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Platinum single atoms on titania aid dye
photodegradation whereas platinum nanoparticles
do not†

Claudio Maria Pecoraro,‡a,b Hanna Sopha, ‡c,d Siming Wu,‡a Hyesung Kim,a

Yue Wang,a Jan Macak, c,d Monica Santamaria b and Patrik Schmuki *a,e

The photocatalytic degradation of unwanted organic species has been investigated for decades using

modified and non-modified titania nanostructures. In the present study, we investigate the co-catalytic

effect of single atoms (SAs) of Pt and Pt nanoparticles on titania substrates on the degradation of the two

typical photodegradation model pollutants: Acid Orange 7 (AO7) and Rhodamine B (RhB). For this, we use

highly defined sputter deposited anatase layers and load them with Pt SAs at different loading densities or

alternatively with Pt nanoparticles. We find that the Pt SAs have strong accelerating effects (already for a

low loading density of ∼105 SAs µm−2) on the photodegradation of AO7, whereas Pt nanoparticles do

hardly have an effect on the decay kinetics. The main beneficial effect of SA Pt is facilitated superoxide

formation, which for SAs is significantly enhanced. Overall, the work demonstrates that Pt SA co-catalysts

can have a beneficial effect not only for the well-studied use of H2 generation, but also in the photo-

catalytic degradation of pollutants—this is particularly the case if the degradation is dominated by a con-

duction band electron transfer to dissolved O2 in the solution.

1. Introduction

Since the pioneering work of Fujishima and Honda on TiO2

photoelectrodes in 1972,1 semiconductor photocatalysis has
been used for a wide range of applications, including H2

generation,2–5 degradation of pollutants,6–9 and more complex
reactions such as selective organic synthesis10–14 or CO2

reduction.15–18 Over many decades, pollution degradation
involved various classes of pollutants, e.g., polychlorinated
biphenyls or halogenated hydrocarbons,19–21 where hydro-
carbons ultimately were reduced to CO2 and water. In this
field, TiO2 represents the benchmark semiconductor material,

due to its high photocatalytic activity, excellent stability, low
cost, and non-toxic nature.22–25

In the photocatalytic reaction, photoinduced electrons (e−)
and holes (h+) are generated and migrate to the surface of the
photocatalyst and are transferred to the environment, leading
to reduction and oxidation reactions, respectively. Pollutant
degradation processes can either take place in a direct reaction
of the excited charge carriers (e− and h+) with the target pollu-
tant or by the formation of various reactive oxygen species
(ROS), such as hydroxyl radicals (•OH) and superoxide anion
radicals (•O2

−), through reactions with H2O or O2. Such reactive
species can be formed either by the reductive reaction of O2 (if
present) with electrons from the conduction band or by an oxi-
dation reaction of valence band holes with water. The formed
ROS then often play a crucial role in the transformation of
organic pollutants into less harmful products.

The evaluation of photocatalysts’ photodegradation per-
formance has been a subject of extensive investigation, often
utilizing dyes such as Acid Orange 7 (AO7) and Rhodamine B
(RhB) as model pollutants. These dyes offer the advantage of
being readily detectable even at low concentrations, and their
intricate chemical composition, often characterized by conju-
gated aromatic compounds, presents a challenging scenario
for their conversion into less environmentally hazardous com-
pounds.26 Due to their wide use as model pollutants, the
decay cascade of AO7 and RhB on TiO2 is relatively well
known.27–29 A main difference between the degradation

†Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4nr02450h
‡These authors contributed equally.

aDepartment of Materials Science and Engineering, Chair for Surface Science and

Corrosion (WW4-LKO), Friedrich-Alexander-Universität Erlangen-Nürnberg,

Martensstraße 7, 91058 Erlangen, Germany. E-mail: schmuki@ww.uni-erlangen.de
bDipartimento di Ingegneria, Università degli Studi di Palermo,

Viale delle Scienze Edificio 6, 90128 Palermo, Italy
cCenter of Materials and Nanotechnologies, Faculty of Chemical Technology,

University of Pardubice, Nam. Cs. Legii 565, 53002 Pardubice, Czech Republic
dCentral European Institute of Technology, Brno University of Technology,

