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The photocatalytic effect of titania has long been
studied with respect to water oxidation and
hydrogen evolution. At present, the modification
of this semiconducting material by platinum single
atoms (Pt-SAs) represents an interesting approach
that has been developed in the past decade
and has given good results in the photocatalytic
hydrogen evolution reaction (HER). Experimental
studies have shown that the deposition of Pt-SAs
on the titania surface, in agueous systems, is a
spontaneous process and can also be promoted by
different reducing processes. Theoretical studies
suggest that this deposition is a site-specific
reaction, which occurs in oxygen vacancies on the
titania surface. Under such conditions, the Pt-SAs
are not in a metallic state, due to the interaction
with neighbouring atoms of the substrate. This
complex system can be probed using different
advanced characterisation techniques, which
provide a deeper understanding about the modified
surface and how this modification improves the
photocatalytic performance of titania.

1. Introduction

Growing concern about climate change has
prompted a concerted research effort in many
parts of the world in search of environmentally
friendly and more sustainable energy resources.
One of the most active areas in this field is the
photocatalytic generation of hydrogen from water
splitting, promoted by the generation of electron-
hole pairs in semiconductor materials (1).

Among the semiconductors used to promote
the water splitting process, titania is one of
the most investigated materials (2) due to its
physicochemical properties and the fact that this
material is an inexpensive and very abundant
oxide. Titania is an n-type semiconductor, being
non-toxic and relatively stable in acidic and
alkaline media (3). But due to its broad band
gap energy (3.2 eV for the anatase crystalline
structure (4)) titania absorbs light in the ultraviolet
(UV) range, which corresponds to only about 5%
of the solar energy reaching the Earth’s surface.
Because of this disadvantage, one strategy that has
been adopted to try to improve the performance of
titania is to modify this material with metals that
have catalytic activity for hydrogen evolution, such
as platinum (5).

Platinum is a well-known electrocatalyst for
the HER due to the thermodynamic and kinetic
aspects of the interaction between hydrogen and
platinum atoms (6). Unfortunately, platinum is
an expensive and non-abundant metal, which
limits its application in the area of hydrogen
generation. Although good catalytic performance
was achieved for the titania on platinum composite
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using platinum nanoparticles (Pt-NPs) with low
platinum mass loading, the further decrease in the
amount of platinum seems to be detrimental to the
catalytic performance (7, 8). Very recently, to try
to circumvent the platinum mass loading problem,
while maintaining the catalytic performance, a
promising approach that has been explored: the
deposition of Pt-SAs on the surface of metal oxides
such as titania, iron(III) oxide and ceria. Using
this approach, it has been possible to obtain high
catalytic performance even at ultra-low platinum
loadings for Pt-SA-modified titania (9, 10).

Besides titania, Pt-SAs have been used to
modify different metal oxides, promoting
a significant improvement on the catalytic
performance (11, 12). In case of iron(III) oxide,
for example, it was verified that Pt-SAs in addition
to increasing the performance for photocatalytic
hydrogen generation, also improved the stability of
the composite material when compared to iron(III)
oxide modified with Pt-NPs (13). Following a similar
trend, ceria modified with Pt-SAs displayed higher
catalytic performance for hydrogen generation
when compared to ceria modified with Pt-NPs (14).
This high catalytic activity has been attributed
to different aspects of the interaction between
Pt-SAs and the metal oxide surface, such as the
strong metal-support interaction (SMSI), which
affects the electronic structure of Pt-SAs and,
consequently, their interaction with different types
of adsorbates (15). However, in the case of titania,
how Pt-SAs affect the energy band structure during
illumination is still not well understood.

In this work, we examine the energetic aspects
related to the interaction between platinum atoms
and titania surface from the synthesis stage
of Pt-SAs to their application in photocatalytic
experiments, highlighting the role played by oxygen
vacancies. These sites determine the saturation of
the chemical bonding of the platinum atoms on the
surface of the oxide making it more tolerant to the
presence of carbon monoxide.

