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ABSTRACT: Knit-coir-mat-like structured CuS thin films
prepared by chemical bath deposition with different time
duration were used as counter electrode in qunatum dot
sensitized solar cells. The film deposited at 4 h exhibited better
electrochemical and photovoltaic performance with Jsc, Vi,
and FF values of 14.584 mA cm ™2, 0.566 V, and 54.57% and
efficiency of 4.53%. From the UV—vis absorption spectra, it is
observed that CuS thin film exhibits free carrier intraband
absorption in the longer wavelengh region. The enhanced
performance of CuS counter electrodes is due to Cu vacancies
with increased S composition, and the quasi-Fermi energy level
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in semiconductors with respect to electrolyte redox potential is one of the causes that affects the electrocatalytic activity of

counter electrodes.
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1. INTRODUCTION

The rapid increase in the global population and the
corresponding energy need to be addressed productively
using nonrenewable energy sources. The exorbitant production
cost of thin film solar cells irrespective of high power
conversion efficiency resulted in finding dye sensitized solar
cells (DSSC) as a low-cost alternative by O'Regan and Gratzel
in 1991.'7> The photodegradation and instability of DSSC
paved the way for the search of third generation photon
harvesters, namely quantum dots (QDs), with enhanced
efficiency and device stability having advantages over DSSC.*
QDs are semiconducting materials having advantages of size
dependent tunable band gap with quantum confinement to suit
the spectrum of sunlight,” with multiple excitation generation
due to impact ionization®” and hot-carrier transfer,® higher
extinction coefficients, and larger intrinsic dipole moments*
leading to charge separation, which all make them superior over
organometallic dyes.” Even with the above-mentioned advan-
tages, the photovoltaic performance of quantum dots sensitized
solar cells (QDSSC) is still behind that of DSSCs accounting
for the electron loss occurring due to charge recombination at
the TiO,/electrolyte and photosensitizer (QD)/electrolyte
interfaces.*” Similar to DSSC, QDSSC makes use of a range
of wide band gap materials such as TiO,," Zn0,"° $n0,,"" and
Nb,O;'* as photoanodes. The iodide/tri-iodide (I7/I°7)
electrolyte used in DSSC is not a suitable candidate for
QDSSC as it causes photocorrosion to the QDs,'> and
therefore, polysulfide (S*7/S,””) is more preferred for
QDSSC over I/I*” to minimize phot0c01‘rosion.14_16 More-
over, platinum (Pt) proves to be a successful candidate as a CE
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for DSSC with appreciable electrocatalytic activity for the redox
of iodine/triiodide, exhibiting minimum resistance;'” however,
it has very low electrocatalytic activity toward polysufide
electrolyte'®™>° making it handicapped as CE for QDSSC
irrespective of the method of preparation. Although Pt has very
high conductivity, physical adsorption of sulfur-containing
group onto the surface of Pt causes catalytic poisoning resulting
in poor electrocatalytic activity, and leading to high over
potential which hinders the reduction of the oxidized redox
species of the electrolyte and rapidly reduces the cell’s
performance.'®*" This leaves the researchers to find a cost-
effective alternative to Pt with maximum electrocatalytic activity
and low charge transfer resistance (R¢g). Until now, there have
been several alternatives to Pt reported as CE, to achieve high
charge separation and electrocatalytic activity. Counter electro-
des play a major role in collecting the electron from the external
circuit and reducing the S,>” ions to §2=.1822728 T4 climinate
the previously mentioned drawback, carbon nanotubes,”
graphene,® mesocellular carbon foam,*' and p-type metal
chalcogenide materials Pbs,>"32 CoS,26’33 NiS,** and
CuS'#%%73 are used to facilitate hole capture at the counter
electrode and to boost up the efficiency of QDSSC since they
have a large area deposition capability. While there are many
alternatives, CuS is most preferred since it not only yields high
efficiency® but also is cost-effective and has superior photo-
and electrocatalytic property and conductivity as well.*%**’
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Cu,S is an unstable phase due to the formation of Cu vacancies
even in thermodymanic equilibrium with bulk copper metal.*®
Even though CuS is a p-type semiconductor, it exhibits mixed
electronic and ionic conduction due to the presence of Cu
vacancies that give rise to free holes which act as electron
acceptors exhibiting high conductivity.*>** Moreover, Cu$S
composition varies from S-rich (CuS,) to Cu-rich (Cu,S)
exhibiting different morphologies.*' ~* We found that surface
morphology and Cu:S ratio are affected with deposition time.
In polysulfide, the CE interface plays a major role in enhancing
the electrocatalytic activity. Hence, it is highly essential to
understand whether surface morphology and/or Cu:S ratio
affect the electrocatalytic activity of CuS films used in QDSSC
as CE. To the best of our knowledge, composition and surface
morphology dependent electrocatalytic activity applied to
QDSSC have not been reported and hence are our work.
Herein, we report time varied chemical bath deposited knit coir
mat structured CuS$ thin films as CE for QDSSCs photovoltaic
performance which are found to surpass our previous work with
Pt/CuS* and CuS/CoS CE*® having an efficiency (1) of
4.53%.

