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tElectronic supplementary information (ESI) available: Dark current Vs potential curves of
QDSSCs with different counter electrodes under dark condition, Additional characterization data
from CV analysis of PbS and Pt CEs, Parameters of the quantum dot-sensitized solar cell using
with different thickness as counter electrodes measured under AM 1.5 illumination, PbS CE
sheet resistance Vs thickness are shown in Fig S1, S2, S3, and S4.

Abstract:

This study describes the synthesis of monodispersed PbS nanocrystals by a facile
chemical bath deposition and cost-effective approach. PbS counter electrodes (CEs) were used to
grow high-quality thin films containing cube-shaped nanocrystals or nanodendrites. The size and
shape of the PbS nanocrystals can be easily controlled by varying the deposition time. Quantum
dot-sensitized solar cells (QDSSCs) were made and showed improved performance using the
PbS CE obtained with a deposition time of 2 h. The nanocrystal structured PbS CE in QDSSCs
under one-sun illumination (AM 1.5, 100 Mw cm™) yielded a high short circuit current density

(Jsc) of 11.20 mA cm™, open circuit voltage (V,.) of 0.560 V, fill Factor (FF) of 0.55, and power
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conversion efficiency (1) of 3.48 %. These values are much higher than those of the Pt CE
(Jsc=79.29 mA cm™, V,,=0.604, FF=0.28, and n=1.58 %). The concentration of acetic acid plays
an important role in deciding the size and shape of the PbS nanocrystals in the nucleation and
growth process. The PbS strongly adhered to the FTO substrate due to the acetic acid, which acts
as a stabilizer and strong reagent in this one-step preparation. The performance of PbS CE was
improved by the surface morphology, which enables rapid electron transport and a lower electron
recombination rate for the polysulfide electrolyte redox couple. Electrochemical impedance
spectroscopy and Tafel-polarization measurements were used to investigate the electrocatalytic

activity of the PbS and Pt CEs.
1. Introduction

The current energy crisis caused by over usage of fossil fuels has led to environmental
pollution, fuel depletion, and global warming.'” Therefore, many researchers have paid
significant attention to developing green and sustainable renewable energy sources. In the past
few years Quantum dot —sensitized solar cells (QDSSCs) represents a one of the new
photovoltaic devices that could create as a promising requirements of third generation solar cells,
due to their unique advantages over conventional dyes such as QDs as photon harvesters, which
include a strong photo-response in the visible region, high extinction coefficients, large intrinsic
dipole moment, and easily tunable band gap compared to organic dye *® based on the multiple
exciton generation of QDs. > * 3 In addition, quantum dots (QDs) have hot carrier transfer

properties as light absorbers that leads to rapid charge separation.

The QDSSC structure is similar to that of dye-sensitized solar cells (DSSCs), and

QDSSC fabrication is cost-effective and simple. Generally, QDSSCs are composed of a wide-
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bandgap semi-conductor photoelectrode, sensitizer, redox electrolyte, and counter electrode
(CE). In the past decade, great efforts have been made to improve the energy conversion
efficiency of QDSSCs using various strategies. Generally, there are few routes to improve the
performance of QDSSCs: (1) design and optimization of QD deposition on TiO, film,'*" (2)
morphological and nanostructural modification of the photosensitive materials and the substrate,
(3) componential modification of the photosensitive materials and substrate with chemical

doping, adding chemical compounds, or using new kinds of QD sensitizers.'® ' '®

Recently, an impressive energy conversion efficiency of 8% was achieved with
recombination control of QDSSCs."” However, the photovoltaic performance of QDSSCs is still
very low compared to DSSCs due to inefficient charge separation and transfer at the various
interfaces.”>** The CE and polysulfide electrolyte in QDSSCs are correspondingly important.
Poor charge transfer oxidized polysulfide redox species (S,>) on CEs is considered to be a major

hurdle in attaining a high fill factor and conversion efficiency in QDSSCs. *%°

In DSSCs, Pt has exhibited excellent electro-catalytic activity due to its stability for the
reduction of I5", but Pt is not suitable for QDSSCs because it causes rapid corrosion and
photodegradation of the QDs.*® The Pt CE usually achieved very low fill factor and conversion
efficiency in QDSSCs, resulting in over potential for regeneration of the polysulfide electrolyte
owing to the chemisorption of sulfur compounds on the Pt surface. To accomplish efficient
charge separation in QDSSCs, regenerative polysulfide electrolyte(S2~/S2~) is more compatible
with the sulfide sensitizer. Therefore, an aqueous polysulfide electrolyte is usually used in

QDSSC:s. This electrolyte shows strong selectivity toward the CE.



Journal of Materials Chemistry C

The series resistance is one of the key parameters in both DSSCs and QDSSCs. Efficient
charge transfer between the sulfide sensitizers and polysulfide electrolyte results in high charge
short-circuit current density (Js¢c) in QDSSCs as a result of a low fill factor. To Improve the fill
factor and conversion efficiency of QDSSCs, several new CE materials have been studied for
QDSSCs to replace Pt CEs, such as Cu,S, CoS, NiS, PbS, CuS,” %% carbon materials,’®*” and
conducting polymers. ** Among these CEs, the best results were achieved by metal sulfides,
especially Cu,S CEs show outstanding catalytic activity and good electrical properties.”
However, the studies and preparation methods for metal sulfide CEs have been inadequate. The
preparation of metal sulfide CEs involves direct immersion into sulfide solution to obtain an
interfacial layer of metal sulfides.”” Such CEs suffer from continual corrosion and mechanical
instability and will completely disintegrate in the presence of sulfide/polysulfide electrolyte.** To

solve this problem, we have turned our attention to seeking cheaper and simpler methods.