2. Platinum Single Atom Interaction
With Metal Oxides

2.1 Study on the Platinum Single
Atom Arrangements

An important aspect in understanding the
dispersion of single atoms and their efficiency in
the photocatalytic reaction remains the clarification
of the position of platinum atoms on supporting
titania. Numerous studies with metal oxides

demonstrate an essential role of defects such as
oxygen-vacancies in anchoring platinum atoms
where they remain relatively stable (10, 16-22).
The deposition process is accompanied with the
partial reduction of Pt** to Pt*, which in Kréger-
Vink notation, can be written as:

(4-38) Ti+Pt* — TiX, + Pt (1)

From this perspective, the control of titania
defectivity may play an important role in the amount
of platinum facilitated in the form of single atoms.
For example, the production of highly defective
black titania TiO,_, allowed high dispersity of Pt-
SAs up to mass loadings of 0.254% (m/m), having
the effect of a large growth in HER and phenol
photooxidation for such photocatalyst (17). Another
approach in engineering titania surface defects to
facilitate the anchoring of platinum atoms involves
the incorporation of impurity atoms that reduce
the defect formation energy and thus increase
their concentration. As demonstrated in the case
of trivalent iron, such substitution in the titania
structure stabilises Pt-SAs on the surface, in addition
to the overall effect of the defective atoms on the
semiconductor band gap (18). The role of surface
morphology on the deposition of platinum onto
titania should be taken into account. Although the
presence of platinum atoms was confirmed on the
{001} and {101} facets of anatase titania after‘dark
deposition’ (Section 3.2) (23, 24), photoinduced
platinum-precipitation occurs preferentially on the
{101} surfaces (25), due to the accumulation of
photoexcited electrons from the conduction band
(CB) of titania necessary for the reduction of
platinum precursor (26).

Another important aspect on the efficiency of
Pt-SAs@TiO, under operational conditions is the
stability of Pt-SAs. In the case of metallic oxides,
it has been shown previously that dispersed
platinum atoms become mobile and tend to
agglomerate at high temperatures (19), in reducing
atmosphere (20) or in carbon monoxide oxidation
reactions (22). It has been found that UV-photons
activate the agglomeration processes of Pt-SAs
with formation of more stable Pt-NPs (21). This
reaction is accompanied by the reduction of Pt®* to
Pt® observed with X-ray photoelectron spectroscopy
(XPS) measurements and apparently related to
the photoexcited electron flow taking place during
titania illumination. From this point of view, Pt-SAs
deposited on the {101} facets of titania could be
less stable to agglomeration due to the preferential
movement of photoexcited electrons from CB to
these surfaces. Strategies to improve the stability
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of Pt-SAs include doping of atoms with high
electronegativity (such as fluorine) that further
interact with the deposited platinum atoms and
reduce their mobility (10). Other avenues for the
stabilisation of Pt-SAs involve functionalising titania
with dopant cationic atoms (18, 27). In addition, it
is possible to increase the stability of Pt-SAs by
treating the titania substrate in a sodium hydroxide
solution before the platinum deposition (10).
Finally, the agglomeration rate can be reduced by
encapsulating the Pt-SAs and platinum clusters
in porous titania (28). The latter, however, limits
the turn-over frequency (TOF) during catalysis
on encapsulated platinum compared with surface
platinum (657.6 h™! vs. 1875.7 h™!) in response
to reduced access of reactants to the active sites.
The possible continuation of this approach could be
the use of mesoporous titania-structures derived
from metal-oxide-framework to anchor platinum
atoms (29). In combination with titania nanotubes,
relatively stable platinum atoms were observed
even after seven days of HER photocatalysis
making the long-term use of atomically dispersed
catalyst realistic. There are also attempts of direct
impregnation of Pt-SAs inside bulk titania with local
formation of platinum(IV) oxide (30). However,
it was determined that under relatively mild
annealing in reducing environment (hydrogen,
200°C) platinum atoms break the surrounding
atomic bounds and come to the surface, with
change of platinum charge state from 4+ to 0+.

