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Abstract

Environment-friendly and cost effective green CdS Quantum Dots (QDs) are synthesized using
Azadirachta Indica extract as a novel non-toxic stabilizing agent and to excogitate its light harvesting
potentiality for QD Sensitized Solar Cells (QDSSCs). The effect of different configuration of green CdS
based QDSSCs viz (i) different phase of TiO, photoanodes (ii) with and without ZnS passivating layer
(iii) with Platinum counter electrodes (CE) and (iv) CuS CE have been investigated. Despite tralatitious
SILAR CdS based QDSSC showed better efficiency (1.93%) than green CdS based QDSSC (0.77%), the
later unveil higher photocurrent density (10.61 mA) possibly due to effective encapsulation of
Azadirachta Indica which suppresses the surface defects in green CdS QDs favoring the transport of
photo generated carriers. The work facilitate scope for cost effective and environment-friendly green
synthesized CdS QDs that significantly modulated photovoltaic properties of QDs based solar cells in
an inviolable condition.

1. Introduction

To meet the increasing energy demands,extensive research have been carried out on photovoltaic technologies
over the last several decades. To promote the utilization of photovoltaics as significant energy device, dyes have
been replaced with a new type of light absorbing materials namely Quantum Dots. Semiconductor Quantum
Dots (QDs) have attracted significant notability as sensitizer material for fabrication of low cost third generation
Solar Cells [1-5]. Cd- and Pb- based QDs have been extensively studied for quantum dot—sensitized solar cells
(QDSSCs) due to their band gap tunability, quantum confinement, high absorption coefficient, solution
processability and near optimal band gap energy [6—9]. QDSSCs are attracting enormous attention and number
of relevant research articles is increasing annualy. Recently, Luther’s group reported highest photoconversion
efficiency of QDSSC of 13.43%. Though different strategies have been tried in improving performance and
stability of QDs in QDSSCs. There are only limited works reported in controlling the toxicity of QDs that has
limited their pervasive use in QDSSCs [10]. The smaller size of nanoparticles can result in the capability to enter
to the human body by inhalation, ingestion, skin penetration or injections; thereby, creating the potential to
interact with intracellular structures. The toxicity from nanomaterials, specifically because of occupational
exposure was studied by European Respiratory Journal (2009), and the health impairments were reported for a
period between 5 and 13 months [11]. Better control of nanomaterial toxicity can be done by the safe design of
nanoparticles using greener research approach. Consequently, green chemistry—mediated synthesis of QDs is
profoundly imperative to reduce its toxicity and extend its applications [12-22].

Manoj et al (2019) reported the green synthesis of Cu nanoparticles [17]. Loo et al (2012) explained about the
synthesis of Ag nanoparticles from Camellia sinensis extract [20]. Kavitha et al (2018) have green synthesized CdS
QDs using tea leaf extract and studied their antimicrobial activity [21]. Recently, copper indium sulphide—based
ternary QDs have been fabricated as an alternative to Cd- and Pb-based QDs for QDSSCs; however the former
QDs showed lesser efficacy [9]. Moreover, green CdS-based QDSSCs have been rarely investigated.

© 2020 The Author(s). Published by IOP Publishing Ltd
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Further, Azadirachta Indica (A.indica) is a well-known green source for stabilizing the nanoparticles and
used for synthesizing Ag and Pt nanoparticles [15, 16]. Howbeit, A.indica is not yet used as a stabilizing agent to
synthesis CdS QDs. Thus, in the present work, the CdS QDs were synthesized using A.indica extractas a
stabilizing agent and QDSSCs were fabricated using green CdS QDs. The present work demonstrates the
feasibility of using green CdS as a novel approach for improving the performance of QDSSC. QDSSCs were
comparatively investigated with different cell combinations and also compared with conventional SILAR CdS-
based QDSSCs. For further in-depth study of photoconversion efficiency of green CdS, its sensitizing property
analysed at different cell configuration. Different combinations of photoanode phases (anatase and rutile),
sensitizers(green CdS and SILAR CdS ), counter electrode (Pt and CuS ) to increase values of efficiency by
improving the light harvesting ability and the electron transfer rate of QDSSCs and by reducing the charge
recombination rate at the interfaces [13, 19, 23].

Inorder to study the phase change induced quantization effect of green CdS, its photoconversion efficiency
is studied for both anatase and rutile phase of TiO, photoanode [23].

