuracy of the
method, disabled to designate the trends and comparison of the
samples. Therefore, the presence of gold seems not to be
advantageous in terms of visible light activity.

To additionally confirm the redox properties of the system,
the methanol dehydrogenation was performed under simulated
solar light, and the amount of hydrogen evolved in this reaction
was monitored (Fig. 7). The process consists of both oxidation
and reduction parts,* therefore, it was selected as the link that
connects the previously examined reductive and oxidative paths
and also involves the catalytic properties of palladium. It turned
out that in this case, the catalytic effect prevails as well.
However, in terms of this process, the amount of palladium
seems to be of stronger importance than the redox properties
and nanoparticle size. Therefore, the catalytic effect boosts the
photocatalytic activity and is strictly dependent on the amount
of palladium. In terms of TiO, modified with gold, the trend
remains the same as for water splitting, as in this case only
redox properties are involved. On the basis of these outcomes, it
can be noticed that the non-plasmonic nanoparticles can be
even more beneficial for some photocatalytic processes than
widely investigated plasmonic nanostructures.

Conclusions

In this work, the effect of plasmonic and non-plasmonic
nanostructures deposited on titanium dioxide on the redox
properties of this material was examined. It was found that the
size and amounts of nanostructures or their catalytic properties
have a greater influence on the photocatalytic activity of TiO,
than their interaction with light since no influence of plasmonic
properties of gold was recognized in the examined system,
despite the observed SPR signal. This shows, that conclusions
on the role of plasmonic nanoparticles as photosensitizers must
be very well evidenced, for instance with intensity-corrected
photoaction spectra. It was established that the surface states
of the TiO, act as the centers of nucleation for metallic nano-
particles, therefore, they are occupied during the nanoparticle
growth. When this process is extensive, it results in the shift of
the conduction band edge and the change in the redox prop-
erties of the materials. This phenomenon can be thus consid-
ered the main factor influencing the photoactivity of metallic
nanoparticle-modified titanium dioxide.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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