2. EXPERIMENTAL SECTION

Densely packed knit-coir-mat-like structured CuS thin films were
deposited on well-cleaned fluorine doped tin oxide (FTO) glass
substrates with a sheet resistance of 7 Q/cm?® (Hartford Glass) by
chemical bath depositon (CBD) using aqueous solutions of copper
chloride dihydrate (CuCl,-2H,0) and thioacetamide (CH;CSNH,) as
copper and sulfur sources, respectively. All the precursors used for the
synthesis were analytical grade and purchased from Sigma-Aldrich, and
the synthesis was carried out without further purification. In 25 mL of
deionized water (DI), 0.10 M of copper chloride dihydrate (CuCl,-
2H,0) was dissolved (solution A) and 1.0 M of thioacetamide
(CH,CSNH,) were dissolved in 25 mL of deionized water (solution
B) separately and vigorously stirred for 30 min to get a transparent
solution. The two transparent solutions were mixed with constant
stirring, and to this solution was added 0.85 M acetic acid
(CH;COOH) in drops; the reaction mixture was stirred vigorously
for 1 h. The previously cleaned FTO glass substrates were immersed in
to the growth solution horizantally and placed in a hot air oven. The
deposition was carried out at a constant temperature of 60 °C for a
period of 2, 3, 4, and S h, and the deposited CuS films were labeled as
CE2, CE3, CE4, and CES, respectively.

2.1. Fabrication of TiO,/CdS/CdSe/ZnS Photoanode. The
FTO substrates were cleaned ultrasonically and used for the
fabrication of photoanode. Porous TiO, films were coated on FTO
from commercially available TiO, paste of particle size 20 nm (Ti-
Nanoxide HT/S, Solaronix) by doctor blade method with an active
area of 0.27 cm?, after which it was annealed at 450 °C for 30 min. The
TiO, coated photoanodes were cosensitized with CdS and CdSe QDs
using successive ionic layer adsorption and reaction (SILAR).
Solutions of 0.025 M cadmium acetate dehydrate (Cd(CH;COO),
2H,0) and 0.2 M sodium sulfide (Na,S) were prepared for the Cd**
and S$*~ ion sources, respectively, for CdS QD. The TiO, coated
photoanode was immersed in to cadmium acetate dihydrate solution
for 5 min, in order to adsorb Cd** ions onto the TiO, surface, rinsed
with DI water and ethanol to remove the excessively adsorbed cations,
and dried under N, gas. The Cd** adsorbed photoanodes were then
immersed in the Na,$ solution for 5 min, to adsorb $*~ ions on to the
photoanode and to react with previously adsorbed Cd** ions to form
CdS QD, followed by rinsing with DI water and ethanol to remove the
excess anions, and dried with N, gas. This completes 1 cycle, and 5
such cycles were done to deposit CdS QDs on the photoanode. Then,
8 cycles of CdSe QDs were deposited using the above-mentioned
SILAR method, with 0.025 M of cadmium sulfide (Cd(CH;COO),:
2H,0 and 02 M selenium (Se) for cation and anion sources,
respectively. The QD-sensitized photoanodes were finally dipped in
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0.2 M of zinc nitrate hexahydrate (ZnNO;-6H,0) and 0.2 M of Na,$S
alternatively and dried with N, gas to deposit a zinc sulfide (ZnS)
passivation layer to avoid corrosion of QDs due to the electrolyte and
to prevent back electron transfer into the electrolyte.