HigherFermi level of anatase over rutile by 0.1 eV, resulting in a lower oxygen affinity and a higher level of
hydroxyl group on TiO, surfaces. These hydroxyl groups contribute to the higher photocatalytic activity of
anatase . In addition, anatase possesses an indirect bandgap and rutile has a direct band gap. Anatase possesses a
wider absorption gap. It is generally proposed that excitation electron mass of the outer shell electrons of anatase
is lower than that of rutile, leading to a higher mobility of electrons in anatase . Hence performance of green
synthesized CdS is analysed for anatase and rutile TiO, coated photoanode.

Recent studies on QDSSCs have shown an abate in overall conversion efficiency because of serious electron
loss from charge recombination at the electrolyte— electrode or at the electrolyte—counter electrode interfaces.
To study on electron losses and to supress these losses , different approaches such as use of passivating layer, also
replacement of Pt counter electrode with CuS have been explored.

2. Experimental

For green synthesis of CdS QDs, A. indica plant extract was prepared by following the procedure as reported in
theliterature [21, 22]. The CdS QDs synthesis was rendered in two stages. In first stage 0.02 M CdCl, was added
to 50 ml of A.indica extract and kept for 3 days in the dark room at ambient temperature. In the second stage,
0.5 ml 0f 0.025 M Na,S was added and incubated for 4 days to form CdS nanoparticles. The resultant final
solution was yellowish in color with greenish tint. As obtained precipitate was centrifuged at 10000 rpm for

10 min and washed with deionized water for three times [18, 19, 22]. Finally, the obtained product was
lyophilized for further characterization studies.

The surface morphology and composition of green CdS were analyzed using Field emission scanning
electron microscope with energy-dispersive x-ray analysis (FESEM-F EI Quanta F E G 200). Further, the shape
and size of CdS sample were interpreted by high resolution transmission electron microscopy (HRTEM; JEOL
TEM 2400). The functional groups of the prepared CdS materials were elucidated by FTIR (Jasco 6600)
spectrophotometer. The UV-vis absorption was recorded using Perkin Elmer Optima 5300 DV.

TiO, was synthesized by hydrothermal method using TTIP as precursor at 240 °C for 12 h. The obtained
TiO, was calcined at 500 °C for anatase phase and 700 °C for rutile phase. TiO, photoanode was prepared by
doctor blade method with active area of 0.25 cm? [23]. Green CdS was loaded on to TiO, photoanode by direct
absorption method [24]. For comparative analysis, the CdS QDs were loaded on to TiO, photoanode using
SILAR method too [25]. TiO, photoanodes were immersed in solution of 0.4 M CdCl, in1:1 ratio of methanol
and water for 45 s followed by rinsing with methanol for 30 s and then immersed in 0.2 M Na,S solution of 1:1
ratio of methanol and water for 45 s, followed by rinsing with methanol. The deposition temperature was kept at
ambient temperature (~32 °C). In this present work, the deposition cycle was chosen as 8 cycles [25-30]. The
QDSSC was fabricated by sandwiching QDs loaded photoanode and Pt and CuS counter electrode [31]. The Pt
counter electrode was fabricated by using thermal depositing method. In detail, a drop of H,PtClg solution
(5 mM chloroplatinic acid in isopropanol) was dropped onto FTO glass, followed by heating at 400 °C for
15 min. SILAR approach were used to prepare CuS counter electrodes on the FTO substrate. FTO samples were
cleaned ultrasonically with acetone, ethanol, and DI water for 10 min each. The cleaned substrates were dried
with N, gas. The copper sulphide counter electrode was obtained by applying 4 cycles of SILAR using cationic
and anionic aqueous solution of 0.5 M Cu (NO3), and 0.5 M Na,S. Finally, electrode was dried at 120 °C for
10 min ZnS was coated on the QD loaded photoanodes as a passivating layer (2 cycles) and studied their impact
on the performance of QDSSC. The ZnS passivating layer was deposited over the Green CdS and SILAR CdS
QDs by 2 cycles of SILAR deposition using aqueous solution containing 0.1 M zinc acetate and 0.1 M sodium
sulphide as anionic and cationic source respectively. The polysulphide electrolyte was prepared by 0.5 M sodium
sulphide ,0.1 M KCl and 0.2 m sulphur in 7:3 ratio of ethanol and water which was stirred in dark for 5 h [27, 31].
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Figure 1. (a) X-ray diffraction pattern of green CdS QDs, inset of (a) FESEM image and EDAX with elemental composition of green
CdS QDs(b)UV—vis absorption spectrum, for green and SILAR CdS ,inset of (b)Tauc plot for green CdS QDs(c) Fluorescence spectra
of green CdS QDs inset of (c)Fluorescence spectra for SILAR CdS.

