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Abstract 
The development of new efficient photocatalysts based on nanostructured materials with a wide range of photosensitivity 
in visible and near-infra-red regions and high efficiency of reactive oxygen species generation is an important task. The 
purpose of this project was to establish the possibility of photosensitising the process of generating reactive oxygen species 
(ROSs) with TiO2 nanoparticles (NPs) decorated with colloidal PbS quantum dots (QDs) passivated with 3-mercaptopropionic 
acid (3MPA) as well as the possibility of increasing the spectral sensitivity of synthesised nanoheterosystems into the red 
region.
The paper analyses the photocatalytic properties of TiO2 NPs with an anatase structure and average size of 12 nm decorated 
with colloidal PbS QDs with an average size of 2.7 nm passivated with 3MPA. It also provides structural and spectral 
substantiation of the formation of TiO2 NPs – PbS/3MPA QDs nanoheterostructures. Absorption and luminescence techniques 
were used to establish the efficiency of generating various ROSs by TiO2 NPs – PbS/3MPA nanoheterostructures and their 
individual components under excitation in the UV and visible radiation.
It was shown that TiO2 NPs decoration with PbS QDs extends the spectral range of sensitivity to the generation of reactive 
oxygen species in the UV to 1,100 nm. The study revealed an increased efficiency of hydrogen peroxide generation by 
nanoheterostructures as compared to individual PbS QDs and TiO2 nanoparticles.
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1. Introduction
The development of effective photocatalysts 

of various compositions with a wide range 
of photosensitivity and high efficiency 
of reactive oxygen species generation is an 
important scientific and technological task [1]. 
Traditionally, nanoparticles (NPs) of wide band 
semiconductors, such as TiO2, ZnO, ZnS, etc., 
are used for photocatalysis [1]. However, despite 
their high photocatalytic activity and stability, 
they have a number of drawbacks. The key 
disadvantage of traditional photocatalysts is that 
they are not photosensitive to the visible and near-
infrared spectral regions [1]. Photosensitivity of 
nanoparticles of wide band semiconductors can be 
achieved by doping them with non-metal atoms (S, 
N, C, etc.) and metal ions (Fe3+, Mo5+, Os3+, Rh3+, etc.), 
hybrid association with molecules of organic dyes, 
decorating the surface of the NP with plasmonic 
nanoparticles (Cu, Au, Ag, Pt) or semiconductor 
colloidal quantum dots (QDs) (Ag2S, CdSe, etc.) 
[1–4]. Decoration of the surface of TiO2 NPs with 
colloidal QDs of narrow band semiconductors 
(Ag2S, PbS, etc.) is of particular interest. PbS is 
characterised by the narrow band gap and a large 
Bohr radius of the Wannier–Mott exciton (~18 nm) 
[5]. These properties allow controlling the position 
of the exciton absorption peak in the region of 
800-2,400 nm [6], and, accordingly, the region of 
spectral sensitisation of TiO2 NPs. 

[7, 8] demonstrated the possibility of increa
sing the photocatalytic activity of TiO2 nanotubes 
with a size of 90–100 nm when decorating their 
surface with PbS QDs with a size of 4–5 nm. In 
this case, PbS nanocrystals were grown directly 
on the surface of TiO2 nanotubes. It was shown 
that decoration of TiO2 nanotubes increases 
photocatalytic activity. Other works [9] propose 
a method for increasing the spectral sensitivity of 
the TiO2/Cu heterosystem with a size of ~20 nm 
by the deposition on their surface of PbS QDs 
with an average size of 3–5 nm dispersed in 
toluene. This approach increases the spectral 
sensitivity of the photocatalyst to 610 nm 
depending on the size of QDs. However, there 
have been no systematic descriptions of optical 
and photocatalytic properties of TiO2 NPs and 
PbS QDs heterosystems in literature.

The purpose of this work was to establish 
the possibility of photosensitisation of ROS 
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in the presence of TiO2 NPs – PbS/3MPA QDs 
nanoheterostructures in the visible and near-IR 
region.

