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Introduction

Low-density Ag—Au nanoparticle photodeposition
on TiO, thin film photocatalysts grown by atomic
layer depositionT

Bela D. Bhuskute, *30 Jesse Saari,

Kimmo Lahtonen

1% Tuomas Tinus,1® Harri Ali-Loytty,
¢ and Mika Valden*®

Heterogeneous TiO, photocatalysts, decorated with noble metal co-catalysts via photodeposition, have
been recognized for their efficacy across a spectrum of photocatalytic applications. Improved
performance is often attributed to either plasmonic enhancement or improved separation of
photoinduced charge carriers by noble metal nanoparticles. The differentiation between the two
typically co-existing mechanisms is challenging and calls for investigations using model systems in
which either mechanism is suppressed. To bridge this gap, low number density (<100 pm~2) Au and Ag
monometallic and bimetallic nanoparticles (NPs) were synthesized via photodeposition from liquid
precursors on anatase titania (TiO,) thin films fabricated by atomic layer deposition (ALD). Initiating
bimetallic NP deposition with Au first created bimetallic Au-core—Ag-shell NP/TiO, thin film catalysts,
which showed the highest activity towards photodegradation of methylene blue. Conversely, reversing
the order (starting with Ag) resulted in a Au—Ag alloy/TiO, structure via a galvanic replacement reaction
exhibiting bimodal particle size distributions of the Au—Ag alloy and Au alone - showing the lowest
photocatalytic activity. The presence of low number density metal nanoparticles does not impact
the optical absorption of TiO, in the UV-vis wavelength range via localized surface plasmon resonance
(LSPR), but photocatalytic performance is improved due to the formation of a metal-semiconductor
Schottky junction, which lowers recombination through spatial separation of charges. X-ray photo-
electron spectroscopy results show the highest activity towards oxidation in an air atmosphere for
Au-core—Ag-shell NPs/TiO,, mirroring the results of the photocatalytic test. We conclude that the Au-
core—Ag-shell is the optimal morphology for noble metal NP co-catalysts on an anatase TiO, support.

scale like limited response to visible light, rapid electron-hole
pair recombination and a high bandgap energy hindering its

Since Fujishima and Honda’s groundbreaking demonstration
in 1972, titanium dioxide (TiO,) has been considered as a
promising photocatalyst with versatile applications in water
purification, environmental remediation and solar energy
conversion.”™ This has positioned TiO, as a focal point of
research aiming to combat concerns like global warming and to
promote sustainable energy solutions. Despite its promising
photocatalytic properties, TiO, faces challenges to adoption at a
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efficiency in harnessing solar energy and catalysing specific
reactions.®™®

Ongoing research aims to address these limitations by
enhancing the performance of TiO, as a photocatalyst and
broadening its applicability for sustainable energy production.
Numerous strategies have been suggested, including elemental
doping, integration of composite co-catalysts and designing
heterostructures.®*""

In particular, the choice of gold (Au) and silver (Ag) as co-
catalysts in this work can be justified by their distinctive
properties and proven efficacy in photocatalysis. Silver is recog-
nized for its catalytic properties, whereas gold is known for its
high stability and efficiency in catalytic reactions."””™® The
combination of Ag-Au bimetallic nanoparticles exhibit absorp-
tion over a wide wavelength range of visible light in the solar
spectrum.'® Additionally, the Ag-Au bimetallic system has an
advantage due to comparable lattice constants (2.3/2.4 A for the
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Ag(111)/Au(111) facet)."” Therefore, they can form bimetallic
nanostructures with a variety of compositions. The incorpora-
tion of a metal on the oxide semiconductor surface like TiO,,
which forms a Schottky junction at the metal-semiconductor
interface, offers a promising approach to decrease the recom-
bination rate of photogenerated electron-hole pairs and
improve photocatalytic activity."®

While plasmonic enhancement by such metal nanoparticles
has been extensively studied for its capability to amplify light-
matter interactions, the precise differentiation between the
contributions of the plasmonic effect and charge transfer
remains a critical barrier in the field. To address this challenge,
we have fabricated model thin film photocatalysts by photo-
depositing Au and Ag nanoparticles (NPs) in monometallic and
bimetallic configurations on anatase TiO, thin films fabricated
by atomic layer deposition (ALD). We have recently reported
similar synthesis on particulate TiO, showing plasmonic
enhancement by metal NPs and synthesis of either core-shell
or alloy Ag-Au NPs depending on the order of metal
photodeposition.'® In the presented work, we have made an
attempt to transfer the similar synthesis from TiO, powders to
TiO, thin films. The metal nanoparticle deposition synthesis
procedure is similar, and the obtained results are consistent
with those of TiO, powders." The metal loading in the current
study was intentionally kept low in order to keep the surface
coverage and therefore the plasmonic effects low. Our intent is
to study these NPs as co-catalysts rather than focusing solely on
their plasmonic properties thus examining their influence on
the photocatalytic reaction mechanism and studying how these
co-catalysts work synergistically with TiO, to effectively
enhance the photocatalytic process. By characterizing the
metal NPs as co-catalysts, we aim to determine their distinct
role in photocatalytic reactions such as degradation of the
methylene blue dye and their influence on the overall material
performance.

