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Abstract: The photoelectric performance of quantum dots (QDs)-based nanocomposites is closely
related to the optical properties of QDs, which play a critical role in the optical absorption and sepa-
ration/transfer of charge carriers. Herein, we report a nanocomposite composed of light absorber
PbS1−xSex quantum dots (QDs), electron-conducting multiwalled carbon nanotubes (MWCNTs)
and hole-conducting poly-3-hexylthiophene (P3HT) with tunable photoelectric conversion perfor-
mance. In addition to using the quantization effect, we proposed solid-solution PbS1−xSex QDs
(x = 0, 0.25, 0.5, 0.75, 1) for band gap engineering. In particular, we successfully synthesized rela-
tively small (~5.3 nm) and uniform QDs via the hot-injection method by using PbCl2, S/Se powder
and environmentally friendly oleylamine (OLA) as the precursors and/or solvent. By increasing
the content of Se, the band gap of PbS1−xSex QDs decreased along with the decrease in the con-
duction band and valence band edges. The suitable energy level alignment enabled the efficient
transfer of photoinduced charge carriers, and hence a much higher photoelectric conversion perfor-
mance of the PbS1−xSex-QD@MWCNT/P3HT nanocomposites than the individual QDs, P3HT, and
binary PbS1−xSex-QD@MWCNT, as well as the best performance, was achieved over PbS0.75Se0.25-
QD@MWCNT/P3HT.

Keywords: PbS1−xSex quantum dot; multiwalled carbon nanotube; P3HT; nanocomposite; charge
transfer; photoelectric conversion

1. Introduction

Colloidal quantum dots (QDs) have attracted a great deal of attention for photoelec-
tric conversion owing to their excellent electronic properties [1–4]. Among the various
QDs, lead chalcogenide QDs such as PbS [5,6] and PbSe [7–9] are of particular interest
due to their specific advantages such as narrow band gaps (bulk PbS: 0.41 eV; bulk PbSe:
0.28 eV) and large exciton Bohr radii (~18 nm for PbS; ~46 nm for PbSe) [10,11], which
provide a high possibility to extend light harvesting into the entire near-infrared region
via the shape- and/or size-related quantization effect. Moreover, the large molar extinc-
tion coefficient, high carrier mobility and multiple exciton generation effect (MEG) [12]
in lead chalcogenides QDs could further enhance the overall photoelectric conversion
efficiency (PCE).

Lead chalcogenide QDs are usually synthesized by the well-developed colloidal
synthetic route, showing a relatively monodisperse size distribution, clear and discrete
optical transition and high fluorescence quantum yield [4,13,14]. However, as-synthesized
lead chalcogenide QDs are often passivated with ~2.5 nm long insulating oleate ligands
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(e.g., OLA), which impede efficient charge carrier transport among the QDs in a film. In
fact, the abundant interfaces in the random network of QDs increase the probability of
recombination of photoinduced electrons and holes, seriously limiting the transport of
photoinduced charge carriers to the electrodes of QD-based solar cells. To improve the pho-
toelectric property of PbS/PbSe-QD films, ligand exchange is usually employed to replace
the long oleate ligands with short ones such as various amines (e.g., n-butylamine [5,15]
or methylamine [8]) and/or thiols (e.g., ethanedithiol or benzenedithiol [6,7]). However,
the ligand exchange is a very laborious and time-consuming process, which involves re-
peated solution precipitation and easily leads to agglomeration of the original QDs. An
effective method has been developed by properly coupling QDs with other materials for
conducting electrons (e.g., multiwalled carbon nanotubes (MWCNTs), graphene, etc.) or
holes (e.g., organic conjugated polymers such as P3HT) so as to form an efficient bulk het-
erojunction [16–23]. In this context, we previously developed a two-step solution process
to fabricate the P3HT:PbS-QD/MWCNT nanocomposite, which exhibited significantly
enhanced photoelectric conversion efficiency, while the fairly complicated ligand-exchange
procedure was not necessary [17].