I-V characteristics of the QDSSC were studied by Solar Simulator (1 SUN Oriel Class AAA). Electrochemical
impedance spectroscopy (EIS) measurements were recorded by CHI electrochemical workstation (CHI 660C)
at frequency ranging from 10 MHz to 100 KHz and impedance spectra were analyzed with EC lab softwarel.

3. Result and discussion

Figure 1(a) shows the XRD pattern of green CdS which is well matched with standard JCPDS data (No.10-454)
and confirms the cubic structure of CdS. Among the diffraction peaks, (111) peak is having large intensity which
shows the preferred orientation of the particles. Broadened diffraction peaks with high full width at half
maximum are possibly due to smaller dimension of the particles. Inset of figure 1(a) shows FESEM image and
EDAX of green CdS, which confirms the spherical morphology of CdS and the composition of Cd and S along
with the presence of weak oxygen peak. Figure 1(b) shows a strong absorption peak centered at 433 nm due to
band edge emission of CdS QDs with wide band gap 0f 2.85 eV (Inset of figure 1(b)). The band gap of prepared
QDs is blue shifted as shown in figure 1(b) due to the quantum confinement effect [26—28]. Figure 2(a), b shows
the HRTEM images of green CdS particles. The images confirm the spherical morphology of the particles with
size of 2-5 nm, which is less than excitonic Bohr radius (~3 nm) of CdS thereby authenticating QD formation
thereby the blue shift is observed in figure1(b). The inset of figure 2(b) shows the HRTEM image of a single QD
with clear lattice fringes and the inter planar distance of 0.33 nm [21], which corresponds to preferred
orientation of (111) of CdS QDs, as confirmed from XRD pattern (figure 1(a)).

The FTIR spectra of A.indica plant extract, green CdS and SILAR CdS are shown in figure 2(c). The IR
spectrum of green extract (figure 2(c) (i)) set out double absorption peaks centered at 3435.18 and 3191.18 cm™
is due to primary and secondary amines of plant extract [32, 33]. The peaks at 2949.81 and 2840 cm ' represent

1

3



I0P Publishing

Mater. Res. Express 7 (2020) 015528 T Archana et al

14

{}Piant extract

1

(€)1 0 Lz

i 3435.18 294I9 81 1653.92 1051 GIS l.l‘
[0 e

319148 1 )
-“ ' [ #'_.*——‘ﬂ’— _.+'-’~
1 1 )
L) 1 ]
I

1
v 1068.96
(i) Yo | §29.29
"

% Hemolysis

Concentration(ug/ml) % Hemolysis

Transmittance%
j §

Sug/nl 0
SOUG/ML  100UG/ML 250UG/ML S00UG/ML 1000UG/ML IMug-"m] 0
Concentration{ ug/mi)
2500/l 0016
S00ug/ml 0016
1000ug/m] 0026

T T L T L T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber(cm-1)

Figure 2. (a) TEM image (b) HRTEM of green CdS QDs (c) FTIR for leaf extract and green CdS QDs (d) Hemolytic analysis of green
CdS QDs.

the aliphatic C-H of methanol solvent. The band at 1653.92 cm ™ 'is due to stretching of C=0 from ketone
groups of A.indica and the peak at 1001.9 cm ' is owing to the presence of aliphatic amines. FTIR peaks of green
CdS are laid out in figure 2(c) (iii), includes the band at 630.87 cm ™' which is the characteristic peak of Cd-$
stretching and confirming the formation of CdS QDs. Presence of few organic components can also be observed
in FTIR spectrum of green CdS at 1579.33, 1415.33and 1117 cm ™' due to C~C stretching, O-H bending and
C-O stretching, respectively. FTIR spectrum of SILAR CdS (figure 2(c) (ii)) showed peaks corresponding to Cd-S
stretching and small intense peaks near 2840 cm ™' is by virtue of aliphatic C~H. FTIR spectra uphold the
presence of organic molecules probably confounding with the green CdS QDs.