Experimental section
Materials

In the presented experiment, UV-vis transparent thermally
stable fused quartz microscope slides (UQG Optics) in 25 mm X
50 mm rectangles were utilized as substrates for samples
analysed in optical measurements and photocatalytic methy-
lene blue (MB) degradation tests. Sb-doped n-type Si (100) wafer
(Siegert Wafer) cleaved in 20 mm x 15 mm rectangles was used
as a substrate for samples analysed with SEM and XPS. In order
to deposit TiO, thin film coating on substrates using ALD,
tetrakis(dimethylamido)titanium(v) (TDMAT, an electronic
grade of 99.999+%, Sigma-Aldrich) was employed as the Ti
precursor, water (Milli-Q ultrapure type 1) as the O pre-cursor
and Ar (99.9999%, Oy AGA Ab, Finland) as the carrier/purge gas.
Gold chloride (HAuCl,-3H,0, Sigma Aldrich, >99.9% trace
metals basis), silver nitrate (AgNOj;, Sigma Aldrich, BioXtra
>99% titration), methanol (VWR, >99.8% ACS reagent),
methylene blue (MB) (Sigma Aldrich, 0.05 wt% in H,O) and
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deionized (DI) water (Milli-Q ultrapure type 1) were used during
the photodeposition process. All the chemicals were used with-
out any further purification.

Fabrication of anatase TiO, thin films

Anatase TiO, thin films were fabricated according to the
process described and characterized in detail earlier.”®>" In
short, prior to ALD, the silicon substrates were cleaned for 45
min by sonicating the Si(100) wafer in 99.5% EtOH, and fused
quartz substrates were used after cleaning using ethanol and DI
water followed by drying under nitrogen flow. ALD TiO, films of
30 nm were fabricated on the substrates at a growth tempera-
ture of 150 °C (636 ALD cycles) using a Picosun Sunale R200
Advanced reactor and the process was described by Saari et al.**
in the previous study. Ellipsometry (Rudolph Auto EL III
Ellipsometer, Rudolph Research Analytical, 2 = 632.8 nm) was
used to calibrate the thickness. After the deposition, the
samples were annealed in ambient air using a tube furnace
(Carbolite Gero) at 500 °C for 1 h to induce complete crystal-
lization to anatase.’”' Samples were allowed to cool down
before being utilized in subsequent steps.

Photodeposition of monometallic Au and Ag nanoparticles on
ALD-grown titanium dioxide

Titanium dioxide thin films enhanced with Au nanoparticles
were fabricated by the photodeposition method from liquid
precursors on ALD-grown titanium dioxide. 0.1 mM gold chlor-
ide stock solution was prepared in DI water. 30 ml methanol
and 20 ml DI water were taken in a 50 ml quartz round bottom
flask (RBF). 6 wt% of Au, with respect to a mass of 30 nm TiO,
thin films, from the precursor stock solution was added to this
water-methanol solution. The TiO, coated substrate was
immersed in the mixture and positioned vertically within the
RBF. A magnetic stirring bar was introduced while ensuring
that it did not make contact with the coated substrate. Subse-
quently, the RBF was sealed using a rubber septum. To remove
dissolved oxygen, the solution was purged with nitrogen gas for
30 min by inserting a needle via a rubber septum. In addition, a
second needle was inserted to expel oxygen and other gases
from the reactor. After purging, the reactor containing the
sample was exposed to UV irradiation using a Newport Mercury
Light Source (200 W Hg arc lamp) positioned at a distance of 30
cm from the film. Throughout the purging and UV exposure
procedure, the metal stock solution in the reactor was con-
tinuously stirred. Gold (Au) was photodeposited onto anatase
TiO, films for a duration of 60 minutes. After the photodeposi-
tion, the sample was recovered from the reactor. To maintain
the purity and cleanliness of the film, it was subsequently
rinsed with deionized (DI) water to eliminate any surplus or
unreacted chemicals, residues, or byproducts from the surface,
followed by drying in nitrogen gas flow.