2.2 Strong Metal-Support Interaction

It is widely known that platinum nanoparticles
deposited on metal oxide supports can be subjected
to SMSI. This phenomenon manifests itself in
the shift of the energy levels of the platinum
atoms due to the charge transfer of the metallic
particles (31). This alignment in energy leads to the
modification of the catalytic properties of platinum
toward the oxygen reduction reaction (ORR) and
hydrogen oxidation reaction (HOR) (32). It has
been observed that the reduction of the size of
noble metal particles to single atoms ultimately
increases the tolerance of platinum against carbon
monoxide adsorption, which, however, essentially
depends on the oxidation state of SAs (33). The
ab initio approach implemented for Pt-SA@TiO,
after reduction in hydrogen atmosphere predicted
carbon monoxide desorption at temperatures above
110 K. This was associated with the coordination
saturation of bonds for Pt-SAs with the surrounding
atoms and not with their coverage by titania

layer, which was also confirmed by low energy ion
scattering (15).

2.3 First Principles Studies of
Platinum Single Atoms on Titania

To evaluate the energetically more stable
configuration, first-principles theoretical
considerations of Pt-SAs were performed for
ideal (34) and defective structures of anatase-
titania (35). Under oxygen-poor conditions (low
oxygen partial pressure) the most possible location
for platinum-deposition on (101) surface remains
the top-most oxygen vacancy due to the lower
formation energy (35). However, under oxygen-
rich conditions, the deposition site changes to the
titanium-surface vacancy. It was also determined
that vacancies bind platinum atoms stronger that
pristine surface of titania that confirms their leading
role in the anchoring of Pt-SAs (36). Density
functional theory calculations further showed a
double-reduction of the surface Pt-SA located at
the oxygen-vacancy as a result of interaction with
Ti3*-borne polarons (Ti,, in Equation (i)) (37). It
has been shown theoretically that the introduction
of platinum also leads to the alteration of the
electronic structure through formation of platinum
states in the bandgap of titania in the case of
separated atoms (38), clusters (39, 40) and
nanoparticles (41). Due to the spatial localisation
of the platinum states near the surface, they
represent large trapping sites for conduction band
electrons, which can be used for surface reduction
reactions. Other studies demonstrated the shift
of the d-band centre for the platinum atom closer
to the Fermi level in defective anatase and rutile
titania compared to non-defective titania (42). This
shift is often associated with enhanced adsorption
of catalytic reagents in the Hammer-Ngrskov
approach and is proposed to be responsible for
enhanced chemisorption of methanol molecules on
Pt-SAs.

3. The Effect of Platinum Single
Atoms on Photocatalysis and
Photoelectrochemical Cell with Metal
Oxides

3.1 Physical and Chemical
Parameters Influencing the
Photocatalysis of Metal Oxides

As a semiconductor material, the photocatalytic
behaviour of titania is controlled by the efficiency
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of the charge carrier separation process that
occurs when the material is illuminated with
light of appropriate energy. The charge carrier
separation process can be affected by different
physicochemical characteristics, such as
morphology, crystal structure, surface states,
presence of foreign atoms, either in the crystal
structure or on the surface of the material (43).
Additionally, control of pH is able to modify activity
of photocatalyst in liquid environment through the
change of the reactant adsorption (44). Due to
this wide range of physicochemical parameters
affecting the photocatalytic behaviour of titania,
it is possible to tune the photoresponse of titania
by appropriately adjusting the experimental
conditions under which the material is obtained
or modified.

3.2 Production Methods for Platinum
Metal Oxides

The standard redox potential (E°) of platinum
cations makes its deposition on the titania surface/
subsurface a bias-free process. Indeed, E° for
[PtClg]?7/[PtCl4]% is 0.68 V (45), while the E, for
TiVO,/Ti'"OOH surface redox is —0.696 V (46). This
means that the driving force to reduce [PtClg]?>™ to

[PtCl,]?%" is favourable when these species contact a
defective titania surface containing Ti3* species. A
titania electrode, immersed in platinum-containing
solution, develops after a few hours, a new open
circuit potential with respect to the initial potential,
see Figure 1. Due to this, Pt-SAs on the surface/
sub-surface of titania can be obtained. Other
reported synthesis methods are, for example,
photochemical reduction (15, 17, 18, 25, 47-49),
dark deposition (9, 10, 21, 50-52), thermal
reduction (TR) in hydrogen atmosphere (53-56),
TR in atmospheric air (57-59) and methods using
advanced techniques (16, 37, 60).