2. Experimental
2.1. Sample synthesis methods

Used reagents are lead nitrate (Pb(NO3)2), 
3-mercaptopropionic acid (3MPA), sodium 
sulphide (Na2S), sodium hydroxide (NaOH), 
2H-1-benzopyranone-2 (coumarin), imidazole, 
and 4-nitroso-N,N-dimethylaniline (RNO). They 
were purchased from Sigma-Aldrich and used 
without further purification. Amplex UltraRed 
and horseradish peroxidase were purchased from 
Thermofisher Scientific.

Colloidal PbS QDs were synthesised in water. 
3MPA was used as a passivator. 3MPA (1.5 mmol) 
was introduced into an aqueous solution of 
Pb(NO3)2 (1.5 mmol and 200 ml of water) at 30 °C 
followed by adjustment of the pH level to 10 with 
NaOH solution. Then, with constant stirring a 
peristaltic pump was used to add 50 ml of Na2S 
solution (0.8 mmol), which served as a source of 
sulphur. This ratio of reagents provided for the 
formation of PbS QDs with a concentration of 6·10–

3 mol QD/l in water. To remove the by-products 
of the reaction, PbS QDs were precipitated with 
acetone, centrifuged, and redispersed in water.

The resulting PbS QDs were used to form 
nanoheterostructures with TiO2 NPs. The 
experimental technique was similar to the 
one described in detail in [10, 11]. To form the 
nanoheterostructures, TiO2 NPs were dispersed 
in water and sonicated at 60 kHz until a uniform 
suspension was obtained. The suspension was 
then mixed with a QDs solution and dried at room 
temperature. Free QDs were removed from the 
resulting grey powder.

2.2. Equipment and experimental techniques
Structural studies of the obtained samples 

were performed by transmission electron 
microscopy (TEM) using a Libra 120 PLUS 
transmission electron microscope (Carl  Zeiss, 
Germany) with an accelerating voltage of 120 kV 
and a THERMO ARL X’TRA X-ray diffractometer 
(ThermoFisher, Switzerland).

The optical absorption spectra of the colloidal 
solution of PbS/3MPA QDs and the diffuse 
reflection spectra of the powders of TiO2 – 
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PbS/3MPA nanoheterostructures were recorded 
with a USB2000+ spectrometer with the combined 
USB-DT radiation source and IS80 integrating 
sphere (Ocean Optics, USA). Barium sulphate 
powder (P.A.) was used as a white standard 
to measure diffuse reflection spectra. The 
absorption coefficient was calculated from the 
experimental diffuse reflection spectra using the 
Kubelka-Munk function F(R) [12]:

F R
k
s

R
R

( ) ,= = -1
2

2

where R is the diffuse reflection, k is the absorp-
tion coefficient, and s is the scattering coefficient.

A computer-aided spectrometric system based 
on a MDR-4 diffraction monochromator (LOMO, 
Russia) with a PDF-10C/M photodiode (ThorLabs, 
USA) as a radiation receiver were used to record 
QD luminescence spectra in the range of 800–
1,400 nm. An LD PLTB450 semiconductor laser 
diode (Osram, Germany) with a wavelength of 
445 nm and an optical power of 400 mW was used 
as an excitation source.

Reactive oxygen species were detected by 
standard absorption and photoluminescence 
techniques [13]. Production of hydrogen 

peroxide (H2O2) was controlled with an Amplex 
UltraRed selective sensor [14] in the presence of 
peroxidase by measuring the rate of luminescence 
enhancement of the sensor at a wavelength of 
596 nm. The concentration of hydroxyl radical 
(·OH) was determined by the luminescence of 
7-hydroxycoumarin (7HC) in the region of 470 nm 
produced in a coumarin solution in the presence of 
·OH radicals [15]. The presence of singlet oxygen 
(1O2) was monitored by an absorption method 
using an imidazole solution with the addition of 
4-nitroso-N,N-dimethylaniline (RNO) dye at a 
ratio of 160:1 to reduce the optical density of the 
RNO absorption band in the region of 445 nm [16].