Growth mechanism of green CdS QDs are explained by considering the interaction between the organic
molecules of plant extracts and CdS surfaces [33]. Plants extracts have the potential to hyper-accumulate and
biologically reduce ions. A. indica extract consists of polyphenols, proteins, caffeine, amino acids [33]. Protein
binders within the plant extract plays major role in controlling size of CdS, as reducing agent, shape-control
modifier and stabilizing agent [34]. At the initial stage, during the addition of cationic source (cadmium
chloride) to plant extract, Cd*" ions bind with plant mediated protein due to in situ metallic stress from
bioactive molecules present in plant extract. On further addition of Na,$, it facilitates formation of $*~ ions and
binds to plant mediated Cd*" ions and form CdS QDs. Bioactive components like amines, carboxylic acids,
ketones, hydroxyl groups as identified from FTIR spectrum of plant extract (figure 2(c)) plays dominant role in
reducing cadmium and then stabilizing them by interacting with Sulphur and forming CdS with controlled sizes
and shapes [34]. When organic components or alien ions are attached to growth surface strongly, the available
growth sites are occupied, thereby growth process terminates. Presence of small amount of organic residuals
with green CdS QDs can be seen from FTIR (figure 2(c)) and EDAX (figure 1(a)) which can act as an organic
capping and reducing its toxicity [22]. In addition, Hemolysis assay was performed to evaluate the hemo-
compatibility of the green CdS QDs and shown in figure 2(d). Green CdS QDs shows the toxicity value of 0.026%
which seems to be very low [35]. Further toxicity was analyzed by studying cytotoxic effect of green CdS QDs in

4



I0P Publishing

Mater. Res. Express7 (2020) 015528 T Archana et al

I \"" i , -,’i : N, r .. ! L 3
oAl F ) ()
./".,,'.“u*.,‘ T
'5 s A.: »s LY A ,
; 4.; : ; .‘ 7:. ..ﬂ- v f ’
" i r ”.
& 'y . .
| - ". <
s ¥ > "
h;; . &
ot R A S i ] A
[ [ 2 ; w .
Gz e tes 250 " , , 250 pm ; 250 pm
| £ =] ! #
’ - & o — —
“_‘ r e A ,
(d) 120
10microgra | 50microgra [100microgram
100 m m/ml m/ml /ml
Untreated Cells 100 100 100
50 Green CdS QD 100 97.39 80.8
Cds QD 100 63 4.86

10microgram/ml S0microgram/ml  100microgram/ml

OUntreated Cells BGreen CdSQD @CdS QD

Figure 3. Phase contrast image of cells (A549) (a) untreated Cells (b) Cells treated with green CdS QDs(c) Cells treated with CdS QDs
(d) Percentage cell viability.

comparison with CdS QDs [21]. Toxicity is studied on Human lung epithelial cells (A549) and the results are
shown in figures 3(a)-(d). Figures 3(a)—(c) gives phase contrast image of cells captured using Lieca DMES
microscope at 40X magnification. The cell morphology at various treatments of QDs is also provided in

figures 3(a)—(c). The cell morphology was significantly altered in CdS QDs treated cells compared to Green CdS
QDs. The results are shown in figure 3(d). The results indicate that Green CdS QDs does not induce any
cytotoxic effect in cell at concentration as high at 100 p1g when compared to CdS QDs. The cell viability was only
64% in cell treated with CdS QDs at 50 ;1g when compared to Green QDs which showed Cell Viability of 97%.
The Cell viability was only 4% in CdS QDs at 100 g concentration when compared to green CdS QDs which
showed a viability of 80% at the same concentration. The results indicate that Green CdS QDs does not induce
any toxic effect on human cell lines and hence can be considered as nontoxic and environmental friendly in
nature.

Figures 4(a) (i) and (ii) showed the XRD patterns of green CdS loaded anatase and rutile TiO, photo anodes,
respectively. Figures 4(a) (iii) and (iv) are the XRD patterns of SILAR deposited CdS on anatase and rutile TiO,
photo anodes, respectively. The typical diffraction peaks corresponding to anatase TiO, matches with JCPDS
card No.21-1272 (figures 4(a) (i) and (iii)) and rutile TiO, matches with JCPDS card no: 21-1276 (figures 4(a) (ii)
and (iv)). Further, CdS related diffraction peaks are well matched with JCPDS card no: 10-454 which confirms
the effective loading of QDs into the photo anodes with different phases. FTO related peaks are also clearly
observed in the XRD patterns. UV—vis absorption spectra of green CdS and SILAR deposited CdS loaded
TiO,with rutile and anatase phases are shown in figure 3(b). The high absorption in visible regime of green CdS
loaded photo anode favoring larger absorption window thereby better QDSSC performance[36]. Moreover,
green CdS loaded TiO, photoanode showed relatively high intensity of absorption compared to SILAR
deposited CdS. The presence of auxochromes in organic moieties of green CdS increases the intensity of
absorption. Moreover, hypsochromic shift can be seen for green CdS loaded photoanode compared to SILAR
CdS owing to confinement effect of Green CdS QDs loaded TiO, photoanode. Figures 4(c) and (d) shows the
FESEM image and EDAX spectrum of green CdS QDsloaded TiO, photo anode, showing effective loading of
CdS QDs into the photoanode and the QDs are indicated as yellow color dotted circle in the image (figure 4(c)).