Similarly, Ag was photodeposited on anatase TiO, films by
following the procedure mentioned above by adding 3.3 wt% of
Ag from 0.1 mM AgNO; stock solution to a water-methanol
mixture and UV exposure of 60 min. Through this methodol-
ogy, Au/TiO, and Ag/TiO, films were synthesized respectively.

This journal is © the Owner Societies 2025
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Photodeposition of the bimetallic Au-core-Ag-shell and Au-Ag
alloy nanoparticles on anatase TiO, thin films

Monometallic Au-deposited ALD anatase thin films were placed
into a 50 mL quartz RBF followed by the addition of 30 mL
methanol and 20 mL DI water. From the 0.1 mM AgNO; stock
solution, 3.3 wt% of Ag was added into the RBF. Again, the RBF
is sealed with a rubber septum, purged with nitrogen and
exposed to UV irradiation, following the same process as
previously outlined. After 60 minutes of photodeposition,
bimetallic Au-core-Ag-shell/TiO, thin films were retrieved,
rinsed and dried as above."’

The Au-Ag alloy nanoparticles on anatase TiO, was synthe-
sized by altering the metal deposition sequence by first placing
the monometallic Ag-deposited anatase TiO, film in the RBF
containing 30 ml methanol and 20 ml water and adding 6 wt%
of Au from the 0.1 mM HAuCl, stock solution. The procedure
was carried out in order to recover Au-Ag alloy/TiO,."° The
stoichiometry of the bimetallic samples indicated a nominal
molar ratio of Au:Ag as 1:1.

Characterization

The optical properties of samples were characterised using a
UV-vis spectrophotometer (PerkinElmer® LAMBDA 1050 UV/
vis/NIR) equipped with an integrating sphere. Transmission (T)
and reflectance (R) were measured for all the samples. Absor-
bance was then calculated using a reflection-corrected formula:
A= —logT/(1 — R).

The anatase TiO, thin films deposited on Si wafer substrates
and sensitized by metallic nanoparticles were transferred in air
to the solid-state end station (SSES) at beamline FinEstBeAMS?>?
(MAX IV Laboratory, Lund, Sweden). Two sample series were
used: one prepared approx. 1 week before the measurement
(freshly prepared samples) and one prepared 12 months before
the measurement and stored in a non-sealed dark box exposed
to laboratory air at Tampere University (aged samples). Photo-
electron spectra (PES) were recorded under ultrahigh vacuum
(UHV) conditions in the analysis chamber of SSES without
further modification of the samples. Measurements were con-
ducted under excitation by monochromatized linearly polarized
synchrotron light from an elliptically polarizing undulator. A
photon energy of 678 eV was used for all the presented spectra.
Photoelectron energy was measured with a hemispherical
electron energy analyzer (PHOIBOS 150 2D-DLD, SPECS Surface
Nano Analysis GmbH) in normal emission. The data were
analyzed using CasaXPS software version 2.3.25PR1.0.2* The
binding energy scale was calibrated according to Ti 2p** in ALD
anatase TiO, at 459.0 eV.?? Shirley-type backgrounds were fitted
to all spectra, and spectra were normalized to enable chemical
state analysis.

Laboratory selected-area XPS was performed employing a
non-monochromatized DAR400 Al Ko X-ray source and an
Argus hemispherical electron spectrometer (Scienta Omicron
GmbH). The spectra were collected in normal emission with an
analysis area of 1.54 x 4.09 mm®. The surface composition was
identified by analyzing the main core level photoelectron

This journal is © the Owner Societies 2025

View Article Online

Paper

transitions. The XPS spectra were least-squares fitted using
CasaXPS software with a minimum number of GL, LA, and LF
line shapes to achieve the good overall fitting of the spectra.
The relative atomic concentrations were calculated using Sco-
field photoionization cross sections and an experimentally
measured the transmission function of the analyzer.

Scanning electron microscopy (SEM) (Zeiss Ultra 55, Carl
Zeiss Microscopy GmbH) was used to examine the surface
morphology of the films. SEM images were captured using
secondary electron (SE2) mode for samples with monometallic
particles and in lens mode for samples with bimetallic parti-
cles. The images were taken with a working distance of 4.7-
4.9 mm and an electron high tension (EHT) of 3.00 kV.

