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Abstract

At present, the development of methods for sensitisation to the visible and IR spectral regions of systems for the
photocatalytic production of reactive oxygen species based on titanium dioxide nanoparticles is of great interest. The
purpose of this work was to establish the regularities of the photogeneration of reactive oxygen species during the formation
of TiO, nanoparticle - Ag,S quantum dots nanoheterosystems under the action of radiation in visible and near-infra-red
spectral regions.

The paper analyses the photocatalytic properties of anatase nanoparticles 10~15 nm in size decorated with colloidal Ag,S
quantum dots with an average size of 2.5 nm passivated with thioglycolic and 2-mercaptopropionic acids. Selective sensor
dyes were used to estimate the effectiveness of sensitisation of various reactive oxygen species with the studied photocatalysts
under excitation in the UV and visible region. It was shown that decorating TiO, nanoparticles with quantum dots leads to
an increased efficiency of the production by the system of hydroxyl radical, superoxide anion, and hydrogen peroxide under
photoexcitation in the TiO, absorption region (UV range). Sensitisation of the production of reactive oxygen species by
nanosystems was detected during excitation by radiation in the visible spectral region (outside the intrinsic TiO, absorption
band). It was also found that there is an increase in the efficiency of the production of reactive oxygen species (up to
1.5 times) when thioglycolic acid is replaced with 2-mercaptopropionic acid as a passivator of Ag,S quantum dots. The
obtained data were used to develop a schematic diagram of photoprocesses in the system.
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1. Introduction

Currently, scientists are actively developing
hybrid nanosystems for photovoltaics and
photocatalysis applications [1-4]. They are also
studying the possibility of using them in clean-
up systems [5-7], hydrogen production systems
[8-10], for the creation of photobactericidal
coatings and systems used to produce reactive
oxygen species [11, 12]. Titanium dioxide (TiO,)
has been recognised as being the most suitable
for such applications [13, 14]. However, the edge
of photosensitivity for titanium dioxide (anatase
and rutile) is about 3.1-3.2 eV [15, 16]. Therefore,
there is a practically important problem of
photosensitising TiO, to visible and IR radiation.
Such photosensitisers can be organic dyes [1, 2,
4], plasmonic nanoparticles [17, 18], metal ions
[19, 20], and semiconductor quantum dots (QDs)
[23, 24].

Ag,S QDs are appropriate for sensitising TiO,
to the visible region. Silver sulphide is non-toxic,
insoluble in water, chemically stable, and has the
band gap of a massive crystal equal to 1.0 eV [25].
Ag,S QDs have size-dependent luminescent and
absorption properties [26] and can excite TiO,
throughout the visible and near-infra-red region.

Silver sulphide is mainly considered for use
as a sensitiser for heterosystems based on Ag,S
epitaxial nanoparticles which are grown or
deposited on the surface of TiO, nanoparticles
(NPs). As a rule, large Ag,S nanoparticles are
used, of about 5 nm in size and over that hardly
have any size effect [27-33]. There are practically
no publications devoted to the consideration of
the photocatalytic properties of nanosystems
based on TiO, nanoparticles (NPs) decorated with
colloidal silver sulphide QDs 1-4 nm in size. In
addition, the influence of QD passivators on the
photocatalytic properties of the TiO, NP - Ag S
QDs nanosystems still has not been established.
Due to the significant nonstoichiometry, Ag,S
QDs are characterised by the presence of a
large concentration of defects whose levels
can participate in photocatalytic reactions [34]
and manifest themselves in the recombination
luminescence of the QDs [26, 35, 36]. Thus, it is
important to obtain Ag,S QDs with an interface
structure that provides adsorption on the TiO,
surface and effective photosensitisation of the
production of reactive oxygen species.
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The purpose of this work was to establish
the patterns of photosensitisation of reactive
oxygen species (ROS) during the formation of
the TiO, NP - Ag,S QDs nanoheterosystems when
the latter are passivated with thioglycolic and
2-mercaptopropionic acids.

