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The research deals with fabrication of a novel quantum dot sensitized solar cells (QDSSC) architecture. Three
devices, device 1, 2 and 3 with TiO,-fMWCNTs nano composite filled meso porous anatase TiO, photoanodes,
sensitized with PbS by 10, 15 and 20 SILAR cycles respectively were prepared. Decrease in optical band gap has
been observed by increasing the SILAR cycles for PbS sensitization. QDSSC with TiO-fMWCNTS nano-composite
filled meso-porous anatase TiO, photoanode showed a significant energy conversion efficiency of 3.8%, 5% and
5.6% for device 1, 2 and 3 respectively under the simulated light of 100 mW cm™2 with AM 1.5 filter. EIS

analysis revealed that the device with highest power conversion efficiency has highest charge combination

resistance (R.;) 2852 Q.

1. Introduction

Quantum Dots Sensitized Solar Cells (QDSSCs) are better to opt than
conventional p-n junction based photovoltaic and Dye Sensitized Solar
Cells because of several properties including: tunable band gap, large
extinction coefficient, Multiple Exciton Generation (MEG) with single
photon absorption (Tian et al., 2016; Bang and Kamat, 2010; Pedro
et al.,, 2010; Yu et al.,, 2011). Quantum Dots Sensitized Solar Cells
(QDSSCs) usually consist of an electrolyte sandwiched between
working electrode and counter electrode. A usual photoanode of QDSSC
consists of TCO glass, metal oxide particles or thin film, followed by a
layer of quantum dots, while counter electrode is usually composed of
Platinum, metal sulfides, carbon derivatives or conducting polymers.
An electrolyte, Iodide solution, is normally sandwiched between
working electrode and counter electrode to make the device work.

For an efficient QDSSC, TiO, particles are very good choice, to be
used as metal oxide in working electrode, for the device. The main
features, which make it one of the most suitable material to be used as
metal oxide in QDSSC, include: phase of the crystal, surface area, pore
size and desirable morphology. Meso-porous structures of anatase TiO5
make it able to carry out high catalytic activity which is a consequence
of active sites in it as well as of the large surface to volume proportion
(Cui et al., 2015; Wu et al., 2014; Chen et al., 2009; Koo et al., 2008;
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Feng et al, 2012; Kusumawati et al., 2014; Peng et al., 2019;
Dissanayake et al., 2018). Although meso-porous structures of anatase
TiO, is very suitable due to its relevant propertied but lots of im-
provement in strength and conductivity is still required.

Since discovered, carbon nanotubes have gathered plenty of atten-
tion (lijima, 1991). Strength is one of the properties, possessed by
carbon nanotubes, which make them suitable to be used as composite.
Other properties which make the tubes inevitable for several potential
applications include: electrical properties i.e. conductivity, wide surface
area, layered and tubular structure (Schadler et al., 1998; Dillon et al.,
1997). Adsorption capacity of Carbon nanotubes is high as well as their
electron conduction property (Long and Yang, 2001). TiO5 and Carbon
nanotube’s composite is also a good choice to enhance the photo-
catalytic activity (Yu et al., 2005).

Among different component of QDSC, electron accepter is usually a
wide band gap semiconductor mater (such as TiO,) many attempts have
been made to make it more efficient by introducing an electron con-
ducting material (such as MWCNTs). Earlier 7.3% efficiency has been
achieved by hydrothermally synthesized composite of TiO,-MWCNTSs
based dye sensitized solar cell as compared to only 4.9% PCE of TiO,
based solar cell thus proving that MWCNTs provide faster electron
transport. (Kumar et al., 2014; Chernomordik et al., 2017; Zhao et al.,
2016)
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Another important component of QDSC is QDs. Near infrared (NIR)
absorbing QDs like PbS or PbSe due to the possession of low bandgap
energy are intensely studied and considered as a very good alternative
of visible light absorbing QDs such as CdSe or CeS (Kokal et al., 2015;
Huang et al., 2016; Young et al., 2016; Zhang et al., 2016). Broader
spectural utilization make PbS quantum dots better sensitizer for a
quantum dots sensitized solar cell which can result in better charge
separation (Wang et al., 2013).