It is worth recognizing that the electronic property of QDs usually plays a critical role
in regulating the optical absorption, transfer of charge carriers and hence the photoelectric
conversion performances of QD-based nanocomposites [24–26]. However, narrowing of
the band gap of QDs via the size quantization effect is mainly due to the decrease in the
conduction band (CB) bottom while the valence band (VB) top increases slightly [20,27].
Our previous study on the PbS-QDs/TiO2 composite system demonstrated that the PbS
QDs must be smaller than a critical size to maintain the conduction band (CB) edge higher
than that of the TiO2 so that the photoinduced electrons produced by PbS QDs could
be transferred to TiO2 [25]. In addition to the size-related quantization effect, making
solid-solution semiconductors has been proved to be an alternative approach to tuning the
energy band structure, from which the derived properties are unattainable by either of the
individual end materials [28–36].

The different band gaps (bulk PbS: 0.41 eV; bulk PbSe: 0.28 eV) and the different
exciton Bohr radii (PbS: ~18 nm; PbSe: ~46 nm) [10,11] would allow us to be able to tune
the electronic structure of PbS1−xSex solid-solution QDs to a large extent while maintaining
the large Bohr radius and the MEG effect [12]. For a given particle size, PbSe QDs have
a relatively smaller band gap than PbS QDs, and both the CB and VB edges of PbSe QDs
are lower than those of PbS QDs [37,38]. More importantly, previous reports showed that
the integration of ternary PbS1−xSex QDs into solar cells could simultaneously optimize
both the carrier transport and the voltage and hence further increase the photoelectric
conversion efficiency (PCE) [26,37].

As for the synthesis of high-quality lead chalcogenide QDs, toxic phosphorous sur-
factants such as trioctylphosphine (TOP) or tributylphosphine (TBP) and air-sensitive
bis(trimethylsilyl) sulfide (TMS-S) or bis(trimethylsilyl) selenide (TMS-Se) were usually
used [1,4,29,39]. Alternatively, a more environment-friendly green method has been devel-
oped for the synthesis of lead chalcogenide QDs by using OLA as both the ligand and sol-
vent, as OLA is more advantageous in cutting costs, avoiding pollution and supporting the
large-scale synthesis over the other ligands and solvents as mentioned above [13,14,40,41].
However, the size of previously reported PbSxSe1−x solid-solution QDs synthesized using
this method was quite large (10–12 nm) [30]. It is known that the high PCE requires not only
a suitable optical absorption but also a high open-circuit voltage realized by small-sized
QDs [3,42].

In this paper, we synthesized uniform small-sized PbS1−xSex (x = 0, 0.25, 0.5, 0.75, 1)
solid-solution QDs (~5.3 nm) by using PbCl2 and S/Se powder with oleylamine (OLA)
as the sole ligand and solvent. The as-synthesized PbS1−xSex QDs were attached to the
OLA-functionalized MWCNTs and further mixed with a hole-conducting polymer poly-3-
hexylthiophene (P3HT) to construct the PbS1−xSex-QD@MWCNT/P3HT nanocomposite,
in which the PbS1−xSex QDs acted as the light absorber, while MWCNTs and P3HT served
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as the electron conductor and hole conductor, respectively. The photoelectric conversion
performances of PbS1−xSex-QD@MWCNT/P3HT nanocomposites were investigated by
the amperometry, and the highest photocurrent intensity was obtained over PbS0.75Se0.25-
QD@MWCNT/P3HT. The influence of composition-induced variations in the band gap
and band edges of QDs on the photoelectric conversion performance of the PbS1−xSex-
QD@MWCNT/P3HT nanocomposites was discussed accordingly. Our work provides a
feasible strategy for the development of highly efficient photoelectric conversion devices
by properly integrating QDs, CNTs and polymers into a nanocomposite.

