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ARTICLE INFO ABSTRACT

Keywords: An inorganic/organic hybrid composite of CuS nanoparticles (NPs) and poly(3,4-ethylenediox-
QDSSCs ythiophene) polystyrene sulfonate (PEDOT:PSS) was prepared via a facile mixing process.
PEDOT:PSS Counter electrodes (CEs) of quantum dot sensitized solar cells (QDSSCs) were prepared by

Copper sulfide
Counter electrode
Polysulfide electrolyte

coating the hybrid CuS-PEDOT:PSS composite on fluoride-doped tin oxide (FTO) substrates using
simple drop-casting technique. The SEM micrographs of CuS-PEDOT:PSS CEs revealed three-
dimensional surface morphology and homogeneous dispersion of CuS NPs on the PEDOT:PSS.
The electrochemical measurements of the hybrid CEs showed high electrocatalytic activity to-
wards polysulfide electrolyte resulted from embedding the catalytic active CuS NPs into the
continuous PEDOT:PSS conducting matrix. The CdS-QDSSC fabricated with CuS- PEDOT:PSS CE
exhibited an remarkable stable power conversion efficiency (PCE) of 1.04%, that is higher than
that of Pt CE (0.48%) measured under one-sun illumination. The enhancements in the photo-
voltaic performance of QDSSCs fabricated with hybrid CEs are discussed based on the analysis of
electrochemical results.

1. Introduction

The Quantum dots-sensitized solar cell (QDSSC) is very promising third generation photovoltaic that has been brought to the
scientists’ attention lately. The great attention about QDSSCs was stemmed from the unique optoelectronic properties of the semi-
conductor quantum dots (QDs) as well as its ease of fabrication and low production cost [1-4]. A typical QDSSC device comprises
three main components, namely, a photoanode, a counter electrode (CE), and the electrolyte. The photoanode is usually constructed
from a TiO, mesoporous layer coated on FTO substrate and sensitized with a narrow bandgap QDs such as CdS, CdSe, PbS, etc [5-8].
Upon solar light exposure, the photo-generated excitons in the QDs are fastly dissociated at the bandgaps offset of the QDs-TiO,
interface. The photo-electrons are thus transferred from the TiO, conduction band to the external circuit through the front electrode.
The oxidized QDs are restored to the original state by accepting electrons a polysulfide (S*>~/S,27) electrolyte. The electrons are
collected from the external circuit by means of the CE and used to regenerate the oxidized polysulfide ions in the electrolyte. As
subsequent to the particle size shrinkage, QDs had showed a number of advantageous and novel optoelectronic properties as a result
of the quantum confinement effect. The exceptional properties of QDs such as bandgap tunability, high extinction coefficient, high
intrinsic dipole-moment, and capability of multiple exciton generation by single photon were used to predict a theoretical light- to
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power conversion efficiency (PCE) of QDSSCs. A theoretical PCE of 44% has been calculated for QDSSC, which is higher than the
theoretical Schottky- Queisser limit of 32% for silicon solar cell [9].

Nonetheless, the practical PCE values for QDSSCs devices are still situated far below the theoretical predicted PCE value [10].
Besides factors as the loss of photogenerated electrons by recombination at QDs-TiO- interface, the dearth of the perfect CE has been
stated to be a major issue for the QDSSC inferior performance [11]. In earlier researches, scientists used to fabricate QDSSC devices
with noble metals thin films CEs (e.g. Pt and Au CEs). QDSSCs assembled devices noble metals CEs suffered from low PCEs along with
poor stabilities. The chemical degradation of the QDSSC devices was attributed to the sulfur adsorption on Pt or Au CEs surface while
the poor performance resulted from their low electrocatalytic activity toward the (§%~/S,27) electrolyte reduction [12]. Hence,
alternatives CEs for Pt and Au should satisfy the necessity requirements of high electrochemical activity, long-term chemical stability
low-cost major issue to achieve high performance QDSSCs. Different materials such as transition metal chalcogenides [13-20],
carbonaceous materials [21-23], and conducting polymers [24,25], had been tested and reported as CEs in QDSSC applications.
Compared to the different developed CEs, copper sulfides Cu,S (x = 1.0 to 2.0), CEs showed a promising improvement in PCEs owing
to its appreciable activity for the polysulfide (S*>~/S,>~) reduction [26]. High performance Cu,S CEs are mostly prepared by either
sulfidation of brass sheets [2,17], or by the direct formation of Cu,S thin films on the FTO substrate via various deposition techniques
such as chemical bath deposition [15], SILAR [13] and hydrothermal method [27]. In addition to the inadequacy of these methods for
mass production, QDSSCs assembled with those Cu,S CEs usually suffered instability problems and a fast deterioration in PCEs were
obtained due to the corrosion of Cu,S CE in the presence of the liquid polysulfide electrolyte [28].