In the past few decades, quantum dots had been a subject of at-
tention for researchers. Among various quantities, the property which
make them unique from other nanomaterials is possession of quantum
confinement effect (Debellis et al., 2017; Sawatsuk et al., 2009). PbS
quantum dots have Bohr exciton radius of 18 nm having photo currents,
approximately 20 mA/cm?. Exciton lifetime for PbS quantum dots are
1-3 ps. In the spectral region of 300 nm-400 nm quantum dots of PbS
show quantum confinement effect. Due to the possession of quantum
confinement and large surface area the absorption coefficient of PbS
quantum dots increases than that of bulk PbS (Lee, 2013; Gonzalez-
Pedro et al., 2013; Moreels et al., 2009). Another group used ZnO/PbS
QD/graphene based photoanode and achieved 6.36% PCE which was
higher than the PCE (5.28%) of equivalent cell without graphene (Kim
et al., 2016).

In a conventional quantum dot sensitized solar cell, photoanode
(working electrode) is comprised of only two layers: meso-porous metal
oxide and quantum dots. In this work TiO,-fMWCNTSs nano-composite
is used to fill the pores of the meso-porous anatase TiO, nano-rods to
improve strength, conductivity and photocatalytic activity of first layer.
Basic reasons, which provoke the thought of modification in the con-
ventional working electrode, include low power conversion efficiency
as well as high number of grain boundaries in TiO, particles (Wu et al.,
2012; Fan et al., 2014). This modified meso-porous layer of anatase
TiO, is sensitized by PdS quantum dots. Concentration of PbS quantum
dots has been changed by 10, 15 and 20 SILAR cycles in photoanode 1,
2 and 3 respectively, to observe its effect on device efficiency. To get
better efficiency, CuS thin layer has been used as counter electrode. CuS
counter electrode has been proven to be better than Pt electrode. Re-
generation rate of quantum dot sensitized solar cell gets remarkably
enhanced due to fast S*2 reduction rate (Buatong et al., 2015). To our
knowledge this is the first effort to show that the TiO,-fMWCNTSs nano-
composite filled mesoporous antase TiO2 photoanode works efficiently
for Quantum dot sensitized solar cells.

2. Experimental
2.1. Materials

Fluorine-doped tin oxide (FTO) coated glass (8 Q cm ™2, Solarnoix),
methanol (99.8%,Sigma-Aldrich), Titanium Tetraisopropoxide (TTIP)
(99%, Sigma-Aldrich), Acetic Acid (HAc) (98%, Daejng), Multiwall
Carbon Nanotubes (98%, Sigma-Aldrich), Concentrated Nitric Acid
(99%, Daejng), Lead (ii) Nitrate (99%, Sigma-Aldrich), Thiourea (99%,
Daejng), Copper (ii) Nitrate (99%, Sigma-Aldrich), Sodium Sulfide
(99%, Sigma-Aldrich) are used.

2.2. Preparation of meso porus TiO, nano rods thin film

Under vigorous stirring, 12.5 ml of Titanium tetraisopropoxide
(TTIP) was dropped in 25 ml of Acetic Acid. No precipitation was ob-
served. 75 ml of deionized water was then added in to the solution
within three minutes. Following this, solution was stirred at 50 °C for
10 h. Formation of white precipitates was observed after a few minutes
of stirring, however it eventually turned clear. After completion of
stirring process the obtained solution was turbid and blue gel was
formed. White powder of TiO, was obtained by sintering of the blue gel
at 500 °C for 2 h. A few drops of deionized water were added in the
obtained TiO, powder and the mixture was grinded by ball milling. The
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thick paste was spread over FTO glass by doctor blade method and then
was dried in oven for 30 min at 100 °C. (Cui et al., 2015)