2. Results and Discussion

Figure 1a–e presents the TEM and high-resolution TEM (HRTEM) images of the syn-
thesized PbS1−xSex QDs with different x values. While S and Se possessed different reaction
activities in the synthesis process, all the PbS1−xSex QDs were grown in nearly spherical
shapes irrespective of the different x values. The QD sizes were also well controlled to be
around 5.0–5.5 nm (5.46 nm for x = 0, 5.03 nm for x = 0.25, 5.3 nm for x = 0.50, 5.5 nm for
x = 0.75 and 5.34 nm for x = 1) with a relatively uniform distribution, as evidenced by the
histogram of size distribution (Figure S1, Supporting Information). Moreover, the HRTEM
images (insert) demonstrate the high crystallinity of PbS1−xSex QDs. We need to mention
that the replacement of S with Se expanded the lattice spacing of the (200) plane from
2.95 Å to 3.05 Å, which was in good agreement with Vegard’s law [30,37,43]. The typical
XRD patterns of PbS1−xSex QDs are shown in Figure 1f. Unlike the bulk materials, the
broader peaks of PbS1−xSex QDs could be ascribed to the nanosize effect and nonuniform
strain in QDs [29]. Nonetheless, the diffraction peaks of the (111), (200) and (220) planes
from the PbS1−xSex solid-solution QDs could be assigned well to the halite structures of
PbS (JCPDS #05-0592) and PbSe (JCPDS #06-0354) [29,30], while the diffraction peaks of the
solid-solution PbS1−xSex QDs were in between the lattice parameters of PbS and PbSe. The
XRD peaks can be found to shift to a lower angle with higher x values since the radius of
Se2− (0.198 nm) is larger than that of S2− (0.184 nm).
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Figure 1. (a–e) TEM and HRTEM images (insert, scale bar: 2 nm) of PbS1−xSex QDs. (f) XRD patterns
of PbS1−xSex QDs.

The absorption and PL spectra of PbS1−xSex QDs are displayed in Figure 2. All the
first excitation peaks appeared clearly on the absorption spectra, as shown in Figure 2a.
The small spurious peak located at ~1418 nm might originate from OLA, as many similar
reports have shown that the optical properties of QDs could be influenced by the bonded
ligand on the surface [44–47]. Using Gaussian fitting (Figure S2), the first excitation peak of
PbS QDs was identified to be at 1410 nm, and the replacement of S with Se gradually shifted
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the peak position to the long-wavelength region (1538 nm for PbSe QDs). Accordingly,
the PL peaks of PbS1−xSex QDs shifted from 1423 nm (x = 0) to 1596 nm (x = 1). Based
on the absorption and PL spectra, the band gaps of PbSxSe1−x QDs were estimated to be
narrowed from 0.879 eV (x = 0) to 0.806 eV (x = 1). Apparently, the optical property of
PbS1−xSex QDs was successfully tuned by simply varying the solid-solution composition
while keeping the similar size of QDs [29,48]. Increasing the content of Se led to red-shift
of the absorption edge and PL peak of PbS1−xSex QDs.
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Figure 2. (a) Absorption spectra (offset for clarity) and (b) PL spectra of PbS1−xSex QDs.

Figure 3a,b shows the TEM images of PbS0.75Se0.25-QD@MWCNT nanoarchitecture
constructed by using OLA as the bonding agent. We can see that the hydrophobic inter-
action between OLA molecules enabled tight attachment of OLA-covered QDs to OLA-
functionalized MWCNTs. It was interesting to see that, as shown in Figure 3c, the PL
intensity of PbS0.75Se0.25-QD@MWCNT was much lower than that of PbS0.75Se0.25 QDs,
indicating the promoted transfer of photoinduced electrons from QDs to MWCNTs with
a perfect ballistic conductivity. Compared with pure QDs, the slight blue-shift of the
PL peak of QD@MWCNT might result from the electronic interaction between QDs and
MWCNTs [17,25]. Owing to the effective electron transfer from QDs to MWCNTs, the
fluorescence decay time of PbS0.75Se0.25-QD@MWCNT also decreased in comparison with
PbS0.75Se0.25 QDs (Figure 3d).
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Figure 3. (a) TEM and (b) HRTEM images of PbS0.75Se0.25-QD@MWCNT. (c) PL spectra of
PbS0.75Se0.25-QDs, PbS0.75Se0.25-QD@MWCNT and PbS0.75Se0.25-QD@MWCNT/P3HT. (d) Fluo-
rescence decay of PbS0.75Se0.25-QDs and PbS0.75Se0.25-QD@MWCNT with fitted curves (solid lines).
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Next, we further incorporated the hole-conducting polymer P3HT into the prefabri-
cated QD@MWCNT to form the QD@MWCNT/P3HT nanocomposite. The P3HT would
recrystallize and wrap around the QD@MWCNT, forming the bulk-heterojunction-based
interpenetrating network. Thus, the QD@MWCNT/P3HT nanocomposite could be ex-
pected to show an enhanced conductivity of photoinduced holes from QDs, which led
to the almost completely quenched PL intensity in PbS0.75Se0.25-QD@MWCNT/P3HT
(Figure 3c).