Various deposition methods have been applied to deposit metal sulfides on FTO or ITO
glass, such as electrode deposition,*' successive ionic layer adsorption and reaction (SILAR),*
hydrothermal methods,* proximal (or direct) adsorption,44 and chemical bath deposition
(CBD).* CBD has gained popularity due to its simplicity and, more importantly, the intimate
contact between the donors and acceptors, through which QDs are formed directly on the
substrate by ionic species from precursor solutions. However, despite these advantages, new CE
materials are required to further enhance the power conversion efficiency (PCE) of QDSSCs and
achieve high stability, high electrocatalytic activity, and consistent performance in

sulfide/polysulfide electrolyte.

Lead sulfide (PbS) is a P-type semi-conductor that has attracted considerable attention for

use in QDSSCs and perovskite solar cells. PbS has promising stability and good catalytic activity
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in the near-infrared region (NIR). We report on PbS grown in situ on FTO glass substrates by a
simple and cost-effective CBD method using acetic acid and different deposition times. An
energy conversion efficiency of 3.48% was achieved using simple and inexpensive materials.
This is the best efficiency achieved using acetic acid for PbS CEs in QDSSCs so far.***” To the
best of our knowledge, this promising PbS CE using acetic acid with different deposition times
has not been used in polysulfide electrolyte previously. The photovoltaic performance is
improved by the excellent electron transport from an external circuit, and as a result, electrons
are used to oxidize the polysulfide electrolyte. The high electrocatalytic activity of the PbS CE

significantly improves the surface morphology and energy conversion efficiency.

The transport pathways of electrons and photoelectrical conversion configuration of a
Ti10,/CdS/CdSe/ZnS based QDSSCs with nanocrystal structure of PbS CE as described in Fig. 1.
The configuration consists of a photoanode TiO,/CdS/CdSe/ZnS QD sensitizer, polysulfide
electrolyte and FTO/PbS CE. As shown in schematic diagram, under one sun illumination (100
mW cm™) upon photo-excitation of the QD’s, yielding the electron-hole pairs at the interface
between the nanocrystalline oxide and QDs. The electrons are injected from the excited state of
CdS/CdSe/ZnS QDs into TiO; and finally to the FTO and the holes are concurrently oxidizing
the polysulfide electrolyte through the reaction of nS%~ + h* — S27.The electrons in the FTO
moved to the cathode via hole transporting of redox couple of the polysulfide electrolyte and
participates in the reduction reaction of CEs/electrolyte interface, S2~ + e~ — nS?~. As a result
an ideal PbS CE should possess high electro catalytic activity and conductivity for the reduction

of charge carriers in the electrolyte.
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Fig. 1 Schematic structure of TiO,/CdS/CdSe/ZnS QDSSC based nanocrystal structure of PbS

CE.
2. Experimental section
2.1 Materials

The following chemicals were purchased from Sigma-Aldrich: lead nitrate (Pb(NOs),),
thioacetamide (C,HsNS, 99.0%), acetic acid (C,H40,), cadmium acetate (Cd(CH;COO.2H,0)),
sodium sulfide (Na,S.9H,0), sodium sulfite (Na,SO3), selenium (Se) (100 mesh 99.5%), zinc
acetate (CH3CO;),Zn, 99%), potassium chloride (KCl), and TiO; paste (Ti-nanoxide HT/SP). All

chemicals were used directly without further purification.
2.2. Preparation of PbS and Pt CEs

The PbS CEs were deposited on FTO substrates with a sheet resistance of 7 Q/cm’. Prior

to deposition, the FTO substrates well cleaned ultrasonically with acetone, ethanol, and
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deionized (DI) water for 10 minutes each. Briefly, (Pb(NOs), was used as a lead precursor,
C,HsNS was used as a sulfur source, and acetic acid was used as a reagent in the deposition.
Acetic acid acts as a stabilizer, complexing agent and enriches the S* concentration versus S
atoms in the preparation process. No-visible coating was observed on the FTO substrates without
acetic acid. In 25 ml of deionized water (DI), 0.1 M Pb(NOs), was dissolved under magnetic
stirring. Then, 0.4 M C,HsNS was added to the solution and vigorously stirred for about 30 min
to obtain a transparent solution. Afterward, the two transparent solutions were mixed together
with slow stirring. Finally, 0.7 ml of acetic acid was added to the precursor solution drop by drop

under vigorous stirring for about 1 hr.

The well-cleaned FTO substrates were immersed horizontally in the growth solution and
placed in a hot air oven. The deposition was carried out at a constant temperature of 90°C for
time periods of 1.5 h, 2 h, 2.5 h, and 3 h, and the PbS CEs were denoted as PbS 1.5 h, PbS 2 h,
PbS 2.5 h, and PbS 3 h, respectively. When the deposition time was 3 h, the PbS-coated
substrates peeled off from the film, so further experiments were done with PbS CEs using
deposition times of 1.5 h, 2 h, and 2.5 h. After the deposition, the PbS-coated thin films were
removed from the oven and cooled to room temperature. After cooling, the PbS-coated FTO

substrates were rinsed with DI water and ethanol and dried with an air stream.