As mentioned earlier, the conducting polymers (CPs) were among the potential materials reported CEs in electrochemical devices
such as QDSSCs. That is because most of CPs has showed good intrinsic conductivity, environmental stability, and large electro-
chemical surface area [11]. The conjugated bonding system along the polymer backbone cause the high intrinsic conductivity of CPs.
Various types of CPs has been tested and reported as CEs in QDSSCs such as polyaniline (PANI) [24,29], Polypyrol (PPY) [10], poly
(3,4-ethylene-dioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) [30], etc. Among the different types of CPs, PEDOT:PSS has been
intensively studied because of its aqueous solubility, chemical stability, low cost, availability, in addition to the ease of preparation.
However and according to previous reports, pure PEDOT:PSS CEs was stated to be less efficient than the Pt CE regarding electro-
catalytic activity and usually exhibit a poor fill factor. The flatness of PEDOT:PSS structure along with the large size of the dopant PSS
chains were the main reasons considered for the inferior electroactivity of PEDOT:PSS CE as they resulted in imperfect contact
between PEDOT active sites and the electrolyte [31,32]. Incorporating with electrochemical active NPs is suggested to improve the
surface texturing of CE to be more accessible for the electrolyte infiltration leading to improve its electroactivity. On the other hand,
attaching NPs to the PEDOT:PSS will make use of its conducting matrix to enhance the CE conductivity, increase the adhesion of NPs
with the substrate, and also protect them from the corrosive effect of the electrolyte.

Hence, This study has been devoted to fabricate a new hybrid composite comprises of the PEOT:PSS and the catalytic active CuS
NPs. The CuS NPs acted as an effective catalyst for polysulfide ions reduction, while PEOT:PSS represented a continuous conductive
matrix with high surface area those used for fast electrons shuttling. For the sake of enhancing the contact and integrity between the
composite components, PVDF was added. The activity of the fabricated CEs was examined by means of electrochemical measure-
ments, cyclic voltammetry (CV), impedance spectroscopy (EIS), and Tafel polarization. The CdS QDSSC device fabricated with the
CuS-PEOT:PSS CE has showed a remarkable enhancement in the photovoltaic performance with improved stability that is overcame
the devices used Pt and the plain PEOT:PSS CEs. The obtained results proved the successful combination and the synergistic between
CuS NPs and PEOT:PSS for efficient hybrid CEs.

2. Experimental
2.1. Copper sulfide nanoparticles preparation

Copper sulfide nanoparticles were prepared from the reaction of aqueous solutions of copper (II) nitrate [Cu(NO3),-3H,0O] and
sodium sulfide (Na,S-9H,0) aqueous solutions in the presence of ethylene glycol (EG). In brief, 5 mmol of Cu(NOs3), were dissolved in
100 ml HO and EG with a volume ratio of (1:1) by stirring at 60 °C until we get a clear blue solution. Under vigorous stirring, 50 ml
H,O0 containing 6 mmol of Na,S was quickly added to the Cu(NO3), solution. A fast reaction between the two solutions occurred and a
dark green of the copper sulfide particles were quickly formed. After one hour of constant stirring at 60 °C, the nanoparticles were
collected and washed several times with distilled water and ethanol using centrifugation and dried overnight at 80 °C in electric
drying oven.