2. Experimental
2.1. Methods for sample synthesis

Used reagents: silver nitrate (AgNO,),
thioglycolic acid (TGA), 2-mercaptopropionic
acid (2MPA), sodium sulphide (Na,S), titanium
tetrachloride (TiCl,), absolute ethanol,ammonium
hydroxide (NH,OH), sodium hydroxide (NaOH),
5-amino-2,3-dihydro-1,4-phthalazinedione
(luminol), 2H-1-benzopyranone-2 (coumarin),
imidazole, 4-nitroso-N,N-dimethylaniline
(RNO) were purchased from Sigma-Aldrich and
were used without further purification. Amplex
UltraRed and horseradish peroxidase were
purchased from Thermofisher Scientific.

Colloidal Ag,S QDs passivated with thioglycolic
(hereinafter Ag,S/TGA) and 2-mercaptopropionic
(hereinafter Ag,S/2MPA) acids were synthesised
inwater using Na,S as a source of sulphur with the
mixture pH of 10 [36]. During the last stage, 50 ml
of 1 uM aqueous Na,S solution was added to the
reaction mixture to achieve QDs with an average
size of about 2.5 nm. The QDs were then purified
from the reaction products by centrifugation and
subsequent dissolution in water.

TiO, NPs were synthesised using the sol-
gel method by means of titanium tetrachloride
hydrolysis. As part of a typical approach, 3.5 ml
of TiCl, was dissolved in 35 ml of absolute
ethanol in an ice bath at 0 °C. The gel was kept
for 5 days in a refrigerator and dried at 80 °C.
The collected white TiO, crystals were washed
several times in distilled water and centrifuged
to remove residual reaction products. They were
then annealed in air for 2 hours at 400 °C to form a
crystalline anatase structure and remove organic
impurities. The collected fine crystalline powder
was sonicated at 60 kHz for an hour to separate
stuck nanoparticles.

To obtain the TiO,~Ag,S nanoheterosystems
(hereinafter referred to as NSs), the TiO, NP
powder was dissolved in water and sonicated
for half an hour until a uniform suspension was
obtained. After that, the solution of TiO, NPs
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was mixed with the solution of QDs at the rate
of 10 Ag,S QDs per 1 TiO, NP and dried at the
temperature of 65 °C with constant stirring.
The resulting powder was ground in a mortar,
sonicated for an hour, and washed with distilled
water.

2.2. Equipment and experimental techniques

The OceanOptics USB2000+XR1 fiber
spectrometer (Ocean Optics, USA) equipped with
a USB-DT light source and an IS80 integrating
sphere was used to measure optical absorption
spectra and diffuse reflection spectra in the range
of 200-900 nm. Barium sulphate powder (P.A.)
was used as a white standard. The measured
diffuse reflection spectra were rearranged as
the F(hw) function known as the Kubelka—-Munk
function [37]:

_ 2
FR=K-L-R
S 2R

where R is the diffuse reflection, k is the absorp-
tion coefficient, and s is the scattering coefficient.
The position of the band gap was estimated by
plotting the o"*(hw) = F(hw)-ho dependencies
where F(ho) is the Kubelka—Munk function of the
diffuse reflection spectrum. The linear part of the
function was approximated by a straight line to
the intersection with the x-axis [38].

A computer-aided spectrometric system
based on a MDR-4 diffraction monochromator
(Lomo, Russia) with a PDF10/C semiconductor
low-noise photodiode (ThorLabs, USA) as a
detector was used to measure luminescence
spectra in the range of 700—1200 nm. ANDB7675
laser diode (Nichia, Japan) with the wavelength
of 462 nm was used as a source of luminescence
excitation. A Nichia NCSU276C LED module
(Nichia, Japan) with the wavelength of 365 nm,
TDS-P001L4G05 LED module (TDS Lighling
Co., China) with the wavelength of 520 nm, and
a LS-Xe-150 xenon lamp (OKB Spektr, Russia),
equipped with interference filters were used
to stimulate the production of reactive oxygen
species of TiO, NPs.