For comparison, we prepared commercial Pt paste (Solaronix, platinum catalyst T/SP), applied it
to well-cleaned FTO substrates using the doctor blade method, and heat-treated it at 450°C for 10

min in air.
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2.3 Synthesis of working electrode (TiO,/CdS/CdSe/ZnS):

Prior to preparation of photoanodes a SILAR technique was used to fabricate QD-
sensitized photoanodes.*® FTO substrates were ultrasonically cleaned with acetone, ethanol, and
DI water for 10 min each. Briefly, commercial porous TiO; paste with a particle size of 20 nm
(Ti-Nanoxide HT/TP, Solaronix) was coated on FTO glass by the doctor blade method and
sintered at 450°C for 30 minutes. After solvent evaporation, the thickness was 7.5 um with an

active area of 0.27 cm 2.
Electrode sensitization

TiO, nanostructured electrodes were sensitized by CdS QDs directly grown on the
photoelectrode surface. For the preparation of CdS QDs, anionic (Cd*") and cationic (S*) ion
sources were prepared with 0.1 M Cd(CH3COOQO); and 0.1 M Na;,S, respectively. First, the TiO,
electrodes were immersed in an aqueous solution of Cd(CH3COO.2H,0) for 5 minutes to allow
the Cd*" ions to coat the Ti0O; electrode. The film was rinsed with DI water and ethanol for 1 min
to remove the excess Cd" ions and dried under N, gas. The adsorbed anionic (Cd*") photoanodes
were then dipped into the Na,S solution for about 5 minutes for the cations (S*) to adsorb and
react with the anions (Cd*") to form CdS QDs. This was followed by sublimation with DI water
and ethanol, removal of the anions, and drying with N, gas. This two-step dipping procedure is
considered as one cycle. The process was repeated for 5 cycles at room temperature to achieve
good adhesion on the substrate. The as-prepared electrodes are denoted as TiO,/CdSs

photoanodes.

For the deposition of CdSe, 0.1 M of Cd(CH3COO), and Se sources were used for 8

alternate dipping cycles with the SILAR method. For the preparation of Se, a reflexing technique
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was used with an aqueous solution of 0.2 M of Se and 0.4 M of Na,SO; at 120°C for 4 h. The as-
prepared photo-anodes are denoted as TiO,/CdS5/CdSe8 electrodes. Finally, a ZnS passivation
layer was deposited on the CdSs/CdSeg layer using the SILAR method with an aqueous solution
of 0.1 M of Zn(CH3COO) ,.2H,0. and 0.1 M of Na,S applied for 1 minute for about 2 cycles.

This was followed by washing with DI water and ethanol alternately and drying with N, gas.

The use of wide-band-gap semiconductors (typically ZnS) as passivation layers on QD
sensitizers can efficiently decrease the rate of recombination and assist in electron transport in
the presence of polysulfide electrolyte.”” Moreover, the ZnS passivation layer can further
increase the efficiency of QDSSCs. The QD-adsorbed TiO, electrodes and the CuS and Pt CEs
were assembled at 100°C using a hot melting sheet (SX 1170-60, Solaronix). The internal space
was filled by capillary action with a redox liquid electrolyte containing 1 M Na,S with 2 M S and
0.2 M KCl in methanol and DI water at a ratio of 7:3. The CEs were covered with the sealant and
cover glass and then soldered. The cells were left for a few minutes for complete diffusion of the

electrolyte within the photoanode and finally tested under ~100 mW cm’ illumination.
2.4 Fabrication of symmetric cells for EIS and Tafel analysis.

The symmetrical CEs of PbS and Pt were assembled using a hot melting sheet (SX 1170-
60, Solaronix) at 100°C, and the internal space was filled with a redox liquid electrolyte
containing 1 M Na,S with 2 M S and 0.2 M KCI in methanol and DI water at a ratio of 7:3.
Electrochemical impedance spectroscopy (EIS) and Tafel measurements were carried out using a
Biologic potentiostat/galvanostat/EIS analyzer (SP-150, France) with a scan rate of 10 mVs™ for
the symmetrical dummy cells of PbS and Pt CEs under dark conditions in a frequency range of

100 mHz to 500 kHz.
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2.5 Characterization techniques.

The crystal nature and structure of the PbS thin films was characterized by powder X-
ray diffraction (XRD) on a D8 ADVANCE with a Cu Ko radiation source (A=1.54060)
operated at 40 kV and 40 mA in the range 20° to 80°. The surface morphology, thickness, and
elemental compositions of the PbS CE thin films were estimated using a field emission
scanning electron microscope (FE-SEM, SU-70, and Hitachi) operated at 10.0 kV, respectively.
The surface roughness of the PbS FTO substrate was characterized by atomic force microscope
(JPK NanoWizard I AFM, JPK Instruments, Berlin, Germany) with a scan rate of 0.8 Hz in
contact mode.

The current-voltage (J-V) characteristics of the QDSSCs were obtained under one-sun
illumination (AM 1.5G, 100 mW cm™) using an ABET technologies solar simulator (USA)
with an irradiance constancy of +£3%. Electrochemical impedance spectroscopy (EIS) was done
using a Biologic potentiostat/galvanostat/EIS analyzer (SP-150, France) under one-sun
illumination with a frequency range of 100 mHz to 500 kHz. Tafel polarization (scan rate 10
mV s7) was also performed for the symmetrical cells of PbS/PbS and Pt/Pt CEs in dark
conditions. To better understand the electrocatalytic activity of PbS CEs, cyclic voltammetry
was performed using three electrode system.

3. Results and discussion

Fig. 2 shows the XRD diffraction patterns of PbS thin films obtained from CBD under
optimum deposition conditions from 1.30 h to 2.30 h. The diffraction peaks observed at
diffraction angles (20) of 25.9°, 43.1°, 51.0°, 53.4° 62.5° 68.9° 71.0° 79.0°, and 84.8°
respectively corresponded to the [111], [220], [311, [222], [400], [331], [422], and [511] miller

planes of the PbS with face-centered cubic structure. These values are in good agreement with
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the standard X-ray diffraction data file (PDF No. 650135). The appearance of sharp peaks

indicates polycrystalline nature of the film.

e PbS
PbS 2.5 h *FTO
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Fig. 2 X-ray diffraction spectrum of PbS thin films deposited on FTO substrates

High-quality PbS nanocrystals formed when the deposition time was over 1.5 h. The
intensity of the diffraction peaks gradually decreases for 2 h of deposition compared to 1.5 h
and 2.5 h. This suggests that the thickness of PbS nanocrystals increases with increasing the
deposition time from 1.5 h to 2 h. The XRD results consistent with the SEM images. The
highest intensities were noted for the [111] and [220] planes, indicating that the nanocrystals
have a preferential coordination towards the [111] and [220] directions that depends on the
deposition time.