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

TEM images demonstrated that ensembles 
of colloidal PbS QDs had been formed with an 
average size of nanocrystals of ~2.7 nm and a 
dispersion in size of ~25% (Fig. 1).

X-ray diffraction analysis of Ka1 emission 
line of copper (1.54 Å) revealed the formation 
of crystallites, the position of reflexes from 
which corresponded to the cubic FCC lattice of 
PbS (Fmm) [17] (Fig. 1). Estimates of the average 

Fig. 1. TEM images and X-ray diffraction patterns of: PbS/3MPA QDs, TiO2 NPs and TiO2 – PbS/3MPA nano-
heterosystems
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size of crystallites performed using the Debye-
Scherrer equation [18] had a value of crystallite 
sizes of ~ 3 nm, which correlated with the TEM 
data.

X-ray diffraction analysis revealed that 
TiO2 NPs had the average size of 12 nm and 
anatase crystal structure (Fig. 1). TEM images 
of PbS QDs and TiO2 NPs mixtures clearly 
showed nanoparticles with an average size of 
10–15 nm on the surface of which there were 
much smaller NPs with a size of about 2–3 nm 
(Fig. 1). Comparing the sizes of the detected 
nanoparticles in mixtures and similar sizes of 
initial components allows us to assume that the 
TEM images of mixtures showed TiO2 NPs with 
PbS QDs adsorbed on their surfaces.

3.2. Absorption and luminescence properties 
of  the studied samples

The optical absorption spectrum of PbS/3MPA 
QDs was a broad structureless band with the 
band edge near 1,300 nm (Fig. 2a) and weak 
features in the region of 500 and 1,000 nm. The 
absence of an exciton structure in the PbS QDs 
optical absorption spectrum can be explained by 
several factors: 1) size dispersion of QDs, which 
was detected during the analysis of TEM images; 
2) non-stoichiometry of PbS nanocrystals, whose 
occurrence in PbS nanoscale crystals was indicated 
in [19]. In this case, optical absorption spectrum 
for PbS QDs is determined not only by transitions 
between the quantum size levels in QDs but also 
by transitions with the participation of trap states.

The intrinsic absorption edge of TiO2 NPs 
obtained from the diffuse reflection spectra 
(Fig. 2a) was located near 3.21 eV and corresponded 
to the TiO2 band gap with anatase crystal structure 
(3.2 eV) [20, 21]. On the long-wavelength side 
from the intrinsic absorption edge in the region 
of 3.0–3.2 eV, there was a certain optical density 
caused by permitted band - trap state transitions. 
Absorption by trap states in TiO2 crystals was 
indicated in [13].

Mixtures of TiO2 NPs and PbS/3MPA QDs 
demonstrated transformations of optical 
absorption spectra. The absorption spectrum 
of mixtures (Fig. 2a) had a complex structure 
and was not simply a sum of the spectra of 
the components. In particular, against the 
background of strong absorption of TiO2 NPs (in 
the quantum energy range above 3.2 eV), there 
was a broad absorption band in the range of 400–
1,100 nm (1–3.1 eV). There were no changes in 
the absorption region of TiO2 NPs. Therefore, the 
transformation of the absorption band structure 
in the long-wavelength region, for which PbS QDs 
are accountable in mixtures, and the presence 
of the absorption band in the region of 200-400 
nm, for which TiO2 NPs are accountable, as well 
as structural data indicated the formation of TiO2 
NPs – PbS/3MPA nanoheterostructures.