The fabricated QDSSCs were tested with standard (AM1.5) 100 mV solar simulator under 1 sun illumination
condition. The obtained cell parameters are shown in table 1. Figures 5(a)—(c) unfold schematic representations
of QDSSC with different configurations such as SILAR CdS sensitized QDSSC, green CdS sensitized QDSSC and
green CdS based QDSSC with ZnS passivating layer, respectively. Figure 5(d) (i) shows the I-V characteristics of
green CdS and SILAR CdS based QDSSCs fabricated using rutile and anatase TiO, as photoanodes and platinum
as counter electrodes. As can be seen from figure 5(d) (i), the QDSSC with anatase TiO, photoanode showed
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Figure 4. (a) XRD diffraction patterns of (i) Green CdS on Anatase TiO, coated on FTO (ii) Green CdS on Rutile TiO, coated on FTO
(iii) SILAR deposited CdS on Anatase TiO, on FTO (iv) SILAR deposited CdS on Rutile TiO, on FTO (b) DRS spectrum for green CdS
loaded on anatase and rutile TiO, (c) SEM images and EDAX spectrum of green CdS QDs loaded TiO, photoanode.

Table 1. 1—V characteristics of QDSSCs fabricated with different combinations.

Cells Cell Configurations Voc(mV) JscmA cm ™2 Fill Factor (%) Efficiency (%)
QDSSC1 Rutile TiO,/Green CdS/Pt 28.7 473 23.07 0.02
QDSSC2 Anatase TiO,/Green CdS/Pt 115.1 5.80 28.17 0.19
QDSSC3 Rutile TiOZ/SILAR CdS /Pt 343.5 5.90 32.45 0.66
QDSSC4 Anatase TiO,/SILAR CdS /Pt 352.8 9.36 33.98 1.12
QDSSC5 Anatase TiO,/Green CdS/CuS 169.0 10.61 24.80 0.44
QDSSC6 Anatase TiO,/SILAR CdS/CuS 495.9 9.21 47.58 1.36
QDSSC7 AnataseTiO,/GreenCdS/ZnS/CuS 258.7 10.56 28.07 0.77
QDSSC8 Anatase TiO,/SILARCAS/ZnS/CuS 419.3 9.66 47.69 1.93
Ref[30] CdS(CBD)on TiO, 355.0 2.57 18.00 0.17
Ref[31] CdS (SAM) on std TiO,(p25) 529.0 0.17 59.00 0.05

relatively better performance compared to rutile TiO, photoanodes for both kind of green and SILAR CdS QDs.
The relatively high performance of anatase TiO, photoanodes based QDSSCs are possibly due to the shift in the
Fermilevel by 0.1 eV compared to rutile phase resulting in a lower oxygen affinity and a higher level of hydroxyl
groups on TiO, surfaces which favors carrier transport. Anatase possesses an indirect bandgap while rutile has a
direct band gap thus minima of the conduction band of anatase is away from the maxima of the valence band,
enabling the excited electrons to stabilize at the lower level in the conduction and leading to a longer life (slower
charge carrier recombination) and higher mobility than that of rutile with a direct band gap. Also, anatase
possesses a wider absorption gap. Excitation electron mass of the outer shell electrons of anatase is lower than
that of rutile, leading to a higher mobility of electrons in anatase. Hence improved performance can be observed
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Figure 5. Schematic representation of (a) SILAR CdS (b) Green CdS (c) Green CdS with passivating layer (d) [—V Characteristics of
fabricated QDSSCs with (i) platinum counter electrode (ii)CuS counter electrodes.

for anatase phase TiO, photoanode with both green synthesized CdS and SILAR deposited CdS [37, 38].
Therefore, the anatase TiO, based photoanodes are used for further improving the QDSSC performance by
employing the passivating layers and replacing the counter electrodes.