Among the experimental approaches to obtain
Pt-SAs, photochemical reduction appears as
the preferred method. Typically, in this method,
a platinum-containing solution is added to a
suspension containing titania powder, then this
system is kept under illumination for a certain time.
Under such conditions the reduction of [PtClg]?
is promoted by electrons photogenerated during
illumination of the titania surface. Although this
approach has been successfully used to produce
Pt-SA on titania, care must be taken in choosing
the platinum concentration and light intensity, as it
may lead to platinum being deposited as metallic
nanoparticles.
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Fig. 1. Monitoring of the open-circuit potential
during platinum deposition on a titania electrode
(anatase), under dark conditions, with an aqueous
solution containing 10 pM hexachloroplatinic acid.
The solution after addition of hexachloroplatinic
acid was pH 3.9

From an experimental point of view, the ‘platinum
dark deposition” method is simpler to apply
compared to other methods used to synthesise
Pt-SAs. It basically consists in immersing a titania
electrode in a low-concentration platinum solution
under dark conditions and after 24 h the titania
electrode is rinsed and dried at relatively low
temperature (~70°C). Because it is a site-specific
deposition, this method can be used to obtain well-
dispersed Pt-SA, which has high photocatalytic
activity for HER (50).

The TR methods have some similarities with the
dark deposition method. Both methods require an
impregnation step in a low-concentration platinum
solution, followed by a drying step. The difference
is that in case of the TR methods the drying
process is carried out at temperature >150°C
under a specific atmosphere. TR under hydrogen
atmosphere provides a reducing atmosphere to
reduce platinum-ions, where hydrogen acts as a
reducing agent. In the case of TR in atmospheric
air, the reduction of platinum cations can be
attributed to electrons released due to the loss
of lattice oxygen at the titania surface during the
heat treatment (61, 62). Importantly, even at
temperatures around 400°C in atmospheric air, it is
possible to generate oxygen-vacancies in different
polymorphs of titania (63, 64). In case of synthesis
using advanced techniques, Pt-SAs has been
synthesised through atomic layer deposition (60),
electron beam evaporation (37) and vacuum
evaporation (16). Using such techniques, it is
possible to have a precise control on important
aspects of the synthesis, such as reproducibility
and platinum loading.
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3.3 Ways of Detection of Platinum
Single Atoms on Metal Oxides

From a technical point of view, confirming the presence
of Pt-SAs on the surface of titania can be challenging
and requires sophisticated techniques to differentiate
Pt-SAs and metallic platinum nanoparticles (Pt-NPs).
The main techniques used to identify and characterise
Pt-SAs on the titania surface are high-resolution
transmission electron microscopy (HRTEM) (47, 50,
51, 55), X-ray absorption methods (21, 47, 50),
XPS (21, 50, 51, 53) and diffuse reflection infrared
Fourier transform spectroscopy (DRIFTS) (15, 57, 59).
In general, itis necessary to use different techniques to
obtain sufficient evidence for the presence of Pt-SAs at
titania surface. For example, while HRTEM can be
used to identify sub-nanometre species of platinum
on the titania surface, as shown in Figure 2(a),
spectroscopic techniques such as XPS and X-ray
absorption can provide information on the oxidation
state of platinum, which helps to distinguish between

the presence of Pt-SAs and Pt-NPs. Information on
the oxidation state of platinum is a key signature to
identify Pt-SAs and Pt-NPs on the titania surface, since
Pt-SAs are in an oxidation state between Pt® and Pt**
and Pt-NPs are in an oxidation state similar to metallic
platinum, as evidenced by X-ray absorption and XPS
measurements, Figure 2(b) and 2(c), respectively.