The absence of any other prominent diffraction peaks in the XRD analysis indicates that

there are no other crystalline phases such as PbO or PbSO4. However, deposition time over 2.5
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h may lead to uncontrolled growth of nanocrystals and make it difficult to exploit suitable
kinetic or energetic effects to achieve precise control over the size and size distribution of
nanocrystals. From the SEM and XRD analysis, we can conclude that the optimized deposition

time greatly affects the phase formation of PbS nanocrystals.

(a1)Pb$ 1.30 h

\ e er—
KBSI 15.0kVe8.0mm x100k SE(M) KBSI 15.0kV 9.1mm x100k SE(M) i 500nm | KBSI 15.0kV 9.1mm x100k SE(M)

Fig. 3 SEM images of PbS thin films deposited on FTO substrates with
different deposition times.

Fig. 3 shows the SEM images at low magnification and high magnification of PbS
nanocrystal thin films prepared at different deposition times via CBD. The deposition time of
PbS 2 h film have uniform surface morphology and good quality over the entire FTO substrate
without any empty surface regions. The deposition times played an important role in the
formation of PbS nanocrystals in the presence of acetic acid. The formation of PbS on FTO
substrate was not observed when the deposition time was less than 1 h. As shown in the SEM
images, nanocrystals formed when the deposition time was 1.5 h, and the film thickness was

about 734 nm. When the deposition time increased to 2 h, more cube-shaped nanocrystals were
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obtained, the distance between the crystals was reduced, and the crystals formed aggregates of
denser crystals. The film thickness also gradually increased from 734 nm to 1.32 pum. This
indicates that along with the increasing deposition time, the diffusion velocity of crystals in the

system was accelerated and their porosity declined due to the aggregation of the crystals.

After 2 h, the film had improved morphology, as shown in Fig. 3b, which may increase
the electrocatalytic activity to efficiently transfer electrons in QDSSCs. Further increase in the
thickness was not observed when the deposition time was increased over 2 h. However, at 2.5 h
of deposition, nanodendrites begin to form on the layer of PbS nanocrystals at uneven positions.
Moreover when the deposition time increases form 2 h to 2.5 h, the nanocrystals disappeared.
The PbS begins to peel off from the substrate when the deposition time increased to more than
2.5 h. When the deposition time was 2 h, the PbS nanocrystals had good adhesion to the FTO
substrate. The degree of adhesion of the CE to the FTO substrate is a major factor for obtaining
efficient QDSSCs.”" If the materials do not stick to the FTO they could peel off from the FTO

substrate, which may affect the performance of the QDSSCs.”!

(b)PbS2h (c) PbS 2.5 h

—_— —_————
KBSI 15.0kV 16.5mm x30.0k SE(M) 1.00um | KBS 15.0kV 15.9mm x30.0k SE(M) 1.00um | KBSI 15.0kV 15.3mm x20.0k SE(M)

Fig. 4 Cross-section SEM images of PbS CEs for QDSSCs: (a) PbS 1.5 h, (b) PbS 2 h, and (c)

PbS 2.5 h,
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The fig.4 shows the thickness variation of PbS nanocrystals at various deposition times.
For the preparation of PbS CEs, two main phenomena explain the formation of nanocrystals.
First is the formation of crystals aggregates in the chemical solution related to nucleation, and
second are the two growth mechanisms in CBD: ion-by-ion and cluster-by-cluster mechanisms.
In CBD, these two mechanisms randomly occur and the aggregates form from the cluster-by-
cluster mechanisms. The SEM images show that the average sizes of PbS nanocrystals are
increased with the deposition time. Therefore, the range of deposition time from 1.5 h to 2 h is

optimal for preparing high-quality cubic nanocrystals.

Q
o

Slow [um]
SlO\A! [1m]

Slow [am]

fast
PbS1.5h

Fig. 52D (a, b, ¢) and 3D (al, bl, cl1) AFM images of PbS 1.5 h, PbS 2 h, and PbS 2.5 h
CEs respectively.

Atomic force microscopy (AFM) is a promising technique to study the surface
topography of thin films because it provides valuable information regarding the film growth

mechanism, the shape and size of grains, and the surface roughness of the sample. Fig. 5 shows
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2-dimensional (2D) and 3-dimensional (3D) AFM images of PbS thin films deposited on FTO
substrate with various deposition times from 1.5 h to 2.5 h at constant temperature. The AFM
images reveal a uniform surface roughness, a smooth surface, and good adherence to the
substrate with narrow particle size distribution. The RMS values of all the CEs about 210 to 438

nm, respectively.

When the deposition time was 1.5 h, the PbS nanaocrystals formed with small grains and
uniform cubical shape could be observed on the substrate. The root mean square (RMS)
roughness was about 210 nm with relatively low and narrow particle size distribution. The film
deposited at 2 h has better morphology compared to that of 1.5 h and 2 h, and the surface
roughness also increased. The roughness of PbS 2 h CE morphology is strongly affected by
transition of active deposition mechanism during the curse of the deposition. The RMS value
gradually increases from 210 to 428 nm with increasing the deposition time from 1.h h to 2.5 h.
Das et al. reported that the rms roughness of their nanocrystalline PbS thin films was in the range
of 11.8-43.7 nm." Fallowing this trend, the surface increases with the increasing the deposition
time. This result suggests that when increasing the deposition from 1.5 h to 2 h, the film
thickness increased and changed the nucleation, and the crystallization of the PbS thin films was

improved. This is in good agreement with the XRD and SEM analysis.