2.3. Preparation of TiO,-fMWCNTs (1:2) Composite:

Before formation of the composite, MWCNTs were functionalized.
For functionalization and purification, 2 mg of raw MWCNTs were
boiled for 30 min in 100 ml of undiluted Nitric Acid. The MWCNTs
were then washed 6 times, for the removal of acid, with 150 ml of
distilled water and then dried at 150 °C. 20 ml of ethanol and the
functionalized MWCNTSs were sonicated for 15 min. A combined solu-
tion of Titanium Tetraisopropoxide and sonicated solution of ethanol
and MWCNTs (1:2) was sonicated for 30 min. The solution was soni-
cated for another 30 min after hydrolysis process. For 20 h, the samples
were kept at 25 °C for further hydrolysis of Titanium tetraisopropoxide.
The sample was then dried at 80 °C for 8 h and calcinated at 400 °C for
an hour. For formation of thin film, obtained grey powder was ball
milled and deposited over anatase TiO, covered FTO glass using doctor
blade method, and then dried at 100 °C. (Yu et al., 2005)

2.4. Preparation of Lead Sulfide (PbS) quantum dots

Successive Ionic Layer Adsorption and Reaction (SILAR) cycles were
used for deposition of quantum dots of PbS, as the last layer on working
electrode. For device 1, the quantum dots were deposited by 10 SILAR
Cycles. While for device 2 and 3, 15 and 20 SILAR Cycles were em-
ployed for the deposition of the quantum dots respectively. 0.06 M
solution of Pb(NO3), was made using 1:1 vol ratio of methanol and
deionized water as solvent while 0.3 M Thiourea solution was sepa-
rately formed. The working electrode was first dipped in the Pb(NO3),
solution and then in Thiourea solution for 60 s. For the removal of
undesired ions, the FTO was dipped in ethanol for thirty seconds before
and after dipping into Thiourea solution. For drying of the FTO, which
by then was complete working electrode, it was kept at 100 °C for
30 min. This process was repeated to have desired SILAR Cycles (Liu
et al., 2011).

2.5. Preparation of counter electrode

0.5 M solution of Cu (NO3), was made, using methanol as solvent.
Cu (NO3),, in methanol solution, was dropped on the FTO glass. 1 M
solution of Na,S-‘9H,0, in methanol and water, was dropped on the Cu
(NO3), decorated FTO. The FTO was then rinsed with deionized water
and dried with air gun and calcinated in furnace for 30 min at 450 °C
(Buatong et al., 2015).

2.6. Cell assembly

To fabricate a complete quantum dot sensitized solar cell an ap-
propriate amount of polysufied electrolyte was sandwiched between
Cu,S counter electrode and TiO,-fmwents nano composite filled meso
porous anatase TiO, photoanode. Steel clips were used to hold the cell
assembly together. (See Fig. 1).

2.7. Proof of concept

There are three important factors which are important for any solar
cell; first to get high power conversion efficiency, second to make the
solar cell cost effective and finally to make the solar sell more stable and
strong so that it can survive the effects of environment and the structure
does not deteriorate over the time. In the proposed structure an effort
has been made to cater all of the above three important factors.

An analogy has been shown in Fig. 2a to describe the concept be-
hind the design of the proposed structure. Cement, sand and aggregate
together are used to make concrete which has more strength as com-
pared to its ingredients but concrete has less tensile strength. As the
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Fig. 2. (a) Design analogy for conception of the photoanode, (b) Light excita-
tion and electron transfer depiction.

steel has higher mechanical strength, addition of steel increases the
tensile strength of the cement concrete. Therefore a photoanode com-
posed of meso porous anatase TiO, nano rods and TiO,- fMWCNTSs nano
composite has been synthesized. Filling of meso porous anatase TiO,
nano rods with TiO, nanoparticles entangled with fMWCNTs could give
more strength to the photoanode. On one hand entangled fMWCNTSs
provide the strength to the layer on the other hand fMWCNTs em-
bedded into TiO, provide effective electron transportation path as
shown in Fig. 2b (Liu et al., 2012).

PbS quantum dots absorbs the visible and near to infra red light. The
energy level of conduction band of TiO, particle is very suitable to
separate the excited electron from PbS Quantum dots. The particle of
TiO, provide more surface area as compare to the TiO, nano rods
therefore increasing more probability of the excited electron to move to
TiO5 where as TiO, nano rods filed with TiO, nanoparticle and entangle
with fMWCNTs provide additional support to separated electrons to
conduct to the FTO electrode making the photoanode more efficient
and strong. Moreover the materials used in the proposed device are not
expensive hence making the design more efficient, strong and cost
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Fig. 3. XRD graph of TiO,-fMWCNTSs nano composite filled meso porous ana-
tase TiO, photoanodes 1, 2 and 3 sensitized with PbS by 10, 15 and 20 SILAR
cycles.

effective.