The change in the electronic state detected by
XPS, Figure 2(c), can be attributed to the change
in the surface coordination of platinum combined
with SMSI with the titania surface. These effects
lead to a shift in the binding energy of the 4f
orbitals of platinum and the new peaks positions
may conform to the 4f orbitals of platinum when in
the ionic state, such as Pt®* and Pt** (65).

In addition to XPS and X-ray absorption, DRIFTS is
another important technique that can also be used to
differentiate Pt-SAs from Pt-NPs. To investigate the
nature of platinum sites on titania surface by DRIFTS,
carbon monoxide is used as a probe molecule due
to its specific adsorption on platinum sites. In this
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Fig. 2. (@) HRTEM of titania nanotube evidencing the presence of Pt-SAs adapted with permission from (51).
Copyright © 2021, John Wiley and Sons; (b) X-ray absorption near edge spectra for platinum dioxide,
platinum metal and Pt-SAs on titania surface after different periods of photocatalytic experiments adapted
with permission from (21). Copyright © 2022, John Wiley and Sons; (c) XPS results for platinum nanoparticles
and Pt-SAs deposited on titania, evidencing the shift in binding energy for platinum 4f orbital in case of Pt-
SAs adapted with permission from (53). Copyright © 2021, Elsevier; (d) DRIFTS result for carbon monoxide
adsorbed on different platinum species showing characteristic bands for carbon monoxide adsorbed at Pt-SAs
and platinum nanoparticles adapted with permission of (59) Copyright © 2017, American Chemical Society
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case, when excited with infrared light, the adsorbed
carbon monoxide shows different vibrational modes
depending on the nature of the platinum site,
Figure 2(d). In short, Figure 2 illustrates a typical
set of physicochemical measurements employed to
identify and characterise Pt-SAs on titania surface.

3.4 Effect of Platinum Single Atoms
on Photocatalysis

Titania is a well-known material for its photoactivity
in surface redox reactions first highlighted by

Fujishima and Honda in 1972 (66). After absorption
by the semiconducting material of a photon with
energy above its band gap (hAv > E; = 3.2 eV for
anatase-titania), photogenerated electrons in CB
participate in reduction reactions, while holes in the
valence band (VB) oxidise surface adsorbed species
Figure 3(a). The main disadvantage of titania as
a photocatalyst remains the high recombination
rate for the charge carriers, which limits its
efficiency (67). The introduction of Pt-NPs allows
the separation of carriers by sinking electrons from
the titania conduction band to states of platinum
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Fig. 3. Effect of Pt-SAs on HER of titania: (a)-(b) schematic energy diagram for platinum-free titania and
Pt-SA on titania, respectively; (c) Nyquist plots of various photocatalysts, coated on FTO, from 1 MHz to
0.01 Hz at 0.5 V under solar simulator; the smaller diameter of the semicircle corresponds to the smaller
charge transfer resistance, adapted with permission from (48). Copyright © 2021, American Chemical
Society; (d) DRS-spectra for Pt-SAs (0.02 wt%) on defective titania (Pt;/def-TiO,) and platinum-free

titania (f-TiO,); (e) hydrogen yield; and (f) TOF for Pt;/def-TiO, in comparison with Pt-NPs (0.99 wt%) on
f-TiO,, adapted with permission from (56). Copyright © 2019, John Wiley and Sons; (g) platinum content,
measured by electrothermal atomisation atomic absorption spectroscopy (ETA-AAS) analysis; (h) hydrogen-
production for the titania-nanosheets decorated with Pt-SAs after sodium cyanide leaching process for the
indicated times, adapted with permission from (52). Copyright © 2022, John Wiley and Sons; (i) Optimised
schematic configuration of Pt-SAs on surface of semiconducting support, L, = photoexcited electron diffusion
length adapted with permission from (69). Copyright © 2023, American Chemical Society
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that can be used for surface reactions (68).
Downsizing platinum inclusions to SAs reduces the
density of states for platinum atoms and makes
the levels discrete, as shown in Figure 3(b). The
electron acceptance of the titania CB enables the
following scheme, Equations (ii) and (iii), of charge
transfer at the surface (52):