When the deposition time was 2.5 h, the size of grains differs from that at 1.5 h and 2 h,
indicating irregular growth rate of the grains. The variation of grains and grain boundaries is due
to changes in crystallographic orientation, contaminants, and film quality. Therefore, 2 h results
in larger specific surface area than 1.5 h and 2.5 h based on the RMS roughness and AFM
images. The high surface at 2 h enhances the electrocatalytic activity for the CE in a polysulfide

electrolyte system.”> This result also imply that the charge transfer resistance at the



Journal of Materials Chemistry C

CE/electrolyte interface would be lower in the case of 2 h. The deposition time of PbS 2 h CE
offer more electrocatalytic activity sites for the reaction of the (§27/S27) redox couple in the
polysulfide electrolyte and increase the area between the electrode and electrolyte. Therefore, the
deposition time plays a vital role in the properties of PbS thin films and influenced the

crystallization and surface roughness.

&‘1 2 «a=(a) PbS 1.5 h ||
" «=o==(b) PbS 2 h
510 ade= (C) PbS 2.5 h |+

ep= (d) Pt )

H O O

N

Curent density (mA

014 02 03 04 05 06 0.7
Voltage (V)

o0
o

Fig. 6 Photocurrent-voltage (J-V) behavior for TiO,/CdS/CdSe/ZnS QDSSCs based on PbS and
Pt counter electrodes.

We also investigated the photovoltaic performance of PbS CEs CE for QDSSCs. Fig. 6
presents the J-V characteristics obtained under A.M 1.5 sunlight illumination (100 mW cm™) for
QDSSCs with PbS and Pt CEs along with TiO,/CdS/CdSe/ZnS as the photoanode. The QDSSC

photovoltaic performance is determined by the short-circuit current density (Js-), open-circuit
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voltage (V,.), fill factor (FF), and power conversion efficiency (1), which are summarized in
table 2. For optimization of efficient PbS CEs, we prepared without using acetic acid as a
reagent, and unfortunately, there was no visible coating on the FTO substrate. Using acetic acid
in the preparation of PbS CEs, we observed semitransparency in the polysulfide electrolyte and

good adherence to the FTO substrate.

The PbS CEs show better performance than the Pt CE. The Pt CE shows very poor
performance in QDSSCs with J¢., V,., and FF values of 10.20, 0.500, and 45.4, respectively,
resulting in low energy conversion efficiency. These results are mainly due to the sulfides
(527, S27) adsorbing onto the Pt surface and poisoning it, which affects the electrocatalytic
activity and reduces the FF and surface morphology.”® For the PbS 2 h CE, the values of Jsc, Vye,
and FF significantly improved were 14.13, 0.610, and 55.7 respectively, and it had the best n of
3.48% in comparison with the PbS 1.5 h, PbS 2.5 h and Pt CEs. The efficiencies of the PbS 1.5 h
and PbS 2.5 h were 3.02 and 2.85%, respectively. The improved performance of Js. is mainly
related to the low charge transfer resistance and more rapid rate of hole recovery at the PbS
electrode/electrolyte interface. The hole recovery rate is an important factor in improving the

- - 54-58
energy conversion efficiency (n).

The current-density mainly depends on the light harvesting efficiency, electron and hole
injection efficiency, and charge collection efficiency.”® The improved Ji. and efficiency of the
PbS 2 h CE increase the charge transfer at the CE/electrolyte interface and reduces the internal

resistance, recombination rates, and concentration gradients in the electrolyte,Sg’ 30

resulting in
improved FF, J;., and n. /. and the n of the PbS 2 h CE is much higher than that of other CEs,
which demonstrates that the fabrication of PbS CEs through CBD is much better than that of

other methods, such as hydrothermal or electrodeposition methods. The energy conversion
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efficiency of the PbS CEs improves with up to 2 h of deposition and greatly decreases thereafter.

From this result, we conclude that the PbS 2 h CE is the best substitute for Pt CEs.

A comparison with previously reported power conversion efficiency values of different
CE materials (Graphene/PbS, PbS/En, Pb metal foil, CuS/PbS, PbS, ZnO/PbS) 6% & g
depicted in fig. 7, which clearly shows that the our PbS 2 h CE has obtained greater
performance and high electrocatalytic activity in comparison with different CE materials in
aqueous polysulfide electrolyte. From the figure, the high performance of PbS 2 h CE results

superior to that of different counter electrode materials for QDSSCs.

35k Pbmetal foil
'ZnO/PbS
3.0F
Graphene/PbS

< 2.5
L=
o 2.0
&

Counter electrode (CE)

Fig. 7 Comparison of power conversion efficiency (PCE %) with different CE materials. PCE
values for ZnO/PbS, CuS/PbS, Pb metal foil, PbS/En, Graphene/PbS, and PbS were taken from

refs 60-65.
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Figure 8. Nyquist (impedance) plots of PbS 1.5 h, PbS 2 h, and PbS 2.5 h and Pt symmetrical

cells containing polysulfide electrolyte;

In QDSSCs, the CE and electrolyte play key roles in maintaining the regeneration cycle
of QDs. Electrons have to be transferred to recover the holes of the QDs, which allow the QDs to
be regenerated. Therefore, the oxidized species (i.e., Sx° ions) should be continuously reduced at

the CE according to the following reaction:
S2™ 4+ 2e” > Si, + §*° (1)

EIS was used to investigate the catalytic properties of the symmetrical PbS CEs and the

electron transport behavior, which is closely related to the electrocatalytic activity of the CEs in
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reducing the polysulfide electrolyte. Fig. 8 shows the Nyquist plot obtained from parallel circuits
with a resistor and capacitor connected in parallel * at open circuit bias potential in the
frequency range of 100 mHz to 500 kHz and 0.6 V as well as the equivalent circuit used for
fitting the impedance data of the PbS and Pt CEs at different deposition conditions. Z-view
software was used to fit the parameters of the impedance spectra, which are shown in table 1.
The Nyquist plot of the symmetrical cells consists of three parts. The equivalent circuit shows
the Ohmic series resistance (Rg) determined in the high frequency region on the real axis where
the phase is zero. The first semicircle represents the charge-transfer resistance (R.;) with a
constant-phase-angle element (CPE) at the CE/electrolyte interface in the middle frequency
region, and the second semicircle denotes the Nernst diffusion impedance (Z,,) of the electrolyte

in the low frequency region.