2.2. Counter electrodes preparation

All CEs were fabricated on fluorine-doped tin oxide (FTO) substrates (TEC-15) with sheet resistivity 15 Q/[]. The FTO substrates
were firstly ultrasonically cleaned using a detergent solution, water, and then ethanol for 15 min each and naturally dried. Prior to
CEs fabrication, the received PEDOT.PSS solution was filtered using 0.45 um PTFE syringe filter to rid off the agglomerated and non-
dissolved particles. For fabricating CuS-PEDOT.PSS CE, a 50 mg of the as prepared CuS NPs was dispersed in 0.5ml of H,O by
ultrasonic and the then well mixed with 0.5 ml of PEDOT.PSS aqueous solution (Clevios P v4071 from H.C. Starck GmbH, solid
content 1.2%) using ultrasonic for 30 min. The hybrid CE was then fabricated by drop casting 20 pl of the mixture on 1 cm? of pre-
cleaned FTO substrate and dried at 50 °C for 12 h. The area of the CE was defined by using adhesive tape. The CuS-PEDOT.PSS-PVDF
CE was prepared exactly as the same procedure except, CuS NPs were firstly dispersed in 0.25ml H,O and 0.25ml DMF that
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containing 5 mg PVDF before mixing with the PEDOT.PSS solution.

For the sake of comparison, pure PEDOT.PSS and platinum (Pt) CEs were fabricated and tested in parallel with the CuS-
PEDOT.PSS and CuS-PEDOT.PSS —PVDF CEs. Pure PEDOT.PSS CE was fabricated from a sonicated mixture of 0.5 ml of pure double
distilled H,O with 0.5 ml of PEDOT.PSS solution. The Pt CE was prepared by the thermal decomposition of hexachloroplatinic acid in
isopropanol (5 mM) casted on an FTO substrate at 500 °C.

2.3. Photoanodes preparations

A mesoporous layer of TiO, P25 of 10.5 * 0.2 um thickness was coated by the doctor blade technique over TiO, dense blocking
layer and sintered at 500 °C for 1h [33]. The coating paste was prepared by mixing TiO, P25 and ethyl cellulose as a binder in
terpineol [28]. The surfaces of the photoanodes were then further treated with 100 mM TiCl, aqueous solution at 70 °C for 30 min. All
photoanodes were sensitized with CdS QDs using the successive ionic layer adsorption and reaction (SILAR) method. Briefly, the
photoanode was immersed for 1 min in 0.2 M Cd(NO3)»-4H>0 in methanol as a cation source (Cd?*) to be adsorbed on the TiO- layer.
The photoanode was then rinsed with methanol to remove the excess Cd>* cations. Then, the photoanode was immersed in a 0.2 M
Na,S (methanol:water 1:1) solution as the anion source (S*~) for 1 min, which was followed by rinsing with methanol. This four-step
procedure was considered as one SILAR cycle. All the photoanodes were sensitized with 10 CdS SILAR cycles and also passivated with
a ZnS layer prepared with four SILAR cycles using 0.1 M cation and anion precursor concentrations.

2.4. QDSSC devices fabrication

The QDSSC devices were fabricated by assembling the prepared photoanodes and CEs into sandwich-type solar cells with Parafilm
as a spacer between the two electrodes. A regenerative polysulfide electrolyte (S?~/S,>~) composed of 1 M Na,S, 1M S, and 0.1 M
KCl in distilled water was used to fill the space between the two electrodes. The active areas of all tested devices were defined at fixed
value of 0.28 cm? by clamping a shadow mask to the solar cell surface using binder clips.