Luminescence quantum yield was measured
using a standard method of comparing with a
reference [39]. A solution of indocyanine green in
dimethyl sulfoxide with a luminescence quantum
yield of 13% was used as a reference [40].
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The production of superoxide anion (O, )
was measured by the chemiluminescent method
using luminol [41]. The integral intensity of
chemiluminescence was recorded using an R928P
photoelectron multiplier (Hamamatsu, Japan)
operating in photon counting mode.

Hydrogen peroxide (H,0,) was detected with
an Amplex UltraRed selective sensor [42]. The
luminescence intensity was recorded at the
wavelength of 596 nm.

The concentration of hydroxyl radical
(-OH) was determined by the luminescence of
7-hydroxycoumarin (7HC) in the 470 nm region
[43].

The concentration of singlet oxygen (*O,) was
measured by the absorption method using an
imidazole solution with the addition of 4-nitroso-
N,N-dimethylaniline (RNO) dye [44] in a ratio of
160:1. The measurement was made by decreasing
the optical density of RNO absorption band in the
445 nm region.

The structural properties of the samples were
examined by transmission electron microscopy
(TEM) using a LIBRA 120 transmission electron
microscope (CarlZeiss, Germany) and by X-ray
diffractometry (XRD) using a THERMO ARL
X’TRA X-ray diffractometer (Thermofisher
Scientific, Switzerland).

3. Results and Discussion
3.1. Structural properties of the studied samples

The structure of the synthesised TiO, NPs was
examined by X-ray diffraction. Figure 1 shows
the X-ray diffraction pattern obtained for the K,
emission of copper (1.054 A).

The analysis of diffraction patterns showed
the presence of reflexes corresponding to the
anatase crystal lattice broadened due to the small
size of nanoparticles [45]. Size estimation by the
Scherrer formula:

090
Bcosd’

where f is the half-width of the reflection, A is
the wavelength of radiation (K Cu 1.054 A), 0 is
the diffraction angle, showed 'the presence of
crystallites with an average size of about 12 nm.
This is consistent with the TEM data for the
images shown in Figure 2.

513



Condensed Matter and Interphases / KoHaeHc1poBaHHble cpefbl M MexdasHble rpaHuLbl 2022;24(4): 511-522

0.V.Ovchinnikov et al.  Photosensitisation of reactive oxygen species with titanium dioxide nanoparticles...

1~
(101)

=y (200)
c
g
= (105), (211)
(107)
(213) 204)  (116) (215)
(220) (301)
0 L ! ]
10 20 30 40 50 60 70 80
20, degrees

Fig. 1. X-ray diffraction pattern of TiO,NPs

The analysis of TEM images showed that the study of high-resolution TEM images showed the
TiO, NPs had a shape close to spherical and had  presence of diffraction of the crystallographic
an average size of about 11 nm with a dispersion  plane (121) of the monoclinic crystal modification
of ~27%. of Ag,S (space group P2 /c with an interplanar

The samples of Ag,S QDs had an average size  distance of ~0.27 nm). In the TEM images of the
of 2.5 nm with a dispersion in size of 35 and 40%  TiO,-Ag,S/2MPA and TiO,-Ag,S/TGA NSs, there
for Ag,S/2MPA and Ag,S/TGA, respectively. The were QD clusters near the surface of the TiO,

N
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Fig. 2. TEM images of TiO,NPs, Ag,S QDs, TiO,~-Ag,S NSs, histograms of Ag,S QD size distribution, and a high
resolution TEM image of Ag,S nanocrystal
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nanoparticles. Thus, a conclusion can be made
about the adsorption of Ag,S QDs on the surface
of the TiO, NPs.

3.2. Absorption and luminescence properties
of the studied samples

Optical absorption spectra were broad bands
with the absorption edge shifted towards the
short-wave region relative to the absorption
edge of massive Ag,S (1.0 eV). In the 700 nm
region (Fig. 3a), there were features associated
with excitonic absorption. Using the data on
the position of the exciton transition, the size
of QDs was estimated using the effective mass
approximation [46]:

R’ 1.8¢°
2uR>  eR

where E is the peak exciton absorption, E,"*
is the width of the band gap of the bulk crystal,

—0.248F,

eff _ yrbulk
EY = E"* + .