2.2. Fabrication of QDSSCs and Symmetric Cells. The CdS/
CdSe/ZnS photoanodes and a counter electrode (CuS and Pt) were
sandwiched between a 25 ym hot-melt sealing sheet (SX 1170-25,
Solaronix). By capillary action, the internal space was filled with a
redox liquid electrolyte of 1 M of Na,S, 2 M of S, and 0.2 M of KCl in
a mixture of 3 mL of deionized water and 7 mL of methanol.

The symmetric electrodes of CuS and Pt films were sandwiched
between a 25 ym hot-melt sealing sheet (SX 1170-25, Solaronix) and
filled with a redox liquid electrolyte 1 M of Na,S, 2 M of S, and 0.2 M
of KCl in a mixture of 3 mL of DI water and 7 mL of methanol.

3. CHARACTERIZATION TECHNIQUES

The structure and phase purity of the synthesized CuS films
were analyzed by X-ray diffraction (XRD; Bruker D8-Advance)
with Cu Ka radiation (4 = 1.540 56) source operated at 40 kV
and 30 mA in the range 20—80°. The surface morphology of
the sample was analyzed using FE-SEM (Hitachi, model S-
4200) operated at 1S5 kV. X-ray photon spectroscopy (XPS)
was performed using a VG scientific ESCALAB250 with
monochromatic Al Ka radiation of 1486.6 eV and with an
electron take off angle of 90°. The pressure of the chamber was
kept at 10 ~'° Torr during the measurement. The survey
spectrum was scanned in the binding energy (BE) range 0.0—
1400 eV in steps of 1 eV. The binding energy values reported
here are relative to the carbon C 1s core level at 284.6 eV. UV—
vis spectroscopic analysis was carried out using an Optizen
3220 UV spectrophotometer. The current—voltage charecter-
istics of the QDSCs were studied under 1 sun illumination (AM
1.5G 100 mW cm™?) using ABET Technologies solar
stimulator having the irradiance uniformity of +3%. Cyclic
voltammetry and electrochemical impedance spectroscopy
(EIS) were performed using a BioLogic potentiostat/
galvanostat/EIS analyzer (SP-150, France) under 1 sun
illumination.

4. RESULTS AND DISCUSSION

Figure 1 features the X-ray diffraction pattern of CuS thin films
on the FTO substrate. Some of the peaks of the CuS thin films
were overlapping with the peaks arising from the FTO. The
diffracted peaks of (105), (008), (110), (206), and (212) are
corresponding to hexagonal CuS and match well with ICDD
file no. 79-2321.* The compound is confirmed to be covelite
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Figure 1. X-ray diffraction spectrum of CuS thin films deposited on
FTO substrates.
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Figure 2. SEM images of CuS thin films deposited on FTO substrates.