2.5. Measurements and characterization

The crystallinity of the prepared CuS NPs was investigated using X-ray powder diffractometer (LabX XRD-6100; Shimadzu)
equipped with Cu Ka radiation source with wavelength (A =1.5418 A). Transmission electron microscopy (TEM) images and EDX
measurements of CuS NPs were obtained by field emission microscope (JEM-2100F; JEOL) operating at 200 kV using samples
deposited on carbon coated copper grids. The surface morphology of the fabricated CEs was characterized by bench-top SEM (JCM-
6000 plus; JEOL). Raman scattering spectra were measured with a Raman microscope (RAMANtouch) using a laser wavelength of
532 nm as excitation source. UV-vis absorption spectra were recorded on spectrometer (U-4000; Hitachi) equipped with a diff ;use
reflectance unit. Photovoltaic measurements were carried out under AM 1.5 standard conditions with 1 sun illumination intensity
(100 mW/cm?) using (CT50AAA; Photo Emission Tech.) solar cell testing system. Electrochemical measurements were performed
using a potentiostat unit (VersaSTAT 4; Princeton Applied Research). The sample used for the electrochemical measurements was a
symmetrical dummy cell fabricated from two identical CEs separated with a spacer and the polysulfide electrolyte between them.
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Fig. 1. XRD of the prepared CuS NPs.
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Fig. 2. (a) TEM, (b) HR-TEM, and (c) EDX of CuS NPs.

3. Results and discussion
3.1. Structure and morphology of the fabricated CEs

Fig. 1 shows the XRD pattern obtained for the prepared CuS NPs. All the diffraction peaks present in the diffraction pattern are
well indexed to the covellite cupric sulfide phase (CuS) with hexagonal crystal structure, which well matched with the standard XRD
pattern (JCPDS Card No. 00-006-0464). The pattern also clarifies the absence of any diffraction peak related to other non-stoi-
chiometric Cu,S phases.The slight broadening in CuS NPs diffraction peaks was the result of the small distortion in the lattice planes
resulted from reducing the crystallite size to the nano size [34,35]. The average particle size of CuS NPs was estimated using Debby
Scherrer’s equation:

KA
~ Bcosd 1)

where K is a shape factor equal to 0.89, A is the wavelength of the X-ray equal to 1.5406 A, g is the full-width at half maximum
(FWHM) in radians calculated from the diffraction peak intensity and © is the Bragg’s angle [36,37]. The average particle size was
calculated to be about ~ 56 nm based on the FWHM of the highest intensity (110) peak at Bragg’s diffraction angle of 47.9°.

To further examine the detailed structure of the prepared CuS NPs, the TEM and EDX techniques were subsequently performed.
Fig. 2(a) shows the TEM image obtained for the CuS NPs. It can be seen that, the CuS sample is composed of hexagonal shape
nanoparticles with different particles sizes ranges from 40 to 120 nm. The HRTEM image of in Fig. 2(b) reveals the well resolved
lattice fringes, demonstrating the highly crystallinity nature of the as-prepared CuS NPs. The interplanar spacing was measured to be
about 0.31 nm, matching fairly well with the {102} planes of the hexagonal CuS covellite phase of (JCPDS Card No. 00-006-0464).

The initial concentration and molar ratio of the copper (Cu) and sulfur (S) precursors in the mixed solution play an important role
in the formation of copper sulfide phases as reported by in Kim et al., [27]. For this reason, the higher concentration of Na,S solution
than Cu(NOs), solution was intentionally used in order to provide more sulfide $>~ ions in the mixed solution during the CuS NPs
preparation. The excess S~ ions are able to guarantee a complete reaction between all the presented Cu®* ions and forming a nearly
pure covellite CuS phase. This assumption has been tested with the EDX analysis which was used as semi-quantitatively measurement
to estimate the chemical composition and atomic weight ratio of Cu and S in the prepared CuS NPs. The EDX spectrum of CuS NPs
represented in Fig. 2(c) shows the atomic ration between Cu and S after elimination the contribution from the copper-coated carbon
supporting TEM grid. According to EDX analysis, the ratio of S content is 46.77% while that of Cu is 53.23% in the total composition
of CuS NPs. Hence, the hybrid CEs fabricated from the as-prepared CuS NPs are suggested to show high electrocatalytic activity
whereas S-rich Cu,S CEs (e.g. CuS and Cu; »S) are superior in performance than S- deficient ones (e.g. Cu; gS and Cu,S) [38].