Following the imaging process, the SEM images (represen-
tative images shown in Fig. S2 and S3, ESIt) were subsequently
employed for the particle size distribution analysis using the
method described in detail by Sorvali et al.® To visualize the
distribution of particle sizes within the sample, the histograms
were created by using the data obtained from Image]. Subse-
quently, Gaussian distributions were fitted to the histogram
data to determine key parameters such as mean particle size,
standard deviation and particle densities.

Photocatalytic methylene blue test

The methylene blue photodegradation test was performed
according to the protocol comprehensively described by Khan
et al.*® An Excitation source used in the test was an Asahi
Spectra MAX-350 filtered Xe lamp with a UV-vis mirror module.
The source was used in three different modes with the follow-
ing wavelength ranges: without further filtering, 300-600 nm
with an optical power of 100 mW c¢cm™?; with a shortpass filter
(Asahi Spectra XHS0400), 300-400 nm with an optical power of
20 mW cm 2 and with a longpass filter (Asahi Spectra
XUL0400), 400-600 nm with an optical power of 80 mW cm 2.

Results and discussion
UV/vis absorption and photocatalytic tests

Fig. 1a shows the UV-vis absorption spectra of quartz sub-
strates, substrates with 30 nm anatase TiO, thin films and all
the synthesized mono and bimetallic composite photocatalysts.
The sharp absorption edge observed in the spectra is the
characteristic of anatase TiO, with a high degree of crystalline
order as reported in our previous study.’’ Furthermore, all
samples display near-identical optical properties, indicating
high reproducibility of TiO, thin films fabrication by ALD.

In the case of metal-deposited photocatalysts, the plasmonic
enhancement properties are typically achieved through suffi-
ciently high particle number density, promoting strong inter-
action between neighbouring nanoparticles and facilitating
localized surface plasmon resonance (LSPR) by collective oscil-
lation of free electrons. However, as discussed in the Introduc-
tion, in our study, we deliberately opted to keep particle density
low, which leads to the absence of the distinctive LSPR peak of
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Fig. 1 (a) UV-Vis absorption spectra: bare quartz substrate, plain 30 nm
thick anatase TiO; thin films, and Ag/TiO,, Au/TiO,, Au—Ag alloy/TiO,, and
Au-core—Ag-shell/TiO, on quartz substrates. (b) Photocatalytic degrada-
tion of MB using metal NP deposited anatase TiO, thin films under solar
light irradiation. Error bars are derived from the MB degradation curve-
fitting error and light intensity calibration error.

Ag and Au NPs within the visible range of UV-vis spectra. LSPR
peaks for Ag-Au NPs would appear in the 400-750 nm range."’

In order to evaluate the photocatalytic activity of these
photocatalyst thin films, methylene blue (MB) dye degradation
experiments were conducted under three different excitation
conditions: UV (300-400 nm), UV-vis (300-600 nm) and Vis
(400-600 nm) excitation, with optical powers of 20 mW cm ™2,
100 mW cm 2, and 80 mW cm > respectively. The obtained
results were normalized to the excitation power used in the
respective experiments and are presented in Fig. 1b (raw data
presented in Fig. S1, ESIt). All the TiO, samples exhibited
strong photocatalytic activity under UV excitation. In contrast,
photocatalytic activity under only visible light excitation was
insignificant and methylene blue degradation was dominated
by the photolysis in the solution phase,®® that is, the
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degradation rate without any catalyst. Under UV-vis excitation,
relative activities were similar to UV only excitation.

To give a clearer context to the enhancement magnitude by
the metal NPs in different excitation wavelength ranges, the
photocatalytic activity of plain TiO, was considered as the 100%
reference in each set of samples. Therefore, under UV excita-
tion, Ag/TiO, and Au/TiO, exhibit enhanced activities of 110%
and 106%, respectively, signifying 10% and 6% improvements
over plain TiO,. Amongst all the studied catalysts, Au-core-Ag-
shell/TiO, films demonstrated outstanding performance with
31% enhancement in photocatalytic activity under UV excita-
tion and 26% enhancement under UV-vis excitation compared
to the plain TiO, film. Although Au-Ag alloy/TiO, had compar-
able metal loading to Au-core-Ag-shell/TiO,, the sequence of
deposition influenced the photocatalytic activity, leading to
reduced performance for Au-Ag alloy/TiO, photocatalysts. This
highlights the importance of the photodeposition sequence in
determining the photocatalytic efficiency of photodeposited
metal NP-TiO, catalysts."® It is worth noting that even mono-
metallic Ag/TiO, and Au/TiO, depicted higher photocatalytic
activity compared to bimetallic Au-Ag alloy/TiO,. From the
combination of UV-visible spectra and photocatalytic MB degra-
dation tests, it was concluded that samples were photocataly-
tically active only under UV excitation. In other words, samples
were not active under visible light excitation, and the observed
differences are not caused by any plasmonic property. This
result stands in contrast to the findings reported in our
previous article' and by Patra et al.,"® where it was observed
that bimetallic Ag-Au nanoparticles photodeposited on TiO,
significantly enhance visible light absorption across the entire
visible spectrum due to strong LSPR effects. A high particle
density of metallic nanoparticles is essential for inducing the
LSPR effect to enhance visible light absorption. Beyond simply
increasing the cross-section of interaction with the exciting
light, a higher particle density also intensifies the LSPR effect
through near-field resonant interactions between the neigh-
bouring particles.>” In this work, however, keeping the particle
density low reduces the LSPR effect, allowing us to differentiate
the effect of photoinduced charge carrier separation by the
noble metal nanoparticles.