Table 1. Cu:S Composition, EIS of Symmetrical Dummy Cells, and QDSSC and IV parameters

EIS for symmetric

cell EIS parameters for QDSSCs

cell composition Cu:S (at. %) R, () Rep ()  Voc (V) Jsc (mA/em®)  FF (%) 75 (%) R (Q) R (Q) Rep (Q) s (ms)

CE2 51.27:48.73 S.16 25.22 0.552 11.857 56.84 3.74 7.71 3.98 284 31.05

CE3 49.28:50.72 6.0 2725 0.574 12.376 55.18 3.94 8.08 5.81 31.24 34.80

CE4 41.27:58.73 4.13 1.04 0.566 14.584 54.57 4.53 6.99 1.84 17.35 41.94

CES 56.4:43.6 7.28 48.75 0.561 08.692 46.98 235 9.67 8.34 432 21.12

Pt 8.83 576.23 0.559 06.671 31.71 145 9.86 12.32 418.47 0.33
CuS because the key peaks at 46.1° and 48.6° correspond to CuCl, — cu*t + 201 (1)

both Cu;¢,S and Cu;gS, and the peak at 37° which is
exclusively present in Cu, 4,S is absent.** For CE2, the peak at
44.4° corresponding to the (008) plane has the highest
intensity, whose intensity gets reduced, and the full width at
half-maximum increased upon increasing the deposition time
from 3 to S h. This suggests that CE2 is more crystalline which
is reduced when we go from CE2 to CES owing to the increase
in the film thickness. Moreover, the peak at (110) is absent for
CE2 and CE3 whereas it is present in CE4 and CES. This
might have been caused by phase change during the growth of
the samples over 3 h as it is well-evidenced from the SEM
pictures. The reaction involves homogeneous nucleation
followed by heterogeneous film deposition on to the FTO
substrate. There has been no deposition of the film until 1 h;
deposition began after 1 h, and the film gets peeled off after S h.

The reaction follows the following mechanism.
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Thioacetamide reacts with H,O and dissociates to give H,S.

CH,—CS—NH, + H,0 - CH,~CO-NH, + H,S  (2)

H,S + H,0 » SH™ + H,0" (3)
SH™ + H,0 - §*~ + H,0" (4)
Cut + 87 2 CuS ()

Figure 2 shows the scanning electron microscopy (SEM)
images of the CuS thin films deposited on the FTO substrates
by chemical bath deposition for period of 2—5 h. It reveals that
the surface morphology is greatly influenced by the deposition
time. As seen, when the deposition time was 2 h (CE2), a
bunch of nanoplatelets with tubelike sturcture are formed. As
the deposition time increases, the space between the nano-
platelets was reduced with increased interpenetrated knit-coir-
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mat-like structure at 5 h (CES) deposition time. It is peculiar in
structure with a progressive structural change from an array of
nanoplatelets to knit-coir-mat-like structure. The films CE2 and
CE3 have less densely packed assembly of nanoplatelets with
huge voids. The increase in the deposition time to 4 h (CE4)
makes them denser, and the voids in between the nanoplatelets
have been reduced with uniform pores and with 5 h (CES) of
deposition; the film grows like a well-knit-coir-mat-like
structure without any pore. Table 1 shows the composition
of the as-deposited films, indicating an increase in S with
increased deposition time until 4 h, after which Cu®" ion
concentration dominates, and this reduces S as is seen in CES.

The absorption spectra of the CuS thin films (Figure 3a)
show that CE2 and CE3 have an absorption minimum at 646,
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Figure 3. (a) UV absorption spectra of CuS thin films deposited on
FTO substrates coated by CBD. (b) Nyquist plot for CuS and Pt
electrode symmetrical cells: inset shows magnified plot of Pt and
equivalent circuit. (c) Tafel polarization plot for CuS and Pt electrodes
symmetrical cells. (d) UV absorption spectra of TiO,/CdS/CdSe/ZnS
cascade photoanode deposited by SILAR method.