Three polymer-based CEs, namely, PEDOT:PSS, CuS-PEDOT:PSS, and CuS-PEDOT:PSS-PVDF CEs were fabricated and tested for
the purpose of comparison with the Pt CE. The addition of PVDF as water insoluble binder has been incorporated into the hybrid CuS-
PEDOT:PSS CE to increase the adhesion of the CE material on the FTO substrate and also improve the contact and integrity between
the electrode components. The SEM micrograph of PEDOT:PSS CE in Fig. 3(a) showed a very smooth and compact surface, which is
undesirable surface for electrochemical reaction and for electrolyte diffusion. On the other hand, the SEM micrographs of the other
fabricated CuS-PEDOT:PSS, and CuS-PEDOT:PSS-PVDF composite CEs, Fig. 3(b) and (c), respectively, revealed the formation of
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(a) PEDOT CE

Fig. 3. SEM images of three PEDOT:PSS-based CEs.

three-dimensional (3D) porous structure. The micrographs also declare the uniform distribution of the CuS NPs through the PED-
OT.PSS matrix. In principle, the 3D porous structure is often favorable for electrolyte infiltration into the structure of the developed
CEs because it provides more reduction sites for efficient holes scavenging from the oxidized polysulfide ions. Finally, it is worth to
note that there is no a clear differences in the apparent surface morphology of the hybrid composite CEs and the addition PVDF by
small amount to CuS-PEDOT:PSS CE does not affect the porosity of the CE.

3.2. Electrochemical measurements

The role of the CE in QDSSC is collecting the electrons from the external circuit in addition to reducing the oxidized ions in the
polysulfide electrolyte through electrons donation. Hence, the electrochemical activity of the fabricated CEs toward the polysulfide
should be carefully investigated. In this regard, the electrochemical measurements: cyclic voltammetry (CV), electrochemical im-
pedance spectroscopy (EIS), and Tafel polarization techniques were employed to evaluate the electrochemical performance and the
reduction kinetics of the fabricated CEs. The electrochemical tests for the CEs were carried out in two electrode configuration on
symmetrical cells (CE/electrolyte/CE) and the obtained results are shown in Fig. 4. The cyclic voltammograms of all the tested CEs
were acquired at a scan rate of 100 mV.s ! and given in Fig. 4(a). The negative reduction current density (J,.q) in the CV was used to
estimate the CEs catalytic activity toward the polysulfide electrolyte. It can be seen from Table 1, both hybrid CEs composed from CuS
NPs and PEDOT:PSS recorded higher J,.4 values than the Pt and the bare PEDOT:PSS CEs suggesting their better activity. The high J,.q
~ 13.2mA/cm? obtained from CuS:PEDOT:PSS-PVDF CE compared to 8.79 mA/cm? obtained from the CuS:PEDOT:PSS CE. These
obtained results clearly point out the role of PVDF addition in improving the adhesion of CE material to the FTO substrate which
directly reflected on the catalytic performance of hybrid CE.