Purkyňova 123, 61200 Brno, Czech Republic
eRegional Centre of Advanced Technologies and Materials, Šlechtitelů 27,

78371 Olomouc, Czech Republic

This journal is © The Royal Society of Chemistry 2025 Nanoscale, 2025, 17, 3949–3957 | 3949

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 7
/1

9/
20

25
 1

1:
47

:3
0 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

http://rsc.li/nanoscale
http://orcid.org/0000-0001-7144-5427
http://orcid.org/0000-0001-7091-3022
http://orcid.org/0000-0002-8690-4881
http://orcid.org/0000-0002-9208-5771
https://doi.org/10.1039/d4nr02450h
https://doi.org/10.1039/d4nr02450h
https://doi.org/10.1039/d4nr02450h
http://crossmark.crossref.org/dialog/?doi=10.1039/d4nr02450h&domain=pdf&date_stamp=2025-02-08
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr02450h
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR017007


sequences of Acid Orange 7 (AO7) and Rhodamine B (RhB) on
TiO2

30–33 is that for AO7 the decay is reported to follow an elec-
tron-dominated reaction pathway, triggered by •O2

− that is
formed on TiO2 by the reaction of O2 with conduction band
electrons, whereas for RhB usually it is assumed that the for-
mation of •OH radicals by a valence band hole-dominated reac-
tion is the key decay pathway.34,35 The behavior of these
different dyes, along with other findings, was used to gain
insight into the catalysts’ ability to generate these ROS. In TiO2

photocatalysis, often the application of co-catalysts is investi-
gated. In particular, for the reaction of conduction band elec-
trons with H+ ions in the solution – in photocatalytic H2 gene-
ration – the use of noble metal catalysts and their highly ben-
eficial effect on the reaction have been extensively studied,36–38

interestingly their use was rarely explored for photodegrada-
tion processes. One may speculate that most common co-cata-
lysts (e.g., Pt, Pd, etc.) have been explored, but were found to be
ineffective. Nevertheless, noble metal co-catalysts are typically
employed in the form of nanoparticles on TiO2 surfaces, but in
recent years, the use of single atoms (SAs) of Pt as co-catalysts
for H2 generation has attracted wide interest,39–42 not only
because they represent minimum material usage with a
maximum gain situation, but also because unusual reaction
sequences become possible43–49 and exhibit an exceptional
ability to enhance ROS production.50–53 Noble metal SA co-cat-
alysts in photodegradation are limited to a few reports invol-
ving noble metal SAs on C3N4,

54–56 and investigations on TiO2-
based SA photocatalysts for pollution degradation are notably
lacking.

We employed a Pt SA decorated sputtered TiO2 layer as a
model catalyst for pollutant degradation studies. This system
was synthesized using a reaction deposition method previously
reported41,57–59 and has been thoroughly characterized in pre-
vious works using techniques such as X-ray Absorption Near
Edge Structure (XANES), Extended X-ray Absorption Fine
Structure (EXAFS), and Fourier Transform Infrared
Spectroscopy (CO-FTIR), as well as investigations on the
loading and distribution of Pt SA, etc.60–63 That is, the prepa-
ration procedure is well characterized and loading and dis-
persion control has been established.40,58,61,64,65 The findings
indicate that Pt SAs can significantly accelerate the degra-
dation of AO7, whereas they have virtually no effect on the
decomposition of RhB. We attribute this to the fact that the
decay of AO7 is primarily driven by a conduction band electron
transfer process (specifically the formation of •O2

−). While SA
Pt has a substantial impact, the acceleration effect is only
minor for Pt nanoparticles. The NBT assay confirmed this be-
havior, as Pt SA was significantly more effective in generating
•O2

− compared to Pt NPs and bare TiO2.

2. Experimental section
2.1. Materials

H2PtCl6·6H2O (Metakem), Rhodamine B (Sigma-Aldrich), Acid
Orange 7 (Sigma-Aldrich), and nitrotetrazolium blue chloride

(NBT, Sigma-Aldrich) were used as received without additional
purification.