816 nm, respectively, while CE4 and CES absorb strongly due
to high thickness and lie beyond instrument limitation. The
increased absorption at longer wavelength region is due to free
carrier intraband absorption.**

EIS measurements were carried out for the symmetrical
dummy cell composed of two identical CuS CEs with
polysulfide electrolyte as shown in Figure 3b with equivalent
circuit. In the circuit, R, is the series resistance, Rop is the
charge transfer resistance at CE/electrolyte interface, Cpy is the
corresponding capacitance, and Zyy is the Warburg impedance
of the redox electrolyte.”**®*° The measurements were carried
out at open circuit bias potential in the frequency range 100
mHz—500 kHz. The impedance data were fitted using the
equivalent circuit shown in the inset, and extracted parameters
are given in Table 1. The Ry is responsible for charge exchange
between the CE and polysulfide electrolyte. Pt has the highest
R value of 576.23 Q while all the other CuS CEs have much
smaller Ry values, showing the superior electrocatalytic activity
of CuS over Pt."

Among the CuS CEs, a decrease in the Rcg value was
observed until CE4 which exhibits the lowest Rcg of 1.042 Q
and ensures higher electrocatalytic activity of CE4. R, is a
measure of the electronic adhesion of the CE onto FTO and is
inclusive of its sheet resistance. Pt has an R, value of 8.83 Q
while CE4 has the lowest value of 4.13 €, suggesting very low
contact resistance and possibly conducting the charge carriers
with very low loss. The diffusion impedance (Z,) is also a
measure of electrocatalytic activity as it is inversely proportional
to the reduction of polysulfide electrolyte. The Z; values of
CE2, CE3, CE4, CES, and Pt CEs are 8.15, 10.48, 3.65, 20.58,
and 102.58 €, respectively. CE4 has the lowest Z;y value of 3.65
€ that suggests it has a very high rate of reducing the
polysulfide electrolyte; on the contrary, Pt CE (102.80 Q) is
found to poorly catalyze the reduction of polysulfide. The
reason for the poor reduction of polysulfide by Pt is due to the
physisorption of S ions onto the Pt surface leading to catalytic
poisoning. This hinders the cell’s performance and affects the
cell’s efficiency.

Figure 3c shows the Tafel measurement of the symmetrical
cells made of CuS CEs and Pt CE. It is a measurement of
logarithmic current density as a function of applied potential.
The Tafel plot consists of three zones: the first one is the
polarization zone at the lower potential (—Ve), the second is
the Tafel zone at the middle with a steep slope, which is the
fingerprint of catalytic ability of the CE, and the third one is
due to diffusion region at the higher voltage. The extrapolation
of the linear region of the curve to zero gives the exchange
current density (Jo). The limiting current density (Jj;,,) can be
derived from the curve at high potential region. From these
parameters, the electrochemical catalytic behavior of the CEs
can be inferred. The current density (J,) can be calculated using
the following formula:

RT
] =
O wFRep (6)

Here, R is the gas constant, T is temperature, n is number of
electrons involved in the reaction, and Rcp is the charge
transfer resistance.***” It is evident from the figure that the Cu$S
CEs show larger slope than Pt CE, which suggests that there is
a high exchange current density (J;) for CuS CEs as compared
to that of Pt. The higher electrocatalytic activity of CuS CEs in
the reduction of polysulfide electrolyte is evident from its high
Jim as compared to that of Pt CE. Among the CuS CEs, CE4
has very high slope and Jj;;, CE4 has a steeper change in slope,
and it hits a maximum current density as the curve reaches a
plateau which further supports its high electrocatalytic activity;
on the contrary, Pt CE has its I, shifted toward the cathodic
side revealing that it has more reduction than oxidation due to
catalytic poisoning.