Fig. 4(b) and (c) show the measured EIS Nyquist plots for all fabricated CEs. The EIS data were recorded at zero bias voltage and
10 mV AC ramp amplitude in the frequency range from 0.1 Hz to 100 kHz. The EIS data were fitted to the equivalent circuit shown
inset of Fig. 4(c) by Zsimpwin software and the calculated EIS parameters are summarized in Table 1. According to the used
equivalent circuit, the series resistance (R;) is given by the intercept of the EIS plot with the real axis and comprises the bulk
resistance of the CE material and the sheet resistance of the supporting substrate [39]. Rcr; and the constant phase element (CPE1)
are the charge transfer resistance and charging double layer capacitance at the solid-solid interface, whereas Rcr2 and CPE2 are the
charge transfer resistance and charging capacitance at the electrolyte-CE interface, respectively. Cleary Seeing from Table 1, a slight
improvement in the R, of the PEDOT:PSS CE from 41.3 Q to 36.7 Q2 upon mixing with CuS NPs has been observed. The lowest value of
R, ~25.4 Q was obtained from the CuS-PEDOT:PSS-PVDF CE. The Rq7; that reached to 33.4 Q achieved for the CuS-PEDOT:PSS-PVDF
CE which far lower than 340 Q and below 65.1 Q of PEDOT:PSS and CuS-PEDOT:PSS CEs, respectively. Moreover, the very low of
Rcrs values obtained from both hybrid CEs indicating high charge transfer kinetics at the CEs-electrolyte interface and favourable
reduction of oxidized polysulfide ions at the CE surface. On the other side, the very high Rcr» values of the Pt and PEDOT:PSS CEs
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Fig. 4. (a) Cyclic voltammograms, (b) & (c) EIS Nyquist plots, and (d) Tafel polarization plots of the different CEs. The inset of (c) is the EIS
equivalent circuit.

Table 1

Calculated electrochemical parameters for all tested CEs.
Counter Electrode Jred Jex Jiim R Rer Rerz

(mA/cm?) (mA/cm?) (mA/cm?) (®)] Q) Q)

PEDOT:PSS CE 0.493 0.0013 0.467 41.3 340 41x10°
CuS-PEDOT:PSS CE 8.79 1.25 10.16 36.7 65.1 21.3
CuS-PEDOT:PSS-PVDF CE 13.28 2.05 16.21 25.4 33.4 13.5
Pt CE 10.42 0.45 5.38 32.81 2.34 63.39

were resulted from their inferior activity toward the reduction of the polysulfide electrolyte.

Another beneficial electrochemical technique used to evaluate the capability of the fabricated CEs in catalyzing the reduction of
polysulfide, is Tafel polarization measurements [40]. Fig. 4(d) shows the Tafel plots of the CE symmetric cells measured at scan rate
10 mV/s. The electrochemical activity of CEs can be evaluated for Tafel plot by means of the exchange current density (J,,) de-
termined from the intercept of the extrapolated linear region of the cathodic and anodic branches. J, is inversely related to charge
transfer resistance (R¢r) according to the following equation:

RT

Jo = ,
“ " nFRcr ®)

where R is the universal gas constant, T is the temperature, n is the number of the electrons, and F is Faraday’s constant. Thus, the
higher electrochemical activity of the CE; is the higher J., and better charge transfer kinetics. The CuS-PEDOT:PSS-PVDF CE attained
the highest J, of about 2.05 mA/cm?, indicating its excellent catalytic activity than the other tested CEs. That is in a good agreement
with the data obtained from the EIS measurements.

Furthermore, the limiting current density (J;;,,) of Tafel measurement is also used to evaluate the CE electrocatalytic activity. Jym
is determined from the intercept of the plot cathodic branch with the (log J) axis and it depends on the electrolyte diffusion coef-
ficient (D) according to the relation:

p=_* J
2nFC" jim, 3

where [ is the spacer thickness, and C is the electrolyte concentration. The hybrid CEs were showed higher Jy, of 10.16 mA/cm? and
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Fig. 5. (a) UV-vis absorption and (b) Raman scattering spectra of TiO, photoanode before and after sensitization with CdS QDs.

16.21 mA/cm?, respectively, those are much higher than 0.46 mA/cm? for the bare PEDOT:PSS CE. The results are direct con-
sequences of the 3D porous structure for both hybrid CEs which gave more electrolyte diffusion accessibility into the CEs as discussed
before for their SEM micrographs in Fig. 3. On the other side, J;, equals 5.38 mA/cm? was obtained for Pt CE referred to its poor
electrochemical activity and the low electrolyte diffusion due to its compact structure.