Significant changes were also observed 
in luminescence when TiO2 NPs – PbS/3MPA 
nanoheterostructures were formed. This 
was accompanied by quenching of PbS QDs 
luminescence bands in the region of 1,100–

                                                        a                                                                               b
Fig. 2. (a) Optical absorption and photoluminescence spectra of TiO2, PbS/3MPA QDs, and TiO2 – PbS/3MPA 
nano-heterosystems; (b) photoluminescence excitation spectrum of PbS/3MPA QDs and spectral sensitivity 
dependences of the ·OH radical production in the suspensions of TiO2 and TiO2 – PbS/3MPA nano-heterosys-
tems
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1,200 nm. A similar pattern was observed in [10, 11] 
for TiO2 NPs decorated with Ag2S QDs. Quenching 
of PbS QDs luminescence during their adsorption 
on the TiO2 NPs interfaces also indicated that 
nanoheterostructures had been formed and 
there had been a transfer of photoexcited charge 
carriers between the nanostructure components. 
However, luminescence partially kept in the band 
with a peak at 890 nm indicated that there was 
no interaction between PbS QDs with a size of 
less than 2.5 nm (the smallest) present in the 
ensembles and surface of TiO2 NPs, which was 
due to displacement of the quantum size levels 
of PbS QDs and states of TiO2 NPs.

3.3. ROS sensitisation with the obtained 
samples

Figure 3 shows the results of measurements 
of ROS generation by TiO2 NPs – PbS/3MPA 
QDs nanoheterostructures under excitation by 
UV radiation and radiation in visible spectral 
regions. It should be noted that during UV 
excitation, electrons and holes are generated in 
both TiO2 and PbS QDs, while during excitation 
in the visible range they are mainly generated in 
PbS QDs. Visible radiation allows establishing 

that PbS QDs provide for TiO2 photosensitisation 
to this range. On the other hand, selective 
excitation of components helps to specify the 
mechanisms of photocatalytic reactions in the 
TiO2 NPs – PbS/3MPA QDs heterosystems. The 
used methods of ROS detection showed that 
singlet oxygen (1O2), hydroxyl radical (·OH) and 
hydrogen peroxide (H2O2) were generated in 
TiO2 NPs suspensions exposed to radiation with 
a wavelength of 365 nm, which is consistent 
with the data in [22]. In colloidal solutions 
of PbS/3MPA QDs, we recorded generation of 
hydrogen peroxide and singlet oxygen (Fig. 4), 
which had not been previously recorded for PbS 
QDs in the literature.

The formation of nanoheterostructures 
led to a change in the efficiency of generation 
of all types of ROS. Under UV excitation of 
TiO2 NPs decorated with PbS/3MPA QDs, in 
the absorption region of titanium dioxide the 
efficiency of generation of hydroxyl ·OH radical 
decreased by 10%, of singlet oxygen by 40%, and 
the generation of H2O2 increased by 3.5 times 
relative to pure TiO2 NPs. The efficiency of singlet 
oxygen and hydrogen peroxide generation by 
the created nanoheterosystems under excitation 

Fig. 3. Histograms of the relative rates of production of hydroxyl radical (·OH), hydrogen peroxide (H2O2), and 
singlet oxygen (1O2) in the suspensions of TiO2, PbS/3MPA QDs, and TiO2 – PbS/3MPA nanoheterosystems when 
excited by radiation in the UV and visible region of the spectrum
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in the UV region of the spectrum increased by 
6.6 and 120 times, respectively, relative to pure 
PbS QDs.

When PbS/3MPA QDs were excited at a 
wavelength of 520  nm, hydrogen peroxide and 
singlet oxygen generation was observed. TiO2 
nanoparticles under 520 nm radiation showed no 
signs of ROS generation. The formation of TiO2 
NPs – PbS/3MPA QDs nanoheterostructures led to 
the photosensitisation of the ·OH radical, which 
was not observed in pure PbS QDs, a 10‑time 
increase in hydrogen peroxide generation as 
compared to the initial PbS/3MPA QDs, and 
a 3-time decrease in the efficiency of singlet 
oxygen generation. What is more, for the TiO2 
NPs – PbS/3MPA QDs nanoheterosystems, a 
broad band of photosensitivity to the generation 
of ·OH radical was detected in the range from 
300 to 1,100 nm, which was absent in case of the 
initial components (TiO NPs and PbS/3MPA QDs) 
(Fig. 2b). The shape of the photosensitisation 
band for ·OH radical qualitatively coincided 
with the excitation spectrum of PbS/3MPA QDs 
photoluminescence, which, together with the 
detected quenching of photoluminescence during 
the formation of nanoheterostructures, indicated 
the participation of excitons excited in QDs 
during ROS generation.