In order to investigate the electrocatalytic activity and the
photovoltaic performance of the CuS CEs solar cells with
TiO,/CdS/CdSe/ZnS, cascade photoanodes were fabricated,
and I—V measurements were carried out to compare with Pt.
Figure 3d shows the UV absorption spectra of TiO,/CdS/CdSe
cascade photoanode deposited by SILAR method. From the
picture, it is evident that the UV absorption for CdSS + CdSe8
cycles exhibit extended light absorption until 625 nm. Even
though further increase in the number of SILAR cycles leads to
longer wavelength light absorption, the photovoltaic perform-
ance is getting reduced, and hence, our optimized deposition
was fixed at CdSS + CdSe8 cycles. Figure 4 shows the current
density—voltage (J—V) plots of QDSSCs based on CuS CEs
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Figure 4. I-V behavior for TiO,/CdS/CdSe/ZnS QDSSCs based on
CuS and Pt counter electrodes.

and Pt under 1 sun illumination, and the corresponding
photovoltaic parameters extracted from the J—V curve are
shown in Table 1. From the photovoltaic performance of the
QDSSCs, it is found that all the devices fabricated with CuS
CEs are found to be far better than that of Pt CE due to
catalytic poisoning on the Pt CE surface.'®***® The enhanced
electrocatalytic activity of the CuS CEs arises as a result of very
weak van der Waals forces™ between S—S$ layers which can
readily interact with anions and cations electrochemically. The
QDSSC with Pt CE shows Js¢, Vo, and FF values of 6.671 mA
cm™2, 0.559 V, and 31.22%, respectively, giving a very low
conversion efficiency (17) of 1.45% . On the contrary, the
photovoltaic performance of QDSSC with CE4 is superior to
all other CEs with Jsc, Vo, and FF values of 14.584 mA cm ™2,
0.566 V, and 54.57% and has the highest # of 4.53%. This
proves that CuS is the best alternative to Pt as counter
electrode. The photovoltaic performance of QDSSCs with
other CuS CE2, CE3, and CES outperformed Pt CE as their 7
values were found to be 3.74%, 3.94%, and 2.35%, respectively.
The improvement in the Jgc, V¢, and # is due to increased
charge transfer at the CuS CE/electrolyte interface and reduced
recombination, internal resistance, and electrolyte’s concen-
tration gradient.>>*” All the QDSSCs invariably show increase
in Jsc with increase in 7. In a comparison of the photovoltaic
performance of CuS CE, increase in electrocatalytic activity
occurs until the deposition time is 4 h and drastically reduces
after 4 h. This is due to the change in the surface morphology
of CuS thin films where CE2 and CE3 show a less dense array
of a CuS bunch of nanoplatelets with tubelike structure as
compared to CE4 with well-knit coir mat structure with
uniform pores. Apart from surface morphology, the increase in
the atomic ratio % of S in Cu:S might also play a vital role in
increasing the electrocatalytic activity of the CE. The S % in
CE4 is the highest at 41.27:58.73 (Cu:S), and it has the well-
arranged densely packed knit coir mat structure with uniform
pores giving the electrolyte the ability to diffuse more freely.
To further support the electrocatalytic ability and the
enhanced redox reaction at the CE/electrolyte interface, cyclic
voltammetry (CV) measurements were carried out using three-
electrode system. The CuS samples synthesized through CBD
and Pt were drop-casted onto the glassy carbon (working)
electode with nafion membrane as the binder, standard calomel
electrode (SCE) as the reference electrode, and Pt as the
counter elecrtorde, while 0.1 M KCl, 0.1 M Na,S, and 0.1 M S
mixture was used as the elctrolyte. Figure Sa shows the CV of
CuS CEs while the inset corresponds to that of Pt. The current
density obtained for the CuS CEs is higher than Pt in by many
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Figure 5. (a) Cyclic voltammogram of Cu$ at a scan rate of 20 mV s™"
exhibiting different redox behavior. Inset shows CV of Pt exhibiting
irreversibility. (b) Nyquist plot of TiO,/CdS/CdSe/ZnS QDSSCs for
CuS and Pt counter electrodes. Inset shows the equivalent circuit and
magnified plot for Pt. (c) X-ray photon spectroscopy (XPS) of Cu
spectra for Cu$ thin films CE2, CE3, and CES. (d) X-ray photon
spectroscopy (XPS) of Cu spectrum for CuS$ thin film CE4.