As shown in Figure 4a, the EIS results indicated that the conductivities were in the
following sequence: QD@MWCNT/P3HT > QD@MWCNT > QD, which further confirmed
the important roles of MWCNTs and P3HT in promoting the separation/transfer of photoin-
duced electrons and holes, respectively. The photoelectric conversion performances of QDs
and QD-based nanostructures were evaluated by the I-t curves, and the photocurrents were
measured to be in the following order: QD@MWCNT/P3HT > QD@MWCNT > QD > P3HT
(Figure 4b). As mentioned above, while the organic conjugated P3HT could be excited
under the same irradiation condition, the photocurrent intensity of P3HT was much lower
than that of QDs. Therefore, the effective separation/transport of charge carriers was
the main reason accounting for the enhanced photoelectric performance of PbS1−xSex-
QD@MWCNT/P3HT. The I-t curves of PbS1−xSex-QD@MWCNT/P3HT nanocomposites
with different x values were measured. Figure 4c shows the photocurrents measured at
480 s as a function of the x values in PbS1−xSex QDs. The photocurrents measured at differ-
ent times (120 s, 600 s, 720 s) showed a similar trend as that measured at 480 s (Figure S3).
Clearly, the solid-solution PbS1−xSex QDs samples possessed higher photocurrents than
those of the samples based on either pure PbS or pure PbSe QDs, and the maximum
photocurrent intensity was obtained for x = 0.25.
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The significantly improved photoelectric conversion performance of the PbS0.75Se0.25-
QD@MWCNT/P3HT nanocomposite might be accounted for by the following reasons.
Firstly, the addition of Se increased the Bohr radius without changing the size of QDs,
which could make the charge carriers more delocalized and transferable. Secondly, the
incorporation of Se moved both the VB and CB edges to the lower positions. On one
hand, the reduced band gap of PbS1−xSex QDs rendered effective utilization of the low-
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energy photons in the long-wavelength region. On the other hand, the separation/transfer
of photoinduced charge carriers in the PbS1−xSex-QD@MWCNT/P3HT nanocomposite
required a suitable energy level alignment, i.e., the CB edge of PbS1−xSex QDs should not
be too low. In this context, the PbS0.75Se0.25-QD@MWCNT/P3HT nanocomposite exhibited
the best photoelectric performance. It has been reported that cyclic voltammetry (CV) plots
could reflect the redox potentials with the ionization energy and electron affinity, and the
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) of the organic polymer or the CB and VB of QDs could be estimated [48,50,51].
Figure 4d and Figure S4 show the CV curves of PbS1−xSex QDs and P3HT, and from the
derived results (Table S1), we plotted the energy level diagram in Figure 4e. Apparently,
the energy cascades between the LUMO of P3HT and CB edges of all the PbS1−xSex QDs
were suitable for the flow of electrons to MWCNTs. While the VB edge of PbS QDs was
close to that of the HOMO level of P3HT, the increased energy offset between the VB edges
of PbS1−xSex QDs and the HOMO of P3HT could secure the transfer of holes from QDs to
P3HT because the VB edges of PbS1−xSex QDs (x = 0, 0.25, 0.5, 0.75) were all lower than
that of PbS QDs [17,19,48].

The mechanism for the promoted separation and transfer of photoinduced electrons
and holes in the PbS1−xSex-QD@MWCNT/P3HT nanocomposite is schematically shown
in Figure 5. The photoinduced electrons from QDs are captured and transported in
MWCNTs, and the photoinduced holes flow into the HOMO of P3HT. The photoinduced
electrons from P3HT could also be transferred to the CB of PbS1−xSex QDs and then to
MWCNTs or directly transferred from P3HT to MWCNTs. In this way, the PbS1−xSex-
QD@MWCNT/P3HT nanocomposite is endowed with an efficient separation/transfer of
photoinduced charge carriers, thus exhibiting significantly enhanced photoelectric conver-
sion performance.
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Figure 5. Schematic diagram of the separation and transfer of photoinduced charge carriers in
the PbS1−xSex-QD@MWCNT/P3HT nanocomposite. The work function of MWCNTs was referred
to [49], and the HOMO and LUMO of P3HT were referred to in [50].