2.2. Synthesis of Pt TiO2 samples

TiO2 supports were synthesized through direct current sputter-
ing onto fluorine-doped tin oxide (FTO, 7 W sq.−1, Pilkington),
and the sputtering time was 4 hours. A detailed description of
the procedure can be found elsewhere.57 TiO2 supports were
annealed in air at a temperature of 450 °C for 1 hour.

For Transmission Electron Microscopy (TEM) investi-
gations, supports consisting of an 8 nm SiO2 membrane with a
Si3N4 mesh on a 200 µm thick silicon substrate, procured from
Plano GmbH, were employed. 7 nm thin TiO2 layers were de-
posited onto them using DC magnetron sputtering for a dur-
ation of 12 minutes, and subsequently, they were annealed in
ambient air at 450 °C for 1 hour.66

The surface of TiO2 was decorated with Pt SAs using a
simple reactive deposition method.41,58 The TiO2 support was
immersed in a 10 ml solution containing H2PtCl6·6H2O, with
concentrations ranging from 0.005 to 5 mM, shortly after a
15 minute purging with argon. The sample was then subjected
to a reactive deposition process for 1 hour. Afterward, the
sample was immersed in water twice for 15 minutes and dried
using a flow of N2. These samples were named “X mM Pt SA–
TiO2”, where X represents the concentration expressed in mM
of H2PtCl6·6H2O. For example, in 1 mM Pt SA–TiO2, a 1 mM
precursor solution was used to decorate TiO2 through the reac-
tive deposition method.

The photo-deposition method was used to load Pt nano-
particles onto TiO2 supports. The TiO2 support was placed in a
10 ml solution containing H2PtCl6·6H2O. Subsequently, the
samples underwent a photo-deposition process when exposed
to an LED light source (λmax = 365 nm, Imax = 600 mW cm−2)
for a duration of 1 hour. Following this, the sample was
immersed in water twice for 15 minutes each time and then
dried using a stream of N2. Considering the same approach
described above, these samples were identified as “X mM Pt
NP–TiO2,” with X representing the concentration of
H2PtCl6·6H2O expressed in mM.

2.3. Characterization

Field-emission Scanning Electron Microscopy (SEM, Hitachi
S-4800) and Scanning Transmission Electron Microscopy
(STEM, Thermo Fisher Scientific Spectra 200C-FEG) were
employed to analyze the surface morphology of Pt-loaded
TiO2. The surface chemical composition was also examined
using X-ray Photoelectron Spectroscopy (XPS, PHI 5600).

The absorbance spectra of the dye-containing solutions in
the wavelength range of 200–800 nm were recorded using a
UV/VIS/NIR spectrometer (Lambda XLS+, PerkinElmer). The
spectrometer was equipped with a tungsten–halogen lamp for
UV light. The solutions were placed in transparent quartz cuv-
ettes (Hellma Analytics), and the relative color intensity was
correlated with the dye’s maximum absorbance peak. The
maximum absorbance peak was observed at 554 nm for RhB,
485 nm for AO7, and 260 nm for NBT.
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NBT assays were carried out to assess the •O2
− production

in bare TiO2 and TiO2 decorated with Pt as SA or NP. The
concentration of the Pt precursor was 0.005 mM in both
cases. The NBT maximum absorption peak is situated far
from the wavelength of the monochromatic 365 nm LED
light source, resulting in negligible absorption at this wave-
length. Hence, employing NBT for superoxide detection
does not conflict with light absorption issues. Notably, the
reaction between NBT and •O2

− resulted in the formation of a
dark precipitate insoluble in aqueous solutions.67 The com-
parison of the •O2

− production of various samples was exe-
cuted by measuring the decreased intensity of the absor-
bance of NBT in the solution. Directly after the NBT assay,
the dark precipitate on the TiO2 samples was analyzed
through diffuse reflectance spectral analysis. This analysis
was conducted using a fiber-based UV-VIS-IR spectrophoto-
meter (Avantes, ULS2048) equipped with an integrating
sphere (AvaSphere-30) using an AvaLight-DH-S-BAL balanced
power light source. A BaSO4 standard whiteboard was
employed as a reference material. Additionally, bright-field
optical microscopy (Nikon, Japan) was used to capture
images of the samples.