fold. When compared with CuS CEs, Pt has very less
electrocatalyic activity in polysulfide electrolyte caused by its
irreversibility and overpotential'® due to physisorption. CE4
shows the highest current density and good reversibility
accounting for its better electrocatalytic activity, evidencing its
best photovoltaic performance in QDSSC. This results from its
surface morphology, surface roughness,® increased surface to
volume ratio from surface uniformity,>’ and better carrier
concentration enriched by the sulfur ions’ presence as well.
Both CE2 and CE3 show a considerable amount of reversibility
with the shift of redox peaks and reduced current density, but
CES exhibits a much lesser electrocatalytic activity with the
redox peaks being diminished as a result of coir-mat-like
structure without any pore restricting the flow of the
electrolyte.

To throw more light on the QDSSCs’ performance and to
characterize their interfacial charge transfer kinetics of QDSSC,
electrochemical impedance spectroscopy (EIS) was employed
and is shown in Figure Sb. The Nyquist plots (Z*) are obtained
for the frequency range 100 mHz—S500 kHz. The Z* plot
measured at open circuit voltage V¢ (light condition) has two
semicircles with nonzero intercept at high frequency end. The
impedance data spectra were fit using impedance spectra
analysis software Z VIEW based on the equivalent circuit,
having two RC circuits along with Warburg’s impedance (Zy).
In order to account for the nonzero intercept on the real axis of
the impedance plot to represent the sheet resistance of the
FTO substrate, a series resistance is added to the circuit. In the
circuit R represents electron transfer resistance at the counter
electrode/polysulfide electrolyte interface, Rop represents
charge transfer resistance at the photoanode/polysulfide
electrolyte interface, Cpy is the chemical capacitance related
to large number of photoexcited charge carriers in the
conduction band of the photoanode resulting from very low

dx.doi.org/10.1021/am504615x | ACS Appl. Mater. Interfaces 2014, 6, 19702—19709
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recombination, and Zy, is the diffusion resistance. The electron
lifetime g is also calculated from the midfrequency value (f,,.,)
using the following formula:

_ 1
27f (7)

Ts

The EIS parameters inferred from the fit and electron
lifetime (zg) calculated are shown in Table 1. This shows that
CE4 based QDSSC fabricated has much lower Ry (1.843 Q)
and Z,, (0.546 Q) proving its better electrocatalytic activity and
resulting in enhanced electron transfer from the CE to the
polysulfide electrolyte. In addition to that, CE4 has very low Z;y
(0.546 Q) indicating more electrolyte diffusion, resulting in
increased FF (54.57%), and the high Cpg (62.24 uF) results
from promotion of large number of photoexcited charge carrier
to the conduction band of the photoanode arising from low
recombination rate. Moreover, its 7q (41.94 ms) which is
inversely proportional to the f,.., supports its faster diffusion
rate and lifetime prohibiting electron recombination which
make it perform better resulting in an efficiency of 4.53%. In
comparison, Pt CE based QDSSC exhibits a very high Rcg
(12.32 Q), Zy (10.2 Q) results in very poor efficiency, and the
high Z, is due to the catalytic poisoning of the CE with
polysulfide making it unstable and reducing the FE.**® The
CuS based QDSSCs has a high Js. and FF due to very low
charge transfer resistance of the CuS. CE2 and CE3 show
almost similar response while CES shows very low current
density and FF due to (1) negative corrosion potential (—0.024
V), (2) lower exchange current density, and (3) anodic (fa)
slope being higher than cathodic (fc) slope in the Tafel plot
shown in Figure 3c. Negative corrosion potential implies that
the quasi-Fermi-energy in CES would have been shifted upward
and —0.024 V is essential to equilibrate the quasi-Fermi-energy
with redox potential of the electrolyte.’ The higher anodic
slope tells us that oxidation predominates reduction, and hence,
QD regenation rate in QDSSC would be severely affected
leading to very low current density.>**%*° Again, the very low
exchange current density (Tafel) in CES among CuS shows
that CES is a poor electrocatalytic CE. Except CE4, all the
other CuS CEs have their negative corrosion potential. This
shift toward the cathodic side alters the band structure and flat
band potential®’ and in turn the redox potential which can be
seen from the presence of only reduction peak in the CV.
Therefore, they need to attain equilibrium prior to their
electrocatalytic activity. On the other hand, CE4 is already in
equilibrium and readily reduces the polysulfide electrolyte as
compared to the other CEs. Even though all cell photoanodes
were similar, resistances at the interface are different because
the cell operation is in a cyclic nature from QD excitation due
to charge transfer to anodes and reduction of polysulfide
electrolyte, and the circuit is being completed by regeneration
of QDs due to oxidation of the electrolyte.*” If the reduction
and/or oxidation rate of the electrolyte is affected due to poor
electrocatalytic activity of the CE, all the other sequencial
behaviors of the cells would be affected. If we presume that
surface area is the only cause for the reduction rate of
electrolyte, then CE2 and CE3 should have produced high
electrocatalytic activity; however, this is not the case here.
Hence, in addition to surface area, the increase in the atomic
ratio of S in CuS plays a vital role in increasing the
electrocatalytic activity of the CE. As S at. % increases, Cu
vacancy increases with increase in conductivity.*’