Table 1. EIS parameters extracted from fabricated symmetrical cells of PbS/PbS and Pt/Pt CEs,

and the cells filled with a polysulfide electrolyte solution (1 M Na,S,2 M S, and 0.2 M KCl).

Page 20 of 38

CEs R, (Q) R, (Q) CPE (uF) Z, (Q)
PbS 1.5h 9.92 23.38 17.04 6.12
PbS2h 9.58 20.28 25.29 3.86
PbS2.5h 9.97 24.29 16.46 8.11
Pt 11.12 29.91 16.22 9.02

R; directly relates to the electrocatalytic activity of the CE and controls the charge

exchange between the CE and polysulfide electrolyte, while C, reflects the active surface area.

The R, values of PbS 1.5 h, 2 h, 2.5 h and Pt CEs were 23.38, 20.28, and 24.29, 29.91
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respectively. Because of corrosion of the Pt surface by various S species, the Pt CE shows a
higher Ry value than the PbS CE, which has improved electron transfer kinetics for Snz'
reduction. In Contrast to the Pt, the lowest R . value of PbS 2 h CE suggests excellent
electrocatalytic activity for S2~ ions in comparison with PbS 1.5 h, 2.5 h and Pt CEs. The low
R.; value of the PbS 2 h is a main factor for improving the power conversion efficiency,
particularly in terms of FF at the CE/electrolyte interface. This result reduces the internal
energy of the CE film and ensures full utilization of the PbS polycrystal cube structure (which
is in good agreement with the SEM image).

Generally, a reduced R, would lead to high FF and greater power conversion
efﬁciency.67’ The R values of the 1.5 h, 2 h, and 2.5 h PbS and Pt CE were 9.92, 9.58, 9.97,
and 11.12, respectively. The low R values of PbS CE are due to the good adhesion of the CE
to the FTO substrate and the sheet resistance of two electrodes with good conductivity. The C,
values of the PbS 1.5 h, PbS 2 h, and PbS 2.5 h and Pt CEs were 17.04, 25.8, 16.6, and 16.22
uF, respectively. This reveals that the PbS CEs have higher CPE values than the Pt CE. The
low recombination and larger electrochemical surface area of the PbS 2 h CE implies the
availability of more catalytic sites. Therefore, a high C, value is a key factor for greater
electrocatalytic activity. *°

In addition, the growth of PbS nanocrystals on the PbS 2 h CE is beneficial for the
diffusion of the polysulfide electrolyte, which leads to much lower Zy,. The lower Z,, value
(3.86) of the PbS 2 h is higher than that of the PbS 1.5 h, PbS 2.5 h and Pt CEs. The lower Z,,
values of the PbS 2 h indicate sufficient electrocatalytic area for S2~ ions in the reduction
reaction with improved electrolyte diffusion for mass transport of the electrons, which favors

higher J¢ for QDSSCs. The Pt CE does not catalyze the reduction of polysulfide electrolyte
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effectively, indicating poor performance in terms of low FF, which will affect the photovoltaic
performance. We conclude from the impedance spectra of symmetrical cells that the PbS 2 h
CE facilitates the penetration of electrolyte into the film and enables more electrochemical

active sites for the S27/S?~ redox reaction.

-—

o

—a—(a)PbS 1.5 h
—o=—(b)PbS 2 h |

log J (MA cm-2)

“1F e (C)PbS 2.5 h
e () Pt
Anodic branch Cathodic branch ]
1.0 -0.5 0.0 0.5 1.0

Potential (V)

Fig. 9 Tafel polarization plot for PbS and Pt counter electrodes symmetrical cells
To further evaluate the interfacial charge transfer property of the S2~/S2~ redox couple
of PbS CEs, we used TAFEL polarization measurement with the same symmetrical cells used
in the EIS analysis. Fig. 9 shows the Tafel measurement of the symmetrical cells of the PbS
CEs and Pt CE under dark conditions with a scan rate of 10 mVs" as a function of the
logarithmic current density (Log J) vs. potential (V). Theoretically, the Tafel polarization is
mainly divided into three major parts, which is consist of polarization, the Tafel zone and

diffusion zones in the low, middle, and high potential areas, respectively. The figure presents
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the electrocatalytic activities of CEs that can be evaluated from the exchange current density
(Jo) and limiting diffusion current density J;;,, obtained from the Tafel and diffusion zones. The
limiting current density J;;;, can be derived from the plot as a function of voltage, and the
exchange current density (/) can be derived as the intercept of the extrapolated linear region of
the anodic and cathodic branches when the voltage is zero. These two parameters are measures
of the electrochemical catalytic activity of the PbS and Pt CEs. J, depends on the R.; value

obtained from the EIS analysis:

_RT
" nFR,

Jo (2)

where R is the gas constant, F is the Faraday constant, T is temperature, n is the number of
electrons involved in the reduction of disulfide at the CE, and R.; is the charge transfer
resistance at the CE/electrolyte interface obtained from EIS spectra.