3.4. Empirical model of ROS generation  
in the studied samples

The obtained results allow justifying in general 
terms the scheme of the mutual arrangement of 
the energy levels of PbS/3MPA QDs and TiO2 NPs 
(Fig. 4). It should be noted that the generation 
of ·OH radical and hydrogen peroxide occurred 
as a result of a charge carrier transfer reaction 
[13, 23–28]. On the contrary, the production of 
singlet oxygen was possible both as a result of 
the transfer of charge carriers and non-radiative 
energy transfer from the nanoheterosystem (or 
one of the components) to the molecule of the 
unexcited triplet oxygen [31]. The formation of 
TiO2 NPs – PbS/3MPA QDs nanoheterostructures 
was accompanied by a pronounced quenching 
of the PbS QDs luminescence, which was 
interpreted as the separation of photoexcited 
charge carriers between the components. 
Moreover, effective separation of charge carriers 
was observed both during photoexcitation in 
the region of strong TiO2 absorption (UV region) 
and noticeable PbS QDs absorption (520 nm). 
Also, the efficiency of ROS production by TiO2 – 
PbS/3MPA nanoheterostructures redistributed. 
It is noteworthy that when a nanoheterosystem 
was photoexcited in the PbS QDs absorption 
region (520 nm) an ·OH radical was effectively 

Fig. 4. Scheme of photoprocesses and photocatalytic reactions in the TiO2 – PbS/3MPA nano-heterosystem. 
The data on redox potentials and the location of bands were taken from [13, 23-28]
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produced, which indicated the formation of charge 
phototransfer channels between the components 
of the system. Indeed, the comparison of the 
energy of electron affinity for TiO2 NPs and PbS 
QDs (taking into account the size effect for the 
electron and hole levels) allowed us to assume 
that a second type heterosystem had been formed, 
i.e. the quantum-size conduction states for PbS 
QDs were above the bottom of the TiO2 NPs 
conduction band. In this case, the most likely 
was the phototransfer of electrons from PbS 
QDs to TiO2 NPs into the conduction band. Then, 
the holes remained localised in PbS QDs, which 
blocked the recombination of charge carriers 
and facilitated their participation in catalytic 
reactions of ROS generation.

In this case, the electrons in TiO2 NPs could 
react with adsorbed H2O and O2 molecules, produce 
the hydroxyl radical ·OH and hydrogen peroxide 
H2O2. The reaction for the production of hydrogen 
peroxide is known: O2 + 2e– + 2H+ → H2O2. This 
reaction requires a photoelectron from the TiO2 
conduction band [13, 23–28]. In this case, the 
formation of a heterosystem should contribute to 
an increase in the efficiency of H2O2 generation 
both when excited in the UV and visible region, 
which was observed during the experiment. The 
generation of the ·OH radical in the presence of 
TiO2 can be provided for by two reactions: both 
with the participation of electrons from the 
conduction band (1) TiO2 – H2O2 + e– → ·OH + OH– 
[13, 23–28] and holes from the valence band (2) 
TiO2 (2) OH– + h+ → ·OH. Separation of charge 
carriers in the heterosystem contributes to the 
hole localisation in PbS, which blocks reaction 
(2). In this case, the efficiency of the ·OH radical 
generation during the heterosystem formation 
may decrease, which was observed during the 
experiment under excitation in the UV region. 
Under the influence of visible radiation, the 
electron and the hole are generated in PbS QDs. 
The mutual arrangement of PbS QDs and TiO2 NPs 
levels contributes to the transition of the electron 
to the TiO2 conduction band. This photo-excited 
electron from the TiO2 conduction band can 
participate in the generation of the ·OH radical 
by reaction (1). Indeed, under the influence 
of visible radiation the generation of the ·OH 
radical was detected for heterosystems, which 
is not characteristic of individual components. 