P2t + e” - Pt@-DF (i)

PtG-U+ 4+ AT 5 PtOT + A° (iii)

where A is an adsorbed electron-accepting surface
species. The introduction of Pt-SAs into titania
is accompanied by a decrease in charge transfer
resistance compared to pristine titania and Pt-NP
on titania, which is usually recorded by semicircles
in the Nyquist plot Figure 3(c) (23, 48). This
predicts a higher rate of charge transfer for
photoinduced carriers and their utilisation in redox
reactions. The combined effect of semiconductor
titania and highly reactive platinum finds its
application in photocatalytic HER (9, 10, 21, 23,
25, 50-53, 56, 69, 70). The use of atomically
dispersed platinum improves the performance
toward hydrogen generation compared to Pt-NPs
from 2.5 to 12-fold (9, 10, 50, 53, 56) and up to
600-fold compared to pure titania (52, 53, 56).
It should be noted that the anchoring of platinum
atoms on the titania surface is related to the
formation of additional oxygen vacancies in the
oxide in reducing atmosphere (53, 56). The latter is
accompanied by additional absorption in the visible
range, Figure 3(d), and enhances the hydrogen
yield to 52,720 pmol h™' g! and the turnover
frequency to ~51423 h™! (Figures 3(e) and
3(f)), respectively. However, it is observed that
only a limited number of surface Pt-SAs participate
in the photocatalytic HER, which severely
limits the utilisation of atomically dispersed
platinum (50-52). For example, the selective
removal of highly concentrated platinum atoms
from titania surface with sodium cyanide is not
accompanied by any significant change in the HER
yield, as shown in Figures 3(g) and 3(h) (52).
Thus, the limiting factor was attributed to the
diffusion length of photogenerated charge carriers
in titania, which provides an optimised surface
density for Pt-SAs that can accept electrons from
the CB Figure 3(i) (69). Furthermore, it should be
noted that the flat band potential, Eg, of titania is
around -0.15 V to -0.4 V vs. reversible hydrogen
electrode (RHE) over a wide pH range (71, 72).
Due to the low difference between Eg and the
H*/H, reaction potential (0 V vs. RHE), the driving

force of photoexcited electrons from CB of titania
to realise the photocatalytic HER could also be
diminished. For instance, the prominent effect of
Ef, was observed for differently faceted titania with
the loading of Pt-SAs (23). Due to more negative
Ef,, 001-faceted particles demonstrated a three-
fold improvement towards photocatalytic HER
compared with 101-faceted titania. Finally, the wide
band gap for titania allows utilisation only UV-lightin
the photocatalysis process, that drastically reduces
the sun-driven industrial application of platinum
on titania catalysts. From this perspective, band
engineering of semiconducting titania may be
important to modulate the efficiency of Pt-SAs. In
addition to HER, Pt-SAs on titania have been used
for other photocatalytic redox reactions (18, 48,
55, 58, 73-76). They are summarised in Table I.

4. Summary and Outlook

Insummary, we have reviewed recent achievements
in the use of Pt-SAs on titania for photocatalytic
and photoelectrochemical applications. The general
features of the platinum-titania interaction, such
as the essential role of oxygen vacancies in the
emplacementof platinum atoms on the oxide and the
strong metal-support interaction, are highlighted.
The synthesis methods of atomically dispersed
platinum as well as the driving force for deposition
of platinum have been named and discussed.
Approaches for theoretical and experimental
characterisation of Pt-SAs on titania have been
revised. Pt-SAs on titania show enhancement
towards photocatalytic HER, compared to Pt-NPs
on titania and pure titania. However, it has been
shown experimentally that HER on platinum on
titania is conditioned only by a low amount of SAs,
which dictates the need to improve titania as a
light-absorbing material. Multiple experiments with
other photocatalytic reactions also demonstrate the
advantage of the Pt-SAs on titania photocatalyst
over nanoparticulated platinum or pristine titania,
which is accompanied by a high selectivity above
90% towards specific products. In addition, the
saturation of the chemical bonding for platinum
atoms on the oxide surface increases the tolerance
to specific poisonous agents, such as carbon
monoxide (Section 2.2). This makes the inactivation
problem for Pt-SAs less noticeable compared to
Pt-NPs and increases the potential use of these
catalysts for various applications. However, the
existing gaps in understanding the role of Pt-SAs
in catalysis point the direction for future studies.
Atomically dispersed platinum on the support
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Table I Photocatalytic redox reactions performed with Platinum Single Atoms on Titania