Linear sweep voltammetry (LSV) curves were obtained in 0.1
M Na2SO4, using a conventional three-electrode setup, with Pt
foil serving as the counter electrode and a saturated Ag/AgCl
electrode as the reference. The LSV measurements were
carried out at a scan rate of 5 mV s−1.

2.4. Photodegradation tests

The photodegradation of dyes, 10 μM RhB or 25 μM AO7 as the
starting concentration, was carried out in a quartz tube using
TiO2 samples without Pt or loaded with Pt by employing
various concentrations of H2PtCl6·6H2O. A schematic illus-
tration of the setup for the photodegradation test is shown in
Fig. S1.† The reaction volume was 10 ml. The experiments
were conducted either in an air saturated system or under an
argon atmosphere. To ensure the establishment of an adsorp-
tion/desorption equilibrium between the sample and the dye,
the sample was immersed in the dye solutions for 1 hour
before irradiation. During the photodegradation test, 2.5 ml of
the dye solution was taken every 20 minutes of irradiation
under vigorous stirring and analyzed using a UV/VIS/NIR
spectrometer. After analysis, the extracted portion was
returned to maintain the original reaction volume, and the
total irradiation time was 120 minutes.

In the case of photodegradation conducted under an argon
atmosphere, the solution was purged for 15 minutes, and the
cell was sealed, soon after immersing the sample. Following
the aliquot analysis, the cell was purged with argon for a dur-
ation of 5 minutes before being sealed again.

The NBT assay, with 10 μM as the starting concentration,
was performed in an air saturated system. The experimental
setup and procedure followed were identical to those used for
the photodegradation of dyes.

An LED light source (λmax = 365 nm, Imax = 65 mW cm−2)
was used for illumination.

Notably, in all photodegradation experiments, a TiO2 layer
was consistently used as the catalyst, prepared by sputtering to
ensure uniform thickness across all samples. This ensured
that the substrates were identical, with the only difference
being the Pt loading. The dosage and other experimental con-
ditions were carefully controlled and kept consistent through-
out the study.

3. Results and discussion

For our investigations, we used DC magnetron deposited
anatase layers on FTO substrates or alternatively on TEM grids
that were then decorated with Pt SA as described in previous
work.57,58,61

To illustrate the process, an SEM image of a cross-section of
such a layer is shown in Fig. 1a, confirming the presence of a
flat layer with an approximate thickness of 200 nm. Then
these surfaces were loaded either with Pt nanoparticles
(Fig. 1b) using classic photodeposition as reported in the
Experimental section or with Pt SAs (Fig. 1c and d) using the
reactive SA deposition method described in the Experimental
section and in ref. 41 and 58.

Fig. 1c and d show the SEM images of TiO2 loaded with SA
Pt from a 0.005 mM Pt solution or a 2 mM Pt solution, respect-
ively. In these high-resolution SEM images, there is no notice-
able change in the TiO2 surface morphology after Pt decoration
(see also Fig. S2†), and, as expected, no signs of Pt nano-
clusters or nanoparticles are observed on TiO2. The XRD pat-
terns of TiO2, TiO2 loaded with Pt SAs, and TiO2 loaded with
Pt NPs show no obvious difference, i.e., only the diffraction
patterns of anatase TiO2 and FTO, and no reflections associ-
ated with metallic Pt (Fig. S3†). However, the presence of Pt as
SAs on the TiO2 surface can be clearly revealed through High-
Angle Annular Dark-Field Scanning Transmission Electron
Microscopy (HAADF-STEM) images. Fig.† 1e and f show the
anatase films on the TEM stage from two precursor concen-
trations (0.005 mM and 2 mM Pt). For the loading from
0.005 mM precursor solution, HAADF-STEM shows exclusively
well dispersed Pt atoms (examples are circled in red), whereas
for the 2 mM Pt SA–TiO2 sample, also some 2D rafts are
present, as indicated by yellow circles in Fig. 1f. The Pt single
atom density was obtained by counting individual Pt atoms
and clusters within a known area in a series of HAADF-STEM
images, where both individual Pt atoms and clusters were con-
sidered as individual active sites. This resulted in SA densities
of 3.3 × 105 μm−2 for the 0.005 mM Pt SA and 1.4 × 106 μm−2