Figure 5(d) (ii) shows the I-V characteristics of green and SILAR CdS loaded anatase TiO, based QDSSCs
with CuS as counter electrodes. Moreover, the I-V characteristics of the QDSSCs were analysed with and without
ZnS passivating layers. As reported passivation layer helps exciton generation in the core to remove defects, such
as unsaturated surface atoms on the surface, and to reduce alternative decay pathways and reducing the charge
recombination rate at the interfaces. Hence an improved performance can be seen with ZnS layer coating. As can
be seen from figure 5(d) (ii), the performance of QDSSC with CuS as counter electrode are relatively high
compared to the QDSSC with Pt counter electrode (figure 5(d) (i)). The sulphur from the polysulphide
electrolyte may chemisorbs on to the Pt electrode surface, which resulted higher charge resistance at the interface
of counter electrode/electrolyte and lowers the performance. Whereas, the ZnS is more compatible with
polysulphide electrolyte thereby it shows relatively high performance (figure 5(d) (ii)).

From the I-V curves (figure 5(d) (ii)) it can be inferred that the current density of green CdS based QDSSC is
relatively higher (10.61 mA) compared to SILAR CdS based cell (9.2 mA) because of higher visible photon
absorption as can be seen from UV-vis spectra (figure 1(b)). The presence of organic moieties with green CdS
causes suppression of surface defects and improving flocking of charge carriers. The broadened light absorption
from 250 to 520 nm with high intensity favors light harvesting efficiency and presence of retral organic
molecules effectively encapsulate the QDs and thereby improved electron hole injection that eventualize
improved current density of green CdS based QDSSC. An overall abate in open circuit voltage (V) results in
lowering of photo conversion efficiency of green CdS based QDSSCs. The decay in V. is mainly attributed due
to recombination losses that deliberately downturn excitonic life time of charge carries. A significant
improvement of 65% in V. is observed for green CdS QDSSC after passivating with ZnS. From the results, it is
obvious that the ZnS layer preventing retension of electrolyte towards sensitizer and to TiO, photoanode layer
that can expedite the recombination of the charge carriers. This phenomenon is schematically shown in
figure 5(c). Although more photo-generated carriers are generated in the green CdS, the likelihood of electron-
hole recombination is still high. Consequently, the photo conversion efficiency of the green CdS based QDSSCs
islower (0.77%) compared to SILAR deposited CdS (1.93%). Hence much better control of recombination
process have to be done for achieving higher conversion efficiency in green CdS sensitized solar cells.
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Figure 6. EIS Spectra of QDSSCs (a) Green CdS and SILAR CdS with and without ZnS with platinum Counter electrode (b) Green CdS
with and without ZnS with CuS Counter electrode (c) SILAR CdS with and without ZnS with CuS Counter electrode.

Table 2. EIS characteristics of QDSSCs fabricated with
different combinations.

Cell Configurations R, (ohm) R, (ohm)
TiO,/Green CdS/Pt 2657 331.41
TiO,/Green CdS/ZnS/Pt 2589 231.85
TiO,/SILAR CdS,/ Pt 2308 301.7
TiO,/SILAR CdS/ZnS/Pt 1735 159.99
TiO,/Green CdS/CuS 976.8 262.9
TiO,/Green/ZnS/CuS 908.5 207.5
TiO,/SILAR CdS/CuS 13.87 15.7
TiO,/SILAR CdS/ZnS/CuS 13.8 115

Electrochemical impedance spectroscopy (EIS) analysis is used to evaluate the internal resistance and charge
transfer kinetics of QDSSCs. Figures 6(a)—(c) shows the Nyquist plots of green synthesized CdS and SILAR
deposited CdS based QDSSCs with platinum and copper sulphide as counter electrodes. The plots were analysed
using EC lab software and the obtained parameters from the EIS analysis are summarized in table 2. From EIS
data, it is clear that the series resistance values are high for QDSSCs with platinum counter electrodes compared
to that with copper sulphide counter electrodes [38—41].

As shown in figure 6, R represents the series resistance and R, represents the charge transfer resistance
between counter electrode and electrolyte. The lower R, value shows higher electrocatalytic activity of CuS
based QDSSCs. Relatively higher R, values of Pt based QDSSC shows the incompatibility of the cell with sulphur
based electrolyte which is used in the QDSSc. Therefore, the QDSSCs with CuS as counter electrode showed
relatively higher photocurrent compared to cell with Pt counter electrode. Moreover, the QDSSC with ZnS
passivating layer showed relatively low charge transfer resistance compared to the cell with no passivating layer.
The EIS data revealed that the QDSSC with CuS counter electrode and ZnS passivating layer is an optimum
configuration with low Ryand R
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4. Conclusion

CdS QDs were synthesized using A. indica as a stabilizing agent and