According to the Tafel plot, the PbS CEs clearly have higher slope values compared to
the Pt CE. The PbS 2 h CE has higher J, values than the PbS 1.5 h, PbS 2.5 h and Pt CEs in the
Tafel zone. This indicates better electrocatalytic activity for the polysulfide electrolyte redox
couple and greater ability to reduce the polysulfide electrolyte at the CE/electrolyte interface.
The improvement of the catalytic activity of PbS also increases the logarithmic current
densities in the anodic and cathodic reduction of Tafel polarization. According to the equation,
the PbS 1.5 h, PbS 2 h, and PbS 2.5 h CEs show greater J;;,,, values compared to the Pt CE,
indicating that the PbS CEs have large diffusion coefficient (D) values that allow high diffusion
velocity of the redox couple in the electrolyte:

D = Uyim/2nFC 3)
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Where D is the diffusion coefficient of the polysulfide, / is the electrolyte thickness, n is the
number of electrons involved in the reduction of disulphide at the counter electrode, F is the
Faraday constant and C is the polysulfide electrolyte concentration.

Due to high J;;,,, the PbS CEs achieve good catalytic activity compared to Pt in the
reduction of the electrolyte. When the deposition time was over 1 h, both J, and J;;;,, gradually
increased, leading to better electrocatalytic activity and the highest power conversion efficiency
of 3.46 %. This is in good agreement with Table 2 from the J-V analysis. The deposition time of
2 h leads to a much greater slope. The surface morphologies of the nanocrystal structured counter
electrode thin films with particularly large surface can decrease the resistances of charge transfer,
accelerate the diffusion of electrolyte and increase the electron life time, which are determining
factors affecting the QDSSC performance. The increase in the slope and decrease in the charge
transfer resistance in the EIS and Tafel plots show good consistency with the corresponding
photovoltaic performance of PbS 2 h CE, which has the highest electrocatalytic activity in the

reduction of the S27 /52~ couple for QDSSCs.
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Fig. 10 Electrochemical impedance spectra of QDSSCs fabricated with PbS and Pt counter
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To further understand the internal resistance, recombination properties, and interfacial
charge-transfer kinetics of QDSSCs with different CEs, electrochemical impedance spectroscopy
analysis was used under an illumination of 100 mW cm™?. A 10-mV AC signal was applied for
V,c (under light conditions). The corresponding Nyquist plots are shown in Fig. 10 with the
frequency range of 100 mHz to 500 kHz. Under illumination, electrons in the valence band have
enough energy to inject into the QD-sensitized photoanode through the FTO substrate, and the
photoanode is charged by transport of the injected electrons (in the conduction band). At the
same time, some of the electrons in the conduction band of the photoanode recombine with the
electrolyte. To classify these phenomena, Z-view software was used to analyze the impedance
spectra from EIS analysis with an equivalent circuit consisting of two parallel RC circuits along
with the Warburg impedance (Zw), as shown in the figure.

Generally, the EIS spectra of QDSSCs show three semicircles in the frequency range of
100 mHz to 500 kHz. In the equivalent circuit diagram, a series resistance (R;) was added to the
circuit to describe the sheet resistance of the FTO/Ti0,, which represents the nonzero intercept
on the real axis on the impedance plot. The first and second semicircles represent the charge
transfer resistance at the CE/electrolyte interface and at the TiO,/QD/electrolyte interface,
respectively, with the corresponding chemical capacitance (C,), which represents the large
number of photo-excited charge carriers in the conduction band of the photoanode resulting from
very poor recombination. The third semicircle corresponds to the Warburg diffusion coefficient
(Zy) in the S2~ /5%~ redox electrolyte. The fitted values of the electrochemical parameters and

electron lifetime are listed in table 2.
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Table 2. Performance and EIS results of PbS and Pt CEs based on QDSSCs under one sun.

Parameter Voc(V) ]sc(mA FF n RS(Q) RCE(Q) Rct(Q) Cu(uF) ZW(Q) Tn(ms)

cm™) (%)

PbS1.5h 0545 10.79 051 3.02 9.18 7.01 1.75 2.04 1.40  2.82
PbS2h 0560 11.20 0.55 348 8.58 442 2.6 4.63 1.21 3.04
PbS25h 0572 10.7 049 285 861 83 2.52 242 1.68 222

Pt 0.604 9.29 028 1.58 13.72 8.94 1.30 0.10 3.15 1.59

The decreased first semi-circle shows the acceleration of the electron transfer at the
CE/electrolyte interface. The Ry values of the PbS 1.5 h, 2 h, 2.5 h and Pt CEs are 7.01, 4.42,
8.31, and 8.94, respectively. Compared to the PbS 1.5 h, 2.5 h and Pt CEs, the PbS 2 h CE has
the lowest R¢g value, which indicates higher electrocatalytic activity than the other CEs. The R,
Zy, and C, values of the PbS 2 h CE are 2.6, 1.21, and 4.63, respectively. The values for the Pt
CE are 2.35, 3.15, and 0.10, respectively. The Pt CE has much higher values than the PbS, which
means greater internal energy loss at the CE/electrolyte interface and leads to lower FF (0.28).%
The PbS 2 h has high capacitance (C,) and greater surface area on the electrode, which causes
low recombination. The high C, value (4.63 uF) PbS 2 h sample shows superior to that of other
CEs. The greater C, value suggests a high surface area of the electrode, which leads better
electrocatalytic activity.”” The small value Z, (1.21 Q) of the PbS 2 h CE indicates additional
electrolyte diffusion with faster mass transport of electrons, resulting in increasing FF. Rg and
R.g suggest that the PbS 2 h CE is the best CE for the reduction of the polysulfide-based redox

couple in QDSSCs.