To close the proposed scheme of the ·OH 
radical generation under the influence of visible 
radiation and to let the photocatalyst operate 
for an unlimited time, reduction of PbS QDs is 
needed. The study revealed that the generation 
of the ·OH radical under the influence of visible 
radiation is not saturated. However, so far the 
mechanism of PbS QDs reduction has not been 
established and will be studied separately.

As have been noted, the generation of 
singlet oxygen is possible both as a result of 
the charge carrier transfer (electron and hole) 
and the non-radiative energy transfer from the 
nanoheterosystem (or one of the components) 
to the molecule of unexcited triplet oxygen [23–
28, 30, 31]. In the case of UV excitation of TiO2, 
the following two-stage process is recognised 
as the main mechanism: (3) O2 + e → O2

•– and 
(4) O2

•– + h+ → 1O2 [13, 27]. The process of singlet 
oxygen generation in PbS QDs detected by us 
cannot proceed by reaction (4) in terms of energy 
since the level of size quantisation for holes in 
PbS QDs is located above the oxidative potential 
O2

•– /1O2. Therefore, the only possible mechanism 
is the exchange-resonance mechanism of non-
radiative transfer of excitation energy from PbS 
QDs to 3O2 and excitation of the latter to the 
singlet state of 1O2. This scheme was indirectly 
confirmed by a sharp decrease in the efficiency of 
1O2 generation in TiO2 NPs (UV excitation) when 
introducing a hole acceptor into the solution, 
which blocked reaction (4). Introduction of a hole 
acceptor to the PbS QDs did not change the rate 
of 1O2 generation. In heterosystems, a decrease 
in the rate of 1O2 generation under excitation in 
the visible radiation as compared to pure PbS 
QDs is determined by the effective separation of 
charge carriers between components. It should 
be noted that we did not find any reports of 1O2 
photogeneration in PbS QDs. This was observed 
for carbon, CdS, and ZnS QDs [30, 31].

4. Conclusions
The authors developed a method for decorating 

the surface of TiO2 NPs with colloidal PbS QDs with 
an average size of 2.7 nm obtained in an aqueous 
solution of 3-mercaptopropionic acid. The 
following spectral manifestations of the formation 
of the TiO2 – PbS/3MPA nanoheterosystem were 
detected: i) in terms of absorption properties 
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the study revealed a transformation of PbS QDs 
absorption bands during adsorption to the surface 
of TiO2 NPs; ii) there was quenching of PbS QDs 
luminescence in the region of 1000-1400 nm 
during the formation of the TiO2 – PbS/3MPA 
QDs nanoheterosystems. Studies were conducted 
to check the possibility of generating ROS by the 
obtained nanoheterosystems. The generation 
of singlet oxygen and hydrogen peroxide in 
the presence of PbS QDs was detected. It was 
shown that decorating the surface of TiO2 NPs 
resulted in a 10% decrease in the efficiency of 
hydroxyl radical generation, and a 40% decrease 
in the efficiency of singlet oxygen generation as 
compared to pure TiO2 NPs. The rate of hydrogen 
peroxide generation increased up to 3.5 times 
relative to the TiO2 NPs and up to 150 times 
relative to PbS/3MPA QDs under excitation 
by UV radiation. The generation of ROS was 
detected when excited by radiation in the visible 
spectrum, which was absent in case of pure TiO2 
NPs. It was determined that the generation of 
hydrogen peroxide increased by 10 times and the 
production of singlet oxygen decreased by 3 times 
relative to pure PbS QDs. The study revealed 
hydroxyl radical sensitisation absent in case of 
pure PbS QDs. It also established an expansion of 
the excitation region of ROS production to 1100 
nm. An empirical model for photoprocesses in the 
studied nanoheterosystems was created.
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