for the 2 mM Pt SA loaded TiO2 sample, well in line with pre-
vious studies.61 Fig. 1g presents a statistical analysis of the size
distribution of Pt SAs after treatment in 0.005 mM and 2 mM
Pt solutions. The analysis reveals that in the first case, a sub-
stantial portion of Pt, specifically 89%, is present on the TiO2

surface as individual atoms, and a minor amount as 2D assem-
blies in the range of 0.3 nm. In contrast, for the 2 mM Pt SAs
sample, only 62% of Pt is present as individual atoms, while
2D rafts up to 2 nm in size are observable.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2025 Nanoscale, 2025, 17, 3949–3957 | 3951

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 7
/1

9/
20

25
 1

1:
47

:3
0 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr02450h


The quantitative total amount of Pt loading and the chemi-
cal state of the deposited Pt were then investigated by XPS.
Fig. 1h shows the Pt 4f XPS spectra of 0.005 mM Pt SAs and

2 mM Pt SAs on the substrate, as well as for the NP samples.
In the case of Pt SAs, the Pt 4f spectra exhibit a doublet posi-
tioned at ∼72.4 eV and 75.6 eV. This observation is consistent

Fig. 1 SEM images of (a) cross-section of a 200 nm sputtered TiO2 layer on FTO; the top view is shown as the inset. (b) 0.005 mM Pt NP–TiO2;
examples of NP are circled in blue, (c) 0.005 mM Pt SA–TiO2, and (d) 2 mM Pt SA–TiO2. TEM images of 0.005 mM Pt SA–TiO2 and 2 mM Pt SA–TiO2

are shown in (e) and (f ), respectively, and examples of Pt as a SA and cluster are circled in red and yellow. (g) Statistics of size distribution percentage
of Pt SA at 0.005 am 2 mM loading. (h) XPS spectra in the Pt 4f region.
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with SA Pt coordination with oxygen atoms of the TiO2 surface,
where the peak position corresponds to a formal charge (δ+) on
Ptδ+ with a value of δ ≈ 2.68 Meanwhile, more pronounced
peaks for the 2 mM Pt SA–TiO2 sample compared to those of
0.005 mM Pt SA–TiO2 can be observed due to a higher Pt
loading. Quantitative evaluation yields a Pt loading amount of
0.49 ± 0.05 at% and 0.24 ± 0.05 at% for 2 mM SAs and
0.005 mM SAs, respectively (Table S1†). In contrast, the Pt NP
sample shows a doublet located at ∼70.5 eV and 74.1 eV,
which is typical of Pt0 in a metallic nanoparticle configur-
ation.62 For the NP sample, the total loading amount is 0.6 ±
0.05 at% as determined from XPS (Table S1†).

We then used the different Pt loaded samples (as well as
non-loaded samples) for the photodegradation of AO7 and
RhB (Fig. 2a and b). In these experiments, we used SA depo-
sition from a range of Pt precursor concentrations (ranging
from 0.005 to 5 mM). The resulting degradation of the dyes
over time is shown in a ln(C/C0) plot (assuming a first-order
decay mechanism) – the original UV-vis absorption spectra are
reported in Fig. S4 and S5.† From a linear fit of the data, the
corresponding rate constants can be extracted (in Fig. 2c, the
error bars represent the average deviation between experi-

mental data and the fitting). Besides, the UV-vis spectral data
before the photodegradation experiments (Fig. S4–S6†) indi-
cate minimal dye adsorption on all samples.

It should be noted that in the literature apart from a true
photocatalytic degradation, also self-sensitization of RhB and
AO7 has been investigated as a possible degradation mecha-
nism in dye degradation experiments.69,70 However, for our
experimental configuration (flat TiO2 layer), we show that
photosensitization has no measurable effect on the degra-
dation of AO7 and RhB, as evidenced by the experimental data
in Fig. S7.† In both cases, the inclusion of the TiO2 catalyst
results in almost no change in degradation percentage com-
pared to the control experiment where no catalyst was added
(Fig. S7†).