XPS analysis

The chemical state of the samples was investigated with syn-
chrotron light mediated X-ray photoelectron spectroscopy
(XPS). Fig. 2 presents XP spectra of the two-sample series
examined in this work - freshly prepared (fabricated approx.
1 week before measurements) and aged (fabricated approx. 1
year before measurements and stored in air). Ti 2p spectra, as
shown on the left in Fig. 2, are near-identical for all samples,
showing a strong Ti*' peak (calibrated to 459.0 eV) and a
negligible amount of Ti*" defect states at a binding energy
(BE) of 457.2 eV, as expected for air-annealed ALD anatase
films.?* In Ag 3d and Au 4f spectra from both sample series, it is
immediately apparent that the primary metallic Ag 3d (Ag 3ds/,
at 367.9 eV B.E.) and Au 4f (Au 4f,,, at 83.7 eV B.E.) peaks are
shifted to 0.3-0.4 eV lower energies than the commonly

This journal is © the Owner Societies 2025
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Fig. 2 Normalized Ti 2p, Ag 3d and Au 4f XP spectra of the freshly prepared sample series (above) and aged sample series (below). Spectra were
recorded at a photon energy of 678 eV. Chemical state shifts in the listed binding energy values are referenced to the literature.

accepted literature values for Ag and Au in a planar (bulk) form
(368.3 eV and 84.0 eV, respectively).>® While a conclusive link to
a singular cause could not be identified in this study, a number
of effects that influence the binding energy of oxide-supported
nanoparticles were considered. The surface core level shift due
to under-coordinated atoms on the surface could play a role for
Au NPs but is negligible for Ag when measuring in a normal
emission configuration.?® Differential charging effects can be
excluded due to the absence of the corresponding increase in
width (FWHM) of the metal peaks. Formation of a thin surface
oxide layer hindering charge transfer to the semiconductor
substrate and therefore uniform charging and peak shift has
been hypothesized by Dikovska et al. for a similar material
system.>® Finally, the shift could be caused by final state effects
(relaxation).®" Generally, the existence of a shift in the binding
energy of metallic Ag and Au nanoparticle peaks toward lower
values than planar, with magnitude depending on the prepara-
tion method, is well-documented in the literature.**3?

As in our previous work on photodeposited mono- and
bimetallic Ag and Au nanoparticles,'® XP spectra in Fig. 2 point
towards freshly deposited NPs being in primarily metallic

This journal is © the Owner Societies 2025

phases, with no shift in Au spectra observed due to different
particle morphologies. The Ag XP spectra for fresh samples
have the primary Ag 3d;,, peak at slightly varied energies in the
367.5-368.0 eV range. The binding energy shifts for different Ag
oxidation states are minor’® and can be muddled by initial and
final state effects which have been discussed prior. We can,
however, examine the resulting width of the peaks —0.6 to
0.7 eV for Au-Ag alloy/TiO, and Au-core-Ag-shell/TiO, samples,
and 1.0 eV for Ag/TiO, which would indicate the metallic state
and partially oxidized state, respectively. When we proceed to
consider the XP spectra of the aged sample series, the contrast
between samples is much more drastic. In Au 4f spectra, a
metallic phase is still clearly identifiable, but an oxidized Au
phase is present as well. For Au/TiO, and Au-Ag alloy/TiO,
samples, a small additional peak and shoulder, respectively, are
present,
and Au'.”® The most significant change is observed in the
Au-core-Ag-shell/TiO, sample, where the oxidized phase, pri-
marily Au’, becomes dominant over the metallic. A similar
change is observed in Ag 3d spectra — Au-Ag alloy/TiO, still
presents the narrowest FWHM of 0.8 eV for the Ag 3ds/,, and

consistent with minor contributions from Au®

Phys. Chem. Chem. Phys., 2025, 27, 16865-16874 | 16869
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Table 1 Surface concentrations of Ag and Au on TiO, thin films