4 4

m_m,, ]
u=—<——.is the reduced effective mass of
m,_ + m,,

exciton, e is the charge of the electron, ¢ is the
4

dielectric permeability, £}, = ¢ is

2,0 1 1

2e°h" (——+—)

e— mh+

Rydberg’s effective energy. The average size for
the Ag,S/TGA QDs and Ag,S/2MPA QDs was about
2.4 nm, which is close to the TEM data.
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The edge of the absorption spectra obtained
from diffuse reflection (Fig. 3b) for TiO, NPs was
located in the region of 3.21 eV, which coincides
with the data on the width of the band gap of
anatase (3.2 eV) [14, 38]. The absorption spectra
of TiO,-Ag,S/2MPA and TiO,-Ag,S/TGA NSs
(Fig. 3b) had complex structure and were not a
simple superposition of the absorption spectra of
Ag,S QDs and TiO, NPs. Such spectral behaviour
can be a result of the formation of agglomerates of
Ag,S QDs during their adsorption on the surface of
TiO,NPs. It can indicate the emergence of charge
carrier transitions between the components of the
TiO, NP- Ag,S QDs hybrid system.

In the luminescence spectra of the Ag,S/2MPA
and Ag,S/TGA QD samples (Figure 4),luminescence
bands were observed with their maxima at 890 nm
(1.39 eV) and 980 nm (1.27 eV) and quantum
yields of 0.14 and 0.06%, respectively. The value
of the Stokes shift of the luminescence peak
(0.4-0.5 eV) and the half-width of the emission
band of ~ 0.3 eV indicate the trap state nature of
luminescence [26]. It is worth noting the fact that
when the average size of QDs in the samples was
the same, the luminescence peaks were shifted
by 90 nm relative to each other, which indicates
the influence of the surface environment on the
energy of the luminescence centre [26, 35, 36,47].

For Ag,S/2MPA QDs, a 70-fold decrease in
the luminescence quantum yield of Ag,S QDs

b)

o
U
T

Absorbance

TiO2-Ag2S/TGA

TiO2-Ag25/2MPA

500 600 700 900
Wavelength, nm

0
300 400 800

Fig. 3. (a) Optical absorption spectra of Ag,S QDs. (b) Optical absorption spectra obtained using the method
of diffuse reflection and the Kubelka-Munk equation for TiO, NPs, TiO,-Ag,S/2MPA NSs, and TiO,-Ag,S/TGA

NSs
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Fig. 4. Luminescence spectra of Ag,S QDs and TiO,-
Ag,S NSs

was observed when they were used to decorate
TiO, NPs. For Ag,S/TGA QDs, there was a 12-fold
decrease. A significant luminescence quenching
indicates the formation of charge transfer
channels in the nanoheterosystem. Thus, during
the formation of TiO,-Ag,S/2MPA and TiO,-
Ag,S/TGA NSs, there was a transformation of the
structure of the optical absorption spectra of the
NS components and luminescence quenching of
Ag,S QDs.