Remarkably for AO7, the presence of the Pt SA co-catalyst
can strongly enhance the degradation rate – the efficiency
enhancement increases significantly at a low concentration of
0.005 mM with a loading of 0.24 at% and then saturates at
1–2 mM (∼0.45 ± 0.05 at%, Table S1†). Even more remarkable
is the finding that the presence of nanoparticles of Pt has only
a minor impact on the degradation rate of AO7 (Fig. 2d, blue
bars). Furthermore, for RhB degradation, the presence or

Fig. 2 Photodegradation tests carried out in an air saturated system of AO7 (a) and RhB (b) with various Pt SA samples. The degradation rate con-
stants are shown in (c). (d) Photodegradation percentages of AO7 and RhB after 2 hours of irradiation in an air saturated system (full bars) or under
an argon atmosphere (dashed bars). 2 mM Pt SA–TiO2 was employed for AO7 degradation, and 0.005 mM Pt SA–TiO2 for RhB degradation. For both
dyes, bare TiO2 and 0.005 mM Pt NP–TiO2 were used.
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absence of Pt SAs has hardly any effect on the photodegrada-
tion rate.

The results thus show that Pt SAs can enhance the AO7
photodegradation efficiency strongly and evidently the influ-
ence of Pt SAs is very different for the two dyes – this may
reflect a different critical step in their respective decay mecha-
nisms. As mentioned before, for AO7 and RhB, the literature
reports on differences in the decay initiating species that
is formed either by a valence or a conduction band
mechanism.30–33 In the conduction band mechanism, the key
reaction is the sequence of electron transfer to O2 present in
the environment (solution) and the formation of •O2

−,71 while
in the valence band mechanism, a hole is transferred to water
forming •OH.72 In order to probe the need for O2 in the reac-
tion sequence, we used argon purging to remove O2 from the
solution.73 The results of AO7 and RhB dyes’ photodegradation
after Ar purging are presented in Fig. 2d, with dashed bars
(absorption spectra are reported in Fig. S6†). Clearly, the
photodegradation of AO7 is found to be strongly reduced in
the absence of O2. This finding shows that the presence of O2

is critical for the degradation of AO7 and thus the formation of
•O2

− may be the key. This is in stark contrast to RhB where for
the SA decorated case the presence or absence of O2 only
minorly affects the degradation rate.

Notably, under an air atmosphere, the presence of O2 may
induce trapped electrons to undergo a reaction resulting in the
generation of •O2

−. However, while •O2
− serves as the principal

reactive species responsible for AO7 degradation, in the RhB
case, although it is highly reactive and unstable, it does not
react significantly with RhB.

This is in line with reports that ascribe valence band hole
generated •OH a major role in the photodegradation of RhB.32

The AO7 results suggest that the oxygen reaction to form
superoxide (•O2

−) is strongly enhanced in the presence of Pt
SAs.

In order to verify the role of •O2
− formation, we performed

the NBT assay which is a comparably straightforward color
indicator reaction for the presence of •O2

− species, for experi-
ments with plain TiO2, TiO2 decorated with Pt SAs, and TiO2

decorated with Pt nanoparticles under an air-saturated atmo-
sphere and Ar atmosphere (Fig. 3a and S8, 9†). A reduction in
degradation under an Ar atmosphere is observed in all
samples compared to an air-saturated system, suggesting that
a significant portion of the •O2

− is generated through the direct
reduction of O2. Evidently, NBT degrades under irradiation in
all samples. But clearly, the activity for the generation of •O2

−

follows the order of SA > NP > bare TiO2. This trend can be
seen in both the UV-VIS spectrophotometer data (Fig. 3b) and
optical microscopy images (Fig. 3c–e). The dark precipitate
that forms at the center of the irradiated region of the samples
is the NBT degradation product. As depicted in the surface
reflectance data in Fig. 3b, Pt SA–TiO2 samples provide clearly
the highest absorption intensity for the formation of the NBT
reaction product, whereas Pt NP–TiO2 shows a significantly