In brief, the remarkable electrochemical performance of the hybrid CEs toward S>~/S,? electrolyte was emerged for the com-
bination between CuS NPs and PEDOT:PSS with their unique properties. The catalytic active CuS NPs were responsible for providing
more active sites for catalyzing the reduction of oxidized polysulfide ions at the CE surface. The supporting PEDOT:PSS matrix on the
other side introduced a large apparent surface area and conductive network for fast electrons shuttling and a rapid reduction process.
Hence, by merging the two materials in single hybrid CE, an outstanding electrochemical performance in terms of high J,.4 and low
charge transfer resistances compared to the bare PEDOT:PSS and the Pt CEs has been achieved. Moreover, the 3D porous structure has
promoted more diffusion of the electrolyte into the hybrid CE which resulted in higher values for J,, and Jy;,,. It is worth mentioning
that the addition of PVDF to the hybrid CE has a further improvement on the electrochemical performance through introducing better
adhesion between the hybrid composite active components and also with the FTO substrate. Therefore, the application of the hybrid
CuS-PEDOT:PSS CEs for the QDSSC is expected to inhibit the photocarriers recombination loss at photoanode-electrolyte interface,
and modify the TiO, Fermi level position to more negative potential with respect to polysulfide redox level [41]. Consequently,
higher Jsc, Vo, fill factor (FF), and PCE values for QDSSC devices are expected to be obtained.

3.3. Photovoltaic performance

The TiO, photoanodes used as working electrodes in QDSSC devices were sensitized by CdS QDs for 10 SILAR cycles. UV-vis and
Raman techniques were used to monitor the effectiveness of sensitization process performed on the photoanodes. Fig. 5(a) shows the
UV-vis of the TiO, photoanode before and after sensitization with CdS QDs. The spectrum of the bare TiO, electrode showed a low
absorbance in the visible region with a clear absorbance knee around 400 nm that is corresponding to 3.1 eV bandgap for TiO, P25
nanoparticles. After the sensitization process, the overall photoanode absorbance has been increased within the entire visible region
besides a red shift for the absorption knee to be around 550 nm. The broad absorption peak centered at 460 nm appeared in ab-
sorbance spectrum of TiO,/CdS photoanode is due to the CdS QDs with average optical transition of 2.7 V. From the Raman
scattering measurements of the TiO,/CdS photoanode shown in Fig. 5(b), a peak located at 301 cm ™ is superimposed on the bare
TiO, electrode spectrum with the four well known Raman peaks (145, 399, 516, and 639 cm ') of TiO, anatase phase. The new
Raman peak is corresponding to the fundamental longitudinal (LO) phonons vibration of the CdS QDs [42]. The results of the
acquired spectroscopic measurements confirm the successful incorporation between CdS QDs of suitable visible absorption and the
TiO, into the photoanode.

A schematic representation of the typical QDSSC structure assembled with hybrid CE and illustrating the charges transport
pathway within the device is depicted in Fig. 6. The photoanodes with the structure FTO/TiO,/CdS/ZnS were assembled into QDSSC
devices with hybrid CuS-PEDOT:PSS NPs CEs and by using polysulfide electrolyte. In the current structure, the photo-generated
electron is injected from CdS conduction band into the TiO, conduction band which in turn is directed to the external load via the
FTO front electrode. The hole in CdS QDs is then filled by fast electron donation from the (827 /5,27) redox electrolyte, while the
oxidized polysulfide ions are reduced by accepting electrons from CuS NPs through a catalytic reaction. Herein, the continuous
PEDOT:PSS matrix in the CE was used to improve the electrons transport from the external circuit to the CuS NPs for more faster
reduction process and increase the conductivity of the CEs as well. Also, the wide bandgap ZnS coated over CdSe QDs was used as a
passivation layer to suppress the recombination losses at photoanode-electrolyte interface.