3. Results and discussion
3.1. Structural analysis

XRD patterns shown in Fig. 3 were used to analyze structure and
orientation of the PbS quantum dots sensitized TiO,-fmwcents nano
composite filled meso porous anatase TiO, photoanodes 1, 2 and 3
prepared with 10, 15 and 20 SILAR cycles respectively. Anatase tita-
nium oxide (A-TiO,) shows the diffraction peaks at 20 of 25.2°, 37.4°
and 47.7° which are indexed as crystal planes (1 0 1), (0 0 4) and (2 0 0)
(Du et al., 2018; Jia et al., 2018). The obvious peaks at 26 of 51.3°,
61.3° and 65.2° are the PbS QDs diffraction patterns with the crystal
planes of (31 1), (4 00) and (2 2 2) (Li et al., 2014). A peak of TiO, is
noticed at 33.5° with crystal plan of (2 1 1). Presence of MWCNTs was
detected by peak at 26.2 with (1 1 1) crystal plan.

The peaks obtained, are shown in Fig. 3, reveals all expected phases
to be present in crystalline form. TiO, nanoparticles in anatase form (A-
TiO,) were also obtained in all three samples. The obtained anatase
peaks indicate sound crystallinity which is a consequence of slow hy-
drolysis and condensation of TTIP with and HAc. Another observable
fact is that when compared to the template patterns, anatase TiO,
(0 0 4) is stronger while anatase TiO, (2 0 0) is weaker. This ob-
servation leads to assume that the nanostructures are in rod like shapes
(Cui et al., 2015). Increasing the concentration of PbS quantum dots did
not significantly affect the overall peak shapes. The average crystal
sizes of PbS QDs were 8, 10 and 16 nm, calculated by the Scherrer
equation for 10, 15 and 20 SILAR cycles. Therefore, the average crystal
size of PbS QDs has increased with the increase in SILAR cycles. The
PbS QDs average crystal size resulting from SILAR methods was smaller
than the PbS exciton Bohr radius of 18 nm (Zhang et al., 2017)

3.2. Morphological and topographical analysis

Morphology of PbS sensitized TiO,-fmwents nano composite filled
meso porous anatase TiO, photoanodes for 20 SILAR cycles is shown in
Fig. 4 (a). Formation of TiO, nano rods is evident for the SEM micro-
graph. It can be observed that filling of Meso-Porous Anatase TiO, nano
rods by TiO,-fMWCNTS nano-composite is not homogeneous. Ag-
glomeration of particles can clearly be seen in SEM micrograph. Fig. 4
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20 nm

Fig. 4. (a) SEM micro graph of PbS sensitized TiO,-fMWCNTs nano composite filled meso porous anatase TiO, photoanodes (b) TEM image of PbS sensitized TiOy

nano rods.

(b) the PbS quantum dot sensitized TiO, nano rod. Distribution of PbS
quantum dots on the nano rod is not uniform. Quantum dots are seemed
to be attached with the nano rod in cluster which confirms the ag-
glomeration of particles observed in SEM image.

Due agglomeration of nanoparticles it was difficult to find the
particle size distribution there AFM three dimensional topological
images were obtained and using surface profiles average size distribu-
tions of PbS quantum dots deposited at 10, 15 and 20 SILAR cycles were
estimated.

Three dimensional micro images, revealing the topography and
surface morphology of all three samples, along with particle size dis-
tribution graphs, obtained by the microscope can be viewed in Fig. 5.

From Fig. 5 (a, b and c) the occurrence rod like structure can clearly
be seen which could be due to large growth of anatase TiO, (0 0 4) than
anatase TiO, (2 0 0) which was also observed in XRD patterns. Small
particles are also seemed to be attached on these rods like structures
which could be identified as PbS particles.

Therefore the analysis revealed the presence of spherical particles as
well as rod like structures hence confirming presence of TiO-fMWCNTs
composite along with nanoparticles. For determine average particle size
Gauss function was applied over a bar graph, which was plotted be-
tween average particle size (x-axis) and number of particles possessing
the particular size (y-axis), to calculate continuous probability dis-
tribution function of the bar graph. Average particle size was highest for
the sample having highest concentration of PbS quantum dots while
lowest for the one having lowest concentration.