3. Materials and Methods
3.1. Materials and Synthesis of PbS1−xSex Quantum Dots

The PbS1−xSex (x = 0, 0.25, 0.5, 0.75, 1) solid-solution QDs were synthesized by the
classical hot-injection method under Schlenk lines to avoid damage from the oxygen
and moisture. Typically, for PbS0.75Se0.25 QDs, 0.128 g of sulfur (Alfa Aesar, Haverhill,
MA, USA, 99.999%) was dissolved in 20 mL of OLA (Acros, Geel, Belgium, 80–90%) at
90 ◦C, while 0.316 g of selenium (Aladdin, 99.9%) was heated at 240 ◦C to form a brown
precursor with the same amount of OLA. Then, 3.8 mL of S-OLA and 1.2 mL of Se-OLA
were blended in a flask and purged with argon gas for 30 min under magnetic stirring.
After that, the mixture was heated to 150 ◦C for 10 min. In parallel, 0.278 g of PbCl2
(Alfa Aesar, 99.999%) and 5 mL of OLA were placed into a flask and degassed for 30 min
under magnetic stirring and then heated to 95 ◦C to form a homogenous transparent
solution. The mixture of S-OLA and Se-OLA was swiftly injected into the flask containing
PbCl2-OLA, and the temperature was maintained slightly above 95 ◦C. After reacting
for a certain time, the mixture was quenched into cold hexane to stop the growth of
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PbS0.75Se0.25 QDs. The solution was left at room temperature for 4 h and then centrifuged
to separate and remove the unreacted PbCl2 and larger black sediment. The supernatant
was carefully purified by adding the least amount of ethanol with successive vibration
until the solution became turbid, then a secondary centrifugation was performed to obtain
the black solution. Finally, the monodispersed PbS0.75Se0.25 QDs were extracted, dissolved
in toluene and stored at 4 ◦C to slow down the defocusing in particle size distribution
caused by Ostwald ripening. Following the synthesis procedure of PbS0.75Se0.25 QDs,
the synthesis parameters of PbS, PbS0.50Se0.50, PbS0.25Se0.75 and PbSe QDs are shown in
Table S2 (Supporting Information). The atomic ratios of S/Se in PbS1−xSex (x = 0, 0.25, 0.5,
0.75, 1) were measured by XPS to be approximately consistent with the respective nominal
ratios (Table S3, Supporting Information).

3.2. Construction of PbS1−xSex-QD@MWCNT and PbS1−xSex-QD@MWCNT/P3HT

Following a similar procedure as previously reported [17], OLA was used as the bind-
ing agent to connect the PbS1−xSex QDs with MWCNTs directly. Briefly, the acid-treated
multiwalled carbon nanotubes (MWCNTs, Timesnano) were first dispersed in toluene
(1 mg/mL), and a certain amount of OLA was subsequently added with alternating soni-
cation and vibration. Then, different amounts of OLA-capped PbS1−xSex QDs (dispersed
in toluene) were mixed with OLA-modified MWCNTs in toluene via successive vibra-
tion and ultrasonication to obtain the PbS1−xSex-QD@MWCNT nanohybrid. The P3HT
polymer (Rieke Metals, regioregular, 4002-E) was first dissolved in 1,2-dichlorobenzene
(0.33 mg/mL) and then blended with PbS1−xSex-QD@MWCNT solution. The as-received
PbS1−xSex-QD@MWCNT/P3HT nanocomposite solution was stirred at 40 ◦C for 12 h
inside a glove box.