Fig. 3 (a) NBT assay results, (b) UV-Vis spectra, and (c)–(e) pictures of the samples and the respective magnifications obtained through an optical
microscope soon after the NBT assay of 0.005 mM Pt SAs–TiO2, 0.005 mM Pt NPs–TiO2 and bare TiO2.
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lower activity, and bare TiO2 exhibits the lowest. Furthermore,
the optical microscopy images in Fig. 3c–e also illustrate that
the Pt SA sample exhibits the most pronounced formation of
the dark reaction product. These observations indicate that Pt
SAs have a strongly promoting effect on the generation of •O2

−

radicals, whereas Pt nanoparticles have only a minor effect.
To further support these findings, we obtained linear sweep

voltammetry curves comparing bare TiO2 with TiO2 decorated
with Pt SAs, as shown in Fig. S10.† The LSV curves reveal that
TiO2 with Pt SAs exhibits a significantly higher cathodic
current density compared to bare TiO2. This indicates that the
addition of Pt SAs enhances electron transfer, likely contribut-
ing to the more efficient reduction of O2 to •O2

−. Notably,
according to the existing literature, Pt SAs are recognized for
their ability to act as electron-capturing centers, facilitating
the conversion of O2 into •O2

− radicals.74 Additionally, Pt SAs
may improve the adsorption and activation of O2, further
enhancing •O2

− formation.75 This capacity to generate reactive
oxygen species likely explains the superior performance of Pt
SAs in the •O2

− mechanism compared to Pt NPs. These findings
are in line with the literature—DFT calculations confirm that
single-atom catalysts are more effective than nanoparticles in
generating radicals during photocatalytic oxidation and
reduction reactions.52,53,75,76

Based on these findings, one can postulate the photodegra-
dation mechanisms relevant to AO7 and RhB and the ben-
eficial effect of Pt SAs in the case of AO7 as schematically illus-
trated in Fig. 4a and b. In line with the literature, •O2

− radicals
through a conduction band process play a crucial role in the
photodegradation of AO7, whereas, in contrast, for RhB photo-
degradation this process matters only in a minor way.

For RhB, the degradation is controlled by the oxidation
process via the valence band process that is either direct or
proceeds via ROS produced through the reaction of h+ with
water (Fig. 4a, bottom).32 Consequently, conduction band pro-
cesses and the promoting effect of Pt SAs on the electron trans-
fer have a minor impact on the degradation of RhB.
Conversely, for AO7 photodegradation the main role is the for-
mation of superoxide •O2

− from water dissolved oxygen (Fig. 4a.
up) via conduction band electrons.

Overall the data clearly show that Pt in the form of SAs (but
much less as NPs) is a highly active co-catalyst for the photo-
catalytic degradation of unwanted species if the reduction of
solution dissolved O2 is key to the decay mechanism. Notably,
additional cycling tests for AO7 degradation using 2 mM Pt SA
TiO2 demonstrate that the degradation percentage remains
similar at around 30% over the three cycles (Fig S11†), con-
firming good long-term stability.

4. Conclusions

In conclusion, this study investigates the efficacy of Pt SAs as
co-catalysts on TiO2 in the photocatalytic degradation of the
two most classic model pollutants (AO7 and RhB dyes). We
find that Pt SAs cause a strongly enhanced degradation of
AO7 – this is ascribed to the SA Pt promoted formation of •O2

−.
NBT assays show that Pt SAs are significantly more effective in
generating •O2

− compared with Pt NPs. For RhB this enhance-
ment effect is not effective as the degradation process is con-
duction band controlled and seems typically not to follow a
•O2

− formation mechanism.

Fig. 4 (a) Reaction mechanism proposed for Acid Orange 7 and Rhodamine B. The details of the O2 reduction to generate •O2
− on the Pt SA surface

are shown in (b).
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In summary, this study describes the promising potential
of Pt SA–TiO2 photocatalysts in the photodegradation of pollu-
tants and thereby opens up new strategies for environmental
remediation and sustainable technologies.
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