Type of .
Type of . Light source /
Ref. BBt aralrer photo_catalytlc e Results
experiment
Photodeposited Pt . ~50% and ~9-fold improvement
: . Photodegradation of 365 nm UV-LED / . 5 '
(18) on TiO, and Fe-TiO,, acid orange 7 22 MW cm-2 of photoc_ataly5|s for_Pt doped TiO,
prepared by sol-gel and Fe-TiO,, respectively
3.5-fold increase for SMX
(Ssl,lll/t;?(?’nedtil'::ohﬁrzc?_le AM 1.5G solar degradation for Pt;/TiO, compared
! . simulator/100 mW  with TiO,; 6.4- and 11.3-fold
phenoxy-acetic _
Pt-SAs at Facet- acid (2,4-D) cm enhancement for SMX and 2, 4D
(48)  engineered A-TIO, ' compared with P25
Perfluorooctanoic ﬁ;ﬁ n71758\;v-nle\)/v 15-fold increase of degradation
acid (PFOA) cm‘e ) compared with Pt-NPs @ TiO,
Dark deposited Pt- 2.5 W VUV mercury _ .
(55) SAS 0N MESoporous Tcl;luterlje dati lamp (254 nm + tlplo to 5.94-fold Ienhancement in the
Tio, photodegradation 184 nm) oluene remova
Impregnated Pt-SAs N _ . 3-times higher benzaldehyde yield
(58) in mesoporous TiO,- Oxidation of benzyl 300 W Xe-lamp \.N'th for 1% Pt/TiO, compared with pure
alcohol 420 nm cut-off filter
spheres TiO,
Electrochemically .
; ) Pt-Au/R-TiO, show 5.5- and 149-
(73) S:dpl?;tde?;it) Al_z"oon CO, reduction 862503n\1NL§E_e23rray / fold higher activity compared with
NTs 2 ' Pt-Au/TiO, and R-TiO,, respectively
CO,-to-CO conversion activity of
) S . 300 W Xe-lamp with 20.5 pmol g~ h~! with selectivity
(74)  Pt-SAs/TiO,-TisC, CO; reduction an AM1.5G filter 96%; ~5 times higher conversion
than that for TiO,-P25
Thermal-deposited Gas-phase ~3- and ~7.5-fold higher
atomically dispersed P . 400 W Xe-lamp / 80 degradation rate of acetaldehyde
(75) photodegradation of
Pt on TiO,- acetaldehyde mW cm™ for Pt-SAs/TiO, against Pt-NPs/TiO,
nanosheets Y and TiO,, respectively
Acetone conversion HDN? yield 3.87 mmol g h™* with
) S o9R0 _ i
(76) Pt-SAs on Ti0,-P25  to 2,5-hexanedione 300 W Xe-lamp / selectivity ~93% for Pt-SAs/TiO,;

(HDN) and H»

~800 mW cm™2

>13 times higher production than
with Ir-, Rh-, Ru-SAs/TiO,

@HDN: 2,5-hexanedione

exhibits a unique electronic structure that alters
the thermodynamics of the catalytic steps and
thus influences the pathways of the reactions (77).
Furthermore, stabilisation of Pt-SAs and prevention
of their agglomeration during photocatalysis
remains a problem despite recent achievements
in this field (Section 2.1). The resolution of these
challenges, together with the improvement of
titania as a light absorbing material, may provide
a deeper insight into the overall catalysis process
and become a starting point for the large industrial
utilisation of Pt-SAs on titania as photocatalyst.
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