The photovoltaic performances of the QDSSC devices assembled with the different CEs were measured under simulated solar light
illumination at AM 1.5 G standard conditions with irradiance intensity of 100 mW/cm? The obtained photocurrent density-potential
(J-V) characteristics are shown in Fig. 7(a), and the corresponding solar cell parameters, Jsc, Voc, FF, and PCE are summarized in
Table 2. It is clearly seen from the table, QDSSC devices fabricated with hybrid CEs have better performance than the devices
assembled with the Pt and the bare PEDOT:PSS CEs. The QDSSC with the hybrid CuS-PEDOT:PSS CE showed a PCE of 0.68%, which
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Table 2

The Photovoltaic parameters for QDSSCs based on the different CEs obtained from the J-V curves in Fig. 7(a).
Counter Electrode Voc (V) Jsc (mA/cm?) FF (%) PCE (%)
PEDOT:PSS CE 0.464 1.47 12.0 0.11
CuS-PEDOT:PSS CE 0.533 2.96 33.0 0.68
CuS-PEDOT:PSS-PVDF CE 0.535 3.0 50.0 1.04
Pt CE 0.485 2.41 33.0 0.48

exceeds that is obtained from the cell with the Pt CE (0.48%). The high PCE obtained with CuS-PEDOT:PSS CE was also associated
with high Jsc (2.96 mA/cm?) and Vo (0.533 V) values. These improvements in the photovoltaic performance are in consistent with
the superior electrochemical activity of the hybrid CuS-PEDOT:PSS CE as revealed from the electrochemical measurements.

The photovoltaic performance of QDSSC was further enhanced by the addition of PVDF to the hybrid CE. The PCE of QDSSC with
CuS-PEDOT:PSS-PVDF reached a value of 1.04%, much higher than the PCE values of the devices with both CuS-PEDOT:PSS and Pt
CEs. This improvement can be only ascribed to the great enhancement in the FF from 33.0% with CuS-PEDOT:PSS CE to 50% for CuS-
PEDOT:PSS-PVDF CE, since no significant improvement was observed in the Jsc and Voc. The addition of PVDF to the hybrid CE has
led to a remarkable decrease in the series and charge transfer resistances of the CE which facilitate the electrons transportation from
the external circuit and fast reduction of S, ions. This gives rise to more efficient photoelectrons collection and also minimized the
recombination loss at the photoanode-electrolyte interface pushing up the FF to a higher value and resulted in the good performance
achieved.

In addition to the good photovoltaic performance, the QDSSC fabricated with CuS-PEDOT:PSS-PVDF CE showed a significant
photostability compared to the device based on the Pt CE. The photostability measurements shown in Fig. 5(b) were performed by
exposing the devices to continuous stimulated solar light for 3 h under normal ambient conditions while observing the change in Jsc.
The device with Pt CE lost about 20% of the initial Jsc after 3h of light soaking. On contrary, the device with the hybrid CE
maintained its high performance with nearly 5% increase in the Jsc has been observed. The exhibited excellent photostability
performance reveals the unique mechanical and chemical stability of the hybrid CE emerged from embedding CuS NPs within the
chemically stable PEDOT:PSS matrix. The slight increase in Jgc may be attributed to deeper electrolyte infiltration within the hybrid
CE by the effect of generated heating during the test.
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4. Conclusions

In summary, An efficient, very stable, and cost-effective inorganic-organic hybrid CuS-PEDOT:PSS CE for QDSSC applications has
been successfully synthesized. CuS NPs with pure covellite were prepared with facile low-temperature method which was confirmed
by XRD and TEM measurements. A hybrid CuS-PEDOT:PSS composite was then prepared by liquid phase mixing and then directly
coated on FTO substrate. The analysis of EIS, CV, and Tafel polarization measurements revealed a remarkable electrochemical
performance of the hybrid CuS-PEDOT:PSS CEs that overcome the performances of Pt and plain PEDOT:PSS CEs. Further en-
hancement to the CE performance was also obtained by adding very small amount to the hybrid composite from PVDF, which also
improved the CE mechanical properties. CdS-QDSSC fabricated with CuS-PEDOT:PSS-PVDF CE attained high photovoltaic perfor-
mance and highly stable power conversion efficiency of 1.04%, that is much better than the devices fabricated with other CEs. The
achieved results along with easy fabrication demonstrate the promising potential of our approach for inorganic/organic hybrid CE to
replace the expensive and inefficient Pt CE for QDSSC applications.
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