Figure Sc shows the XPS spectra of Cu in the binding energy
range 925—975 eV for CE2, CE3, and CES and Figure 5d for
CE4. All the films show the BE peaks at 932.5 and 952.3 eV
corresponding to Cu 2p;/, and 2p,,,, respectively. However,
CE4 only shows peaks at 934 eV, and the satellite peaks
(marked in arrow) in between Cu 2}83!2 and 2p,/, correspond
to mixed Cu®* and Cu* vacancies.*”>* Hence, Cu vacancies
exist only for the films deposited at 4 h (CE4) suggesting that
the conductivity would have been increased which in turn
reduced the Rcg for CE4 at the CE/electrolyte interface.

The stability of the best performing cell is carried out by
exposing it to light illumination for 20 h continuously. From
Figure 6, it is vivid that the decrease in the efficiency was found
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Figure 6. Comparison of I—V parameters variation with aging time for
the QDSSC assembled with CE4: (a) open circuit voltage, (b) short
current density, (c) efficiency, (d) fill factor.

to be only 3.3% while the other parameters such as Vg, FF,
and Jsc also did not show much decrease. The better
photovoltaic performance of the CE4 is attributed to the
enhanced electrocatalytic activity due to (i) surface morphology
of well-aligned packed knit coir mat structure with uniform
pores, (ii) the increase in S at. % which increased Cu vacancy
with increased conductivity enabling better reduction of
polysulfide electrolyte because of its readiness to react
electrochemically due to the weak van der Waals forces
between S—S layers,>® and (iii) the mixed vacancy of copper
(Cu* and Cu®).

5. CONCLUSION

In summary, a one-step synthetic route to a densely packed
array of knit coir mat structured CuS CEs via simple chemical
bath deposition is developed. As the deposition time is
increased, the ratio of Cu:S and surface morphology is affected.
The conductivity is increased with increase in Cu vacancy,
which is turn produced very low R, Rcg, and Rep for CE4. It
shows a mixed oxidation state of Cu* and Cu®*. The weak van
der Waals forces between S—S layers keeps them highly reactive
with any charged species. This gives it better electrocatalytic
and photocatalytic activity toward the reduction of polysulfide
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electrolyte than Pt, with adequate durability. Therefore, CuS is
a promising cost-effective counter electrode material for
QDSSCs.
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