3.3. Structure, Morphology, and Optical Properties

The synthesized PbS1−xSex QDs were drop-casted on glass and characterized by an
X-ray diffractometer (XRD, Cu Kα radiation source, D8 Advanced, Bruker, Rheinstetten,
Germany). Morphological observation was conducted on a transmission electron micro-
scope (TEM, JEM 2100f, JEOL, Tokyo, Japan). The surface chemical states were analyzed
by X-ray photoelectron spectroscopy (XPS, ESCALAB-250Xi, ThermoFisher, Waltham,
MA, USA) using C 1 s (284.8 eV) as the calibration reference. Absorption spectra of
the PbS1−xSex QDs in toluene solution were measured on a UV−vis−NIR spectropho-
tometer (UV 3600, Shimadzu, Kyoto, Japan). Steady-state photoluminescence (PL) and
time-resolved fluorescence of the thin film of QDs on the glass substrate were characterized
on a fluorospectrometer (Fluorolog-3, HORIBA, Piscataway, NJ, USA) with an excitation
wavelength of 630 nm. All tests were performed under ambient conditions.

3.4. Measurements of Photoelectrochemical and Photoelectric Properties

The amperometric (I-t), cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) curves were measured on an electrochemical workstation (CHI760E,
Chenhua, Shanghai, China) using the standard 3-electrode module with Ag/AgCl2 (in
3.5 M KCl) as the reference electrode and Pt as the counter electrode. The PbS1−xSex QDs
in toluene were first dropped onto a clean ITO substrate in a N2-filled glove box to form
the working electrode with the evaporation of solvent at room temperature. The test for
CV curves was performed in an anhydrous acetonitrile (MACKLIN, 99.9%) electrolyte
containing 0.1 M tetrabutylammonium tetrafluoroborate (MACKLIN, 98%) with a sweep
rate of 0.1 V/s and an initial scan negative polarity from 0 V [50,51]. The tests for I-t and
EIS curves were carried out in 0.25 M Na2S (MACKLIN, 99.9%) and 0.35 M Na2SO3 (Acros,
98.5%) aqueous solution under a 300 W xenon lamp irradiation [52,53].

4. Conclusions

In summary, relatively small and uniform PbS1−xSex solid-solution QDs were success-
fully synthesized via the hot-injection method using PbCl2, S/Se powders and OLA as the
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precursors and solvent. The band gap and band edges of PbS1−xSex QDs could be tuned
by varying the S/Se ratio. Integration of PbS1−xSex solid-solution QDs, MWCNTs and
P3HT formed the PbS1−xSex-QD@MWCNT/P3HT nanocomposite, which demonstrated
a much higher photocurrent than the individual QDs, P3HT, and the binary PbS1−xSex-
QD@MWCNT. The highest photocurrent intensity was achieved over PbS0.75Se0.25-QD@M
WCNT/P3HT, which had a suitable energy level alignment to provide the optimal driving
force for both the electrons and holes. The incorporation of superior electron-conducting
MWCNTs and hole-conducting P3HT allowed obtaining a PbS1−xSex-QD@MWCNT/P3HT
nanocomposite with efficient separation/transfer of photoinduced charge carriers, thus
accounting for the enhanced photoelectric conversion efficiency. Systematic investigation
into the controlled attachment of PbS1−xSex QDs with MWCNTs is underway in our lab,
and fabrication of the photovoltaic device using PbS1−xSex-QD@MWCNT/P3HT as the
photoactive component will be carried out in collaboration with other labs in the future.
Our work has demonstrated that making solid-solution semiconductor QDs could be an
effective approach to energy band engineering, and properly integrating QDs, carbon nano-
materials (CNTs, graphene, etc.) and conductive polymers into a nanocomposite could be
a feasible strategy for the development of high-efficiency photoelectric conversion devices.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/inorganics9120087/s1. Table S1: Energy level alignment of P3HT and PbS1−xSex QDs;
Figure S1: (a)−(e) Histogram of size distribution of PbS1−xSex QDs; Figure S2: (a)−(e) The fitting
results of absorption spectra for PbS1−xSex QDs; Figure S3: Photocurrents measured at different times
as a function of x value in PbS1−xSex-QDs@MWCNT/P3HT; Figure S4: (a)−(e) Cyclic voltammetry
(CV) tests of PbS, PbS0.50Se0.50, PbS0.25Se0.75, PbSe QDs and P3HT, and (f) the absorption spectrum of
P3HT; Table S2: Synthesis parameters of PbS1−xSex QDs; Table S3: Atomic ratio of S/Se in PbS1−xSex
QDs measured by XPS.
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