3.3. ROS Sensitisation with the studied samples
of the TiO,~Ag,S nanoheterosystems

Figure 5 shows the results of measurements
of ROS generation by nanoheterosystems during
excitation in the absorption region of TiO, NPs.
TiO, NPs in water exposed to radiation with
the wavelength of 365 nm produced superoxide
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anion (O,"), singlet oxygen ('0,), hydroxyl radical
(‘OH), and hydrogen peroxide (H,O,), which is
consistent with the data [13]. In the colloidal
solutions of Ag,S/2MPA and Ag,S/TGA QDs,
only the production of hydrogen peroxide was
recorded (Fig. 5d), which had not been previously
recorded for Ag,S QDs in the literature. The
formation of nanosystems led to a change in
the efficiency of production of all types of ROS.
When TiO,-Ag,S/2MPA NSs and TiO,-Ag,S/TGA
NSs were excited in the absorption region of
titanium dioxide, the production of superoxide
anion accelerated by 1.24 and 1.2 times, the
production of hydroxyl radical accelerated
by 156 and 115 times, and the production of
hydrogen peroxide accelerated by 4.14 and 3.4
times, respectively, relative to TiO, NPs. At the
same time, there was a decrease in the efficiency
of production of singlet oxygen by 2.1 and 1.25
times, respectively, for TiO,~Ag,S/2MPA NSs and
TiO,-Ag,S/TGA NSs as compared to TiO, NPs.
When Ag,S QDs and TiO,-Ag,S NSs were
illuminated with the wavelength of 520 nm, the
radiation which is only absorbed by Ag,S QDs,
certain types of ROS were generated (Fig. 6).
Both types of Ag,S QDs only produced hydrogen
peroxide with nearly the same efficiency. Non-
decorated TiO, NPs did not produce ROS under
photoexcitation with the wavelength of 520 nm.
The formation of TiO,-Ag,S/2MPA NSs and
TiO,-Ag,S/TGA NSs led to an increase in hydrogen
peroxide generation by 44 and 38.5 for visible
radiation (520 nm) as compared to the original
Ag,S/2MPA QDs and Ag,S/TGA QDs. In addition,

156 4.14 d)

S4+
o)
©

g 83 <

S £z

3 g2 1

y S

Q S 3 £ <

= b = = 2
Q a4
T o 20.06<0.05

Fig. 5. Histograms of relative concentrations of ROS produced by Ag,S QDs and TiO,~Ag,S NSs under excitation
at A =365 nm: singlet oxygen (a), superoxide anion (b), hydroxyl radical (c), hydrogen peroxide (g). Histograms

are normalised relative to TiO,
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Fig. 6. Histograms of relative concentrations of ROS produced by Ag,S QDs and TiO,-Ag,S NSs under excitation
at A = 520 nm: superoxide-anion (a), hydroxyl radical (b), hydrogen peroxide (c). Histograms are normalised

relative to TiO,-Ag,S/TGA NSs

after decoration, anion superoxide and hydroxyl
radical were formed, and the effectiveness of
TiO,-Ag,S/2MPA NSs was respectively 1.13 and
1.4 times higher than of TiO,-Ag,S/TGA NSs.
None of the samples produced singlet oxygen
under the excitation with the wavelength of
520 nm.

3.4. ROS generation mechanisms in the studied
nanoheterosystems

The analysis of data [48—54] allowed deter-
mining possible mechanisms of ROS production.
Nanoheterosystems produce singlet oxygen only
when excited in the UV region. What is more,
the association with Ag,S QDs results in reduced
efficiency. This indicates a hole transfer from
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TiO, to Ag,S and that the generation of 'O, in the
system occurs due to the interaction of superoxide
anion molecules with holes generated in TiO,
under the action of excitation radiation, following
the O; +h" — 'O, mechanism [53]. The absence
of 'O, production when illuminated with visible
radiation is determined by the absence of holes in
TiO,. To confirm this hypothesis, the generation
of ROS in NSs was measured in the presence of a
colloidal solution of a hole acceptor, 1% methanol
(Fig. 7a). The introduction of 1% methanol
resulted in a ninefold decrease in the efficiency
of singlet oxygen generation for TiO,, whereas
for TiO,~-Ag,S NSs there was a 20-fold decrease.
H,O, production in Ag,S/2MPA QDs and
Ag,S/TGA QDs was performed according to the

b) <) d
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Fig. 7. ROS production by the samples of TiO, NPs and TiO,-Ag,S/2MPA NSs in the presence of a hole acceptor
(methanol): singlet oxygen (A, = 365 nm) (a), hydrogen peroxide (A__ = 520 nm) (b), hydroxyl radical

(A_ =520 nm) (c), anionic superoxide (A

exc exc

=520 nm) (d)
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reaction: O,+2H"+2h" — H,0, [53]. The fact that
the reaction terminated when a hole acceptor was
added speaks in favour of this theory (Fig. 7b).
At the same time, it is likely that in NSs the
process of H,O, production took place on the
surface of TiO, NPs during photoexcitation due
to thereaction of O; +2H"+e” — H,0, [53]. The
3.8-fold increase in the efficiency of production
of H,0, by TiO,-Ag,S NSs when a hole acceptor
was added was probably due to the acceleration
of hole recombination, and hence the increase
in the number of electrons transferred to TiO,.