At%, TiO, bal. Ag Au
Ag/TiO, 0.9 —
Au/TiO, — 1.5
Au-Ag alloy/TiO, 0.7 0.6
Au-core-Ag-shell/TiO, 1.4 1.6

Au-core-Ag-shell/TiO, is the widest at a FWHM of 1.0 eV. Based
on these data, we believe that in Au-core-Ag-shell NPs atmo-
spheric oxygen partially oxidizes the Ag shell and over time and
oxygen diffuses to the Au core - strongly oxidizing it in turn. In
the literature, formation of Au' species in oxide-supported
nanoparticle catalysts has been tied to improved activity in
photocatalytic reactions, e.g. low temperature CO oxidation.>*
We propose that the oxidation of these nanoparticles in an air
atmosphere is related to their catalytic activity as measured in
this work through methylene blue photodegradation. The
reactivity to oxygen, like catalytic activity, is specific to nano-
particle morphology - oxygen molecules are not even adsorbed
on planar gold surfaces.*® Au-Ag alloy NPs show only a minimal
change between the freshly prepared and aged series, and
minimal enhancement of catalytic activity to methylene blue
degradation over plain TiO, — while Au-core-Ag-shell NPs are
strongly oxidized in storage and show the best enhancement of
photocatalytic activity. Under photocatalytic conditions, oxida-
tion of the nanoparticles would not occur, since Ag and Au
atoms are readily reduced by photogenerated electrons but
provides valuable insight into the catalytic properties of
the NPs.

The surface composition of the metal-deposited samples
was studied further using conventional laboratory-based XPS.
Relative atomic concentrations of Ag and Au were calculated
from the fitted XPS spectra, and the results are presented in
Table 1.

The monometallic Ag/TiO, sample showed the lowest metal
concentration of 0.9 at%, and bimetallic Au-core-Ag-shell/TiO,
showed the highest total metal concentration of 3.0 at%. The
differences in metal surface concentrations can reflect differ-
ences in particle sizes. Furthermore, XPS data for bimetallic
nanoparticle samples show Ag and Au at near-equal amounts
on the sample surface. Assuming that the nanoparticle mor-
phology for Ag and Au with mean particle size is larger than the
XPS information depth (5-10 nm), the XPS surface concentra-
tions correspond to the surface coverage of metal NPs on TiO,
substrates. Thus, the obtained values suggest the low surface
coverage (<3%) of metal NPs on TiO, substrates.

Particle size analysis

The particle size distribution analysis was conducted on sam-
ples after photodeposition of nanoparticles on anatase TiO,
thin films fabricated on the silicon substrate using multiple
SEM images (representative images shown in Fig. S2 and S3,
ESIY). Histograms were plotted; Gaussian fitting was applied to
the obtained data and is presented in Fig. 3. Also, the particle
sizes, standard deviation and particle densities were calculated
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and are presented in Table 2. In the Ag/TiO, sample, the
particle size for Ag was determined to be 21.7 nm with a
standard deviation (SD) of 8.7 nm, while for the Au/TiO,
sample, the particle size of Au was 13.7 nm, which was smaller
than the Ag particle size with an SD of 3.9 nm. In the case of the
Au-core-Ag-shell/TiO, sample structure, a single particle size
distribution was observed with a particle size of 20.9 nm and an
SD of 7.6 nm. This bigger particle size in the Au-core-Ag-shell
sample than monometallic Au is justifiable due to the presence
of an Au-core and Ag-shell photodeposited on top, resulting in
the larger particle size than the Au monometallic sample.

In contrast, the Au-Ag alloy/TiO, sample exhibited two
distinct particle size distributions, with peaks at 15.2 nm and
30.3 nm with SDs of 5.9 nm and 6.8 nm, respectively. For the
first peak, the particle size closely resembled the particle size of
the monometallic Au sample, also suggesting the presence of
monometallic Au in the alloy sample. The second distribution
with a larger particle size of 30.3 nm might indicate the
presence of an alloy of Au and Ag in accordance with ref. 19
with the particle size larger than the monometallic Ag sample.
This observation indicates the existence of two mixed particle
size distributions of Au alone and Au-Ag alloy in the Au-Ag
alloy/TiO, sample. This is corroborated by a significantly
increased NP density for the Au-Ag alloy sample relative to
monometallic Ag. It may further indicate that when Au is
photodeposited on top of Ag NP/TiO, in addition to formation
of Au-Ag alloy Au NPs are formed in areas of the TiO, substrate
outside of direct proximity to Ag NPs. This is enabled by the
design low number density of NPs on the surface.