Journal of Materials Chemistry C

To support the EIS results, we can also estimate the electron lifetime (z,,) in the PbS
and Pt CEs for QDSSCs. The corresponding Bode phase plots for the PbS 1.5 h, 2 h, 2.5 h and
Pt CEs are shown in Figure. The electron lifetime (7,) can be determined from the peak
angular frequency in the Bode plot. The value of 1, can be obtained according to the following

equation:

= 1/27Tfmax ()

where f,,4, 18 the peak frequency in the mid frequency ranges.70 As shown in the figure, the 7,
values of the PbS 1.5 h, 2 h, 2.5 h and Pt CEs are 2.82, 3.04, 2.22, and 1.59, respectively. When
increasing the deposition time from 1.5 h to 2 h, the electron lifetime in the PbS CEs improves,
which supports the lower recombination rate of injected electrons for reduction of the
polysulfide electrolyte.”" f,,4, is inversely proportional to the electron lifetime of electrons, and
the larger value of the PbS 2 h leads to a longer lifetime and faster diffusion rate.”” However,
the higher 7,, value of the PbS 2 h suggests that the electrons have slower charge recombination
in the polysulfide electrolyte, resulting in higher /5. and enhanced energy conversion efficiency
for the QDSSCs.”

The Pt shows very low electron lifetime for the QDSSCs due to higher Z,, and higher
recombination of the injected electrons with the polysulfide electrolyte, which results in an
extreme loss of FF and reduced electron lifetime and affects the cell performance.74 The EIS,
Tafel, and J-V results suggest that the deposition time of PbS 2 h results in high catalytic
activity in terms of increased Jgc and C, and decreased R.; and Z,,, which will significantly

improve the performance of QDSSCs.
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Figure 11. Open-circuit voltage-decay measurements after switching off the illumination of
QDSSCs.

To further study the charge transport and recombination properties, the PbS CEs were
investigated by open-circuit voltage decay (OCVD) measurements.’” Fig. 11 shows the V. decay
characteristics of QDSSCs with different CEs. The measurements were carried out as a function
of time under open-circuit conditions. When the visible light illumination was removed, no
electrons are transported through the external circuit due to the photoinduced electrons
recombining with the electron acceptors in the electrolyte. Therefore, V,. would follow an
exponential curve during the recombination process. The rate of V,. decay is directly
proportional to the electron lifetime. The figure presents the OCVD traces measured for different
deposition times of PbS and Pt CEs for QDSSCs. The electron lifetime can be calculated

according to the following equation:
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_ —kpr dVoc__

th=— 1 @

where kzT is the thermal energy, e is the positive elementary charge, and dV,./dt is the
derivative of V..

It is clear that the QDSSCs based on the PbS 2 h CE have the slowest V. decay rate
compared to the Pt CE. This suggests slower recombination kinetics and longer electron lifetime
in the PbS 2 h. The plot for Pt shows the fastest voltage decay rate, indicating the largest
recombination rate. Based on the QD amounts, light-scattering ability, electron transport, and
recombination, the QDSSCs with the PbS 2 h achieved the highest PCE (3.48%) with a J,. of
11.20, V,, of 0.560, and FF of 0.55 under simulated AM 1.5 G one-sun (100 mW cm™)
illumination.

The photovoltaic performances of the QDSSCs with the PbS CEs were compared based
on the charge-transfer resistance at the CE/electrolyte interface, as shown in Fig. 12(b). Fig.
12(b) shows that the PbS 2 h CE provides a lower charge-transfer resistance (R.;) at the
CE/electrolyte interface, which is lower than that of PbS 1.5 h and PbS 2.5 h, and several orders
of magnitude lower than that of the Pt CE. The lower R, in PbS 2 h CE suggests much
enhancement of the charge transfer, which would improve the electron flow from the external
circuit to the PbS/electrolyte interface. The lower R, value of PbS 2 h shows the superior
photovoltaic performance than the PbS 1.5 h, PbS 2.5 h and Pt CEs. Higher photovoltaic
performance and low internal resistance were observed for the PbS 2 h CE, which is in

accordance with the solar cell performance results.
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Conclusion

We have demonstrated a simple and cost-effective approach to synthesizing high-
quality PbS nanocrystals using CBD in the presence of acetic acid at various deposition times.
To the best of our knowledge, this is the first time reporting the fabrication of horizontally
aligned PbS CEs with improved cube-shaped nanocrystal morphology on FTO substrate and

their application in QDSSCs. The size and shape of the PbS nanocrystals can be easily
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controlled by varying the reaction time. The improved performance of the PbS 2 h CE in
QDSSCs under one-sun illumination (AM 1.5, 100 Mw cm™) yielded high power conversion
efficiency (3.48 %), which is higher than those of the PbS 1.5 h CE (3.02 %), PbS 2.5 h CE
(2.85%), and Pt (1.58%) CEs. The surface energy of the PbS 2 h CE can be controlled by the
concentration of acetic acid, in contrast to the PbS 1.5 h and 2.5 h CEs. The concentration of
acetic acid plays an important role in deciding the size and shape of the PbS nanocrystals in the
nucleation and growth process.

In EIS analysis, the PbS 2 h CE shows the lowest charge transfer resistance (20.28 Q)
compared to the Pt CE (29.91 Q) at the polysulfide/electrolyte interface. Moreover, the PbS 2 h
CE has a longer electron lifetime of 3.04 ms. The improved photovoltaic performance is mainly
attributed to the surface energy of the PbS 2 h, modified surface morphology, faster electron
transport, and lower electron recombination rate. These results indicate that CBD can be used
to selectively deposit layers on organic films and to control the surface morphology, size, and
shape of PbS nanocrystals by varying the reaction conditions. We anticipate that this method
can be applied to other substrates for potentially high-efficiency QDSSCs, Perovskite solar
cells, LEDs, and infrared solar cells.
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