The production of -OH radicals occurred
on the surface of TiO, by decomposition of
hydrogen peroxide according to the reaction:
H,0,+e" — -OH+OH" [53]. When 1% methanol
was added, the production of -OH radicals
increased by 2.4 times, which was due to an
increase in the concentration of peroxide in the
solution.

Superoxide anion was generated by NSs on
the surface of TiO, according to the reaction
0,+e — O; [53, 54] similar to the case of pure
TiO, NPs. This is supported by the fact that O,"

2022;24(4): 511-522
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was not generated by pure Ag,S QDs. An increased
production of O, under the action of UV radiation
was due a more efficient electron transfer from
Ag,S QDs to TiO,, NPs, which was indirectly
confirmed by quenching QD luminescence during
the assembly of NSs.

The proposed reactions were used to build a
schematic diagram of photoprocesses in the TiO,—-
Ag,S NSs during excitation by radiation in the
visible spectral region (Fig. 8). Photogenerated
electrons pass from size quantization levels of
Ag,S QDs to the conduction band of TiO, NPs,
where they localise in the near-surface layer
and interact with the molecules of H,0 and O,
dissolved in water, which is accompanied by the
release of superoxide anion, hydroxyl radical,
and hydrogen peroxide. The holes at the levels
of size quantization of Ag,S QDs interact with
hydrogen ions and oxygen molecules, which
results in the production of hydrogen peroxide.
NSs are reduced due to the absorption from the
environment (H,0) of free charge carriers which
are formed during the decomposition of short-
lived ROS.
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Fig. 8. Schematic diagram of photoprocesses and photocatalytic reactions in the studied samples of
TiO,-Ag,S/2MPA NSs and TiO,-Ag,S/TGA NSs during excitation at A = 520 nm. The data on redox potential and
the location of bands were taken from [1, 2, 10, 25, 46, 48—54]

518



Condensed Matter and Interphases / KoHaeHcMpoBaHHble cpeabl M MexXdaszHble rpaHuLLbl

0.V. Ovchinnikov et al.

4. Conclusion

The study established new regularities of
photosensitisation processes for reactive oxygen
species of TiO, NPs (anatase) decorated with
Ag,S/2MPA and Ag,S/TGA QDs. It was found
that there is a decrease in the luminescence
quantum yield of Ag,S QDs (a 70-fold decrease
for Ag,S/2MPA QDs and a 12-fold decrease for
Ag,S/TGA QDs) when TiO, NPs are decorated,
which indicates the separation of charge carriers
between the nanosystem components. The
photoexcitation of Ag,S QDs is accompanied
by the production of hydrogen peroxide. It was
shown that the formation of TiO,~-Ag,S NSs (when
excited in the absorption region of TiO,) leads to
an increase in the efficiency of the production
of superoxide anion by 1.2-1.4 times, hydrogen
peroxide by 4-6 times, and hydroxyl radical by
100-150 times and reduces the efficiency of
the production of singlet oxygen by up to two
times. It was found that the excitation of the
NSs in the visible region is accompanied by the
photosensitisation of superoxide anions, hydroxyl
radicals, and hydrogen peroxide, which does not
happen in the case of TiO, NPs. It was noted that
the type of surface environment of QDs affects the
efficiency of the production of individual ROS:
when the system is excited by radiation in the
visible spectral region, NSs based on Ag,S/2MPA
QDs produce ROS 1.1-1.4 times more actively
than NSs based on Ag,S/TGA QDs. As a result of
the study, we developed a schematic diagram of
photoprocesses that determine ROS generation.
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