3.3. Optical absorption of photo anodes

The TiO,-fMWCNTs nano-composite filled meso-porous anatase
TiO5 nano rods layer sensitized with PbS quantum dots by SILAR cycles
can contribute in enhancement of light absorption by multiple scat-
tering effects within the TiO, -fMWCNTSs nano-composite structure and
by the interfaces between meso-porous anatase TiO2 nano rods and
TiO5-fMWCNTs nano-composite (Dissanayake et al., 2018).

Fig. 6(a) shows the UV-Vis_NIR optical absorption spectra of pho-
toanode 1, 2 and 3 sensitized with PbS QDs with 10, 15 and 20 SILAR
cycles respectively. Each spectrum exhibits a broad absorption in the
visible and near infrared (NIR) range. Optical absorption in the visible
and NIR region for photoanode is increased by increasing the SILAR
cycles. The absorption spectra of PbS QDs shown in Fig. 6(a) clearly
indicate that QDs of PbS can harvest solar energy mainly in
900-1100 nm and a clear absorption peak can be seen at 1060 nm,
1050 nm and 1050 nm for 10, 15 and 20 SILAR cycles respectively
(Zhang et al., 2017). It can be observed that the PbS QDs characteristic
absorption peak for photoanode 2 is broader than characteristic ab-
sorption peaks of photoanode 1 and 3. The broadness of PbS QDs ab-
sorption peak for photoanode 2 as compare to photoanode 1 can be
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attributed to increase concentration of PbS QDs with increase in SILAR
cycles from 10 to 15. As the concentration of PbS QDs further increases
with 20 SILAR cycles the broadness of PbS QDs characteristics peaks for
photoanode 3 decreases because of agglomeration of PbS QDs (Du and
Tang, 2015).

Fig. 6(b) shows the plot of (ahf)® versus photon energy (hf) of
photoanodes 1, 2 and 3 sensitized by PbS quantum dots which can be
used to find out the band gap energy of a semiconductor material where
“a” is the absorption coefficient.

The calculated values of the optical band gap energy of the photo-
anode 1, 2 and 3 are 2.3 eV ,2.1 eV and 2.0 eV as shown in Table 1.
Bandgap energy decreased by increasing concentration of PbS quantum
dots. A reason for lowest bandgap energy in 3rd sample could be as-
sociated with the fact that the sample had highest particle size, which in
turn could be indication of large agglomeration in the sample.

3.4. Photovoltaic performance

The graphs shown in Fig. 7 are J-V curves of solar cell with 10, 15
and 20 SILAR cycles respectively, measured under 100 mW cm ™2 (with
AM 1.5 spectral filter) condition.

All three devices have significantly high efficiency among PbS
sensitized TiO, nano rods solar cells (Lv et al., 2019). The higher effi-
ciency of the proposed devices with photoanode of TiO,-fMWCNTS
nano-composite filled meso-porous anatase TiO, nano rods, is attributed
to multiple scattering effects within the TiO, -f MWCNTs nano-com-
posite structure and also from the interfaces between meso-porous
anatase TiO2 nano rods and TiO,-fMWCNTSs nano-composite.

From table 2 it can be seen that the power conversion efficiency has
increased with increase in number of SILAR cycles. This behavior can
be understood by observing variation of concentration of PbS quantum
dots with increase in numbers of SILAR cycles. Highest power conver-
sion efficacy of 5.6% is calculated for device 3 which is sensitized by
PbS quantum dot with 20 SILAR cycles.

Highest power conversion efficiency can also be related to charge
transfer at the TiO2 PbS quantum dots electrode/electrolyte interface
and charge recombination at the interface of photoanone/electrolyte
interface which is confirmed from the following EIS analysis.

3.5. EIS Analysis:

Electrochemical impedance spectra of each of the solar cells device
were analyzed. Series resistance (R;) and charge recombination re-
sistance (R,.) were determined by fitting the parameters with an
equivalent circuit, from these data.

Fig. 8 shows the Nyquist plots of PbS quantum dots sensitized TiO»-
fmwents nano composite filled meso porous anatase TiO, nanorods at
10, 15 and 20 SILAR cycles for device 1, 2 and 3 respectively.
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Fig. 5. (a, b and ¢). 3D Micro images of photoanode 1, 2 and 3 along with frequency distribution for determination of average particle size, Gaussian curve fitting is

used.

R, and R,. are series resistance at FTO/TiO2 interface and re-
combination resistance at the photoanode/ electrolyte interface re-
spectively. From Table 3, it can be observed that with the increase of
SILAR cycles R, value increased from 193.3 to 223.2 and 270.3. It is
also evident that the R, value also increased from to 851 Q,1501 Q and
2891with the increase of SILAR cycls for PbS quantum dots from 10 to
15 and 20.

Photoanode with 10 SILAR cycles shows the lowest series resistance
(Rs) values (193.3 Q) which leads to an efficient electron transfer at the
FTO/TiO2 interface enhances the overall performance of the device 1
but the photoanode with 20 SILAR cycles exhibits the highest re-
combination resistance (2852 Q) compared to the other devices. This

led to reduction in recombination of the electrons in the photoanode/
electrolyte interface and enhancement in effective electron transfer
which resulted in the increase in the ISC and VOC values and hence the
efficiency for device 3 (Tian et al., 2014).

4. Conclusion

Three QDSSCs were fabricated, each with different concentration of
PbS quantum dots. Structural analysis of photo-anodes by XRD reviled
that the average crystalline size of PbS QDs was increased with increase
in PbS QDs concentration. Formation of rod like structures of anatase
TiO, was also confirmed by XRD and AFM analysis. AFM topographic
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Table 1
Optical properties of photoanode 1, 2 and 3.

SILAR cycles Maximum absorption (a.u) Bandgap (eV)
10 1.5 2.3
15 1.9 2.1
20 2.2 2.0
16 -
<
£
212
£
=
[7] 8. = PbS 10 SILAR Cycles
S PCE =3.8%
a —— PbS 15 SILAR Cycles
S 4. PCE =5%
e
5 = PbS 20 SILAR Cycles
(&) PCE =5.6%
0 T : . .
0.0 0.2 0.4 0.6 0.8
Voltage (V)

Fig. 7. J-V characterization curves for device 1, 2 and 3 decorated with PbS
quantum dots by 10, 15 and 20 SILAR cycles respectively.

Table 2
Efficiency parameters List for Device 1, 2 and 3.
Device SILAR Jse MA) Voo (V) Viax (V) Jmax (MA)  FF PCE (%)
Cycles
1 10 11.5 0.599 0.41 9.25 0.56 3.8
2 15 13.6 0.697 0.49 10.11 0.54 5
3 20 15.8 0.650 0.44 12.6 0.55 5.6

image reviled that average particle size of PhS QDs increased with in-
crease of SILAR cycles which resulted in decreased in band gap calcu-
lated from UV-Visible spectroscopy analysis. The difference in con-
centration affected not only bandgap but also average particle size and
hence efficiency. Bandgap of the three samples decreased with in-
creased concentration of PbS quantum dots while average particle size
as well as efficiency was increased with increasing concentration. The
QDSSC with highest concentration of PbS quantum dots hold the
highest efficiency i.e. 5.6%, attributed to lowest bandgap of 2.2 eV and
highest charge combination resistance (R.,;) 2852 Q.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
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Fig. 8. Nyquist plots of PbS quantum dots sensitized TiO»-fmwecnts nano com-

posite filled meso porous anatase TiO, nanorods at 10, 15 and 20 SILAR cycles
for device 1, 2 and 3 respectively.
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Table 3

Charge transfer resistance and charge recombination resistance obtained by
fitting the experimental spectra of PbS QD sensitized TiO,-fmwcnts nano
composite filled meso porous anatase TiO, nanorods solar cell at 10, 15 and 20
SILAR cycles by an equivalent circuit.

Device  SILAR Charge Transfer Charge Recombination
cycles Resistance (R;) (Q) Resistance (R,.) (Q)

1 10 193.3 842

2 15 223.2 1551

3 20 270.3 2852

doi.org/10.1016/j.solener.2020.03.114.
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