The tabulated particle densities confirm the low surface
coverage of these co-catalyst metal nanoparticles on anatase
TiO, thin films. If the surface was completely covered by a close
packed layer of 21 nm NPs, the corresponding density would be
approx. 2620 um™ 2, with densities observed in this work being
two orders of magnitude lower. The particle densities are also
consistent with the XPS data, with the lowest metal concen-
tration determined by XPS for Ag/TiO, matching here to the
lowest NP density of the four analyzed samples.

Mechanism of photocatalytic degradation of MB by Au-Ag/TiO,
thin films

In our findings, the photocatalytic activity of monometallic Ag/
TiO, and Au/TiO, exceeded that of Au-Ag alloy/TiO, which
contradicts the results obtained by Haider et al. and Malik
et al. where Au-Ag alloy NPs on TiO, outperformed in photo-
catalytic activity compared to monometallic NPs.*®*” Whereas
it was found that under certain conditions, monometallic Ag/
TiO, and Au/TiO, outperformed Au-Ag alloy/TiO,."*®

Based on our observations, we propose the following scheme
of photocatalytic degradation of MB by low number density Au-
core-Ag-shell nanoparticles decorated on the TiO, surface, as
illustrated in Fig. 4. For high number density plasmonic metal
nanoparticle-sensitized TiO, under combined UV-vis illumina-
tion, the main direction of electron transfer is from the excited
NPs to TiO, - via hot carrier transfer (HET) and PIRET
mechanisms.®® Previous results published on the particulate
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Fig. 3 Histogram of particle size distribution analysis calculated using Imaged software. (a) Ag, (b) Au, (c) Au-core—Ag-shell and (d) Au-Ag alloy

nanoparticles on ALD TiO, films on Si.

Table 2 Ag and Au particle size distribution analysis

Samples Mean size (nm)  SD (nm)  Density (um?)
Ag/TiO, 21.7 8.7 19
Au/TiO, 13.7 3.9 65
Au-Ag alloy/TiO, Peak 1 15.2 5.9 53

Peak 2 30.3 6.8 (Total)
Au-core-Ag-shell/TiO,  20.9 7.6 34

system indicate a significant LSPR effect following the photo-
deposition of metal nanoparticles on TiO,.'**® Under UV light
irradiation during photodeposition, the white TiO, changed to
violet-pink with Au and light orange with Ag, due to the LSPR
effect. This effect enhances visible light absorption, thereby
boosting the photocatalytic reaction. This leads to strong
visible light absorption at 515 nm for Ag and 555 nm for Au,
thus enhancing the photocatalytic activity of Ti0,.’**° In the
low-density case, exciting light is absorbed primarily by the
TiO, film due to density of plasmonic nanoparticles being too
low to support LSPR - as demonstrated by spectrophotometry
in this work. Electrons can then be transported from the TiO,
conduction band to the nanoparticles, separating them from

This journal is © the Owner Societies 2025

holes spatially and allowing for the formation of additional
reactive oxygen species able to oxidize MB molecules. Such a
mechanism for dye photodegradation on noble metal NP-
decorated TiO, catalyst systems has been previously discussed
in the literature,® but this work provides additional evidence to
support its existence.

When NPs are deposited onto the TiO, film surface, a
Schottky barrier is formed at the metal-semiconductor inter-
face. In plasmonically active noble metal-decorated TiO, cata-
lysts, it is often considered beneficial to keep the Schottky
barrier height low to enhance the transfer of hot photogener-
ated carriers with relatively low lifetimes from the NPs to the
semiconductor, boosting photocatalytic efficiency.*’ However,
the increased Schottky barrier height confers benefits of its own —
allowing for the improved spatial separation of charge carriers
between NPs and the TiO, substrate, which suppresses recombina-
tion outside of their interface. This is the key for TiO, enhanced
with low-density metal co-catalysts, such as the ones discussed in
this work, since carriers are not generated by plasmonic light
absorption in metal NPs and recombination is one of the strongest
factors limiting efficiency.

Phys. Chem. Chem. Phys., 2025, 27,16865-16874 | 16871
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coverage is low enough to prevent LSPR induced visible light absorption.

The height of the Schottky barrier is influenced by a number
of factors - the primary of which is the nature of the semi-
conductor and metal involved, but also the metal nanoparticle
size and shape.*"** For Ag and Au metals, the work functions
are approx. 4.7 eV and 5.4 eV, respectively, while for TiO, the
work function is 4.6-4.7 eV.'®** The larger work function
difference for the Au-TiO, junction results in a higher Schottky
barrier height than for the Ag-TiO, junction, and therefore
improved charge separation. In the case of Au-core-Ag-shell
NPs, it is crucial to note that due to the photodeposition
sequence Au is in galvanic contact with the TiO, substrate,
allowing for the improved suppression of recombination over
Ag and Au-Ag alloy nanoparticles and also over Au-core-Ag-
shell NPs synthesized by other methods than photodeposition.
In comparison, when Au-core-Ag-shell NPs are synthesized in
the liquid phase and subsequently coated on TiO,, the Ag-TiO,
junction is formed instead. Therefore, manufacturing of such
hybrid Au-core-Ag-shell NPs by photodeposition allows for the
improved suppression of recombination over Ag and Au-Ag
alloy nanoparticles and also over Au-core-Ag-shell NPs synthe-
sized by alternative methods. To sum up, the Schottky barrier
formation at the interface between the Au-Ag nanoparticles
and TiO, contributes to the improved photocatalytic activity,
showcasing the performance of the Au-core-Ag-shell/TiO, sys-
tem manufactured using photodeposition.

The research findings presented hereby indicate that the Au-
core-Ag-shell NPs on TiO, exhibit superior photocatalytic
methylene blue degradation performance compared to the
Au-Ag alloy configuration. The Au-core-Ag-shell NPs evidenced
also distinct activity towards oxidation in air that highlights
exceptional catalytic activity of this bimetallic co-catalyst. None-
theless, the enduring stability of the Ag-shell remains a sig-
nificant concern due to its susceptibility to photoanodic

16872 | Phys. Chem. Chem. Phys., 2025, 27, 16865-16874

dissolution and cathodic redeposition.** It is postulated that
the presence of the Au-core could enhance the stability of the
Ag-shell by facilitating the redeposition of dissolved Ag ions. An
alternative approach for improving stability explored in this
work entails the alloying of Ag with Au."® Another approach that
could be explored in the future is deposition of additional
ultrathin ALD TiO, layers over the NPs, which could stabilise
them against dissolution without impacting photocatalytic
activity.

Conclusions

The findings outlined in this study describe the use of the
photodeposition technique with liquid precursors to success-
fully deposit Ag and Au noble metal nanoparticles onto photo-
catalytically active TiO, thin film substrates. The bimetallic
samples exhibited an equal concentration of Au and Ag metals.
The order of photodeposition of these metal co-catalysts was
determined to have a notable effect on morphology and the
overall photocatalytic efficiency of bimetallic Ag-Au/TiO,
thin films.

In the Au-core-Ag-shell/TiO, photocatalyst film, the increase
of particle size relative to that of monometallic Au from 14 +
4 nm to 21 + 8 nm is in accordance with expected outcomes
considering the morphology. In contrast, in the Au-Ag alloy/
TiO, sample, a bimodal particle size distribution of monome-
tallic Au and Au-Ag alloy morphology was obtained via SEM
imaging-based particle size distribution analysis.

The strategic low-surface coverage photodeposition of noble
metal nanoparticles on TiO, does not show increased light
absorption but still demonstrates a significant enhancement of
photocatalytic activity. This enhancement follows from the
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improvement in photogenerated charge separation by the
Schottky effect leading to suppression of recombination. The
Schottky barrier height is higher for the Au/TiO, junction than
Ag/TiO, due to the higher difference in work functions, result-
ing in lower recombination. Ultimately, this leads to improved
photocatalytic performance in methylene blue degradation
compared to the as-deposited pure TiO, photocatalyst, which
is demonstrated in this work. The mechanism of charge transfer
discussed here supports the observed order of catalytic enhance-
ment by the nanoparticles - Au-Ag alloy/TiO, < monometallic Ag/
Au/TiO, < Au-core-Ag-shell/TiO,. These conclusions are further
supported by the results of XPS surface analysis, which shows that
over extended periods of exposure to ambient air Au-core-Ag-shell
NPs show the highest activity towards oxidation, and Au-Ag alloy
NPs show the lowest — mirroring the results of the methylene blue
degradation test. Based on this, we conclude that the Au-core-Ag-
shell is the optimal morphology for noble metal NP co-catalysts on
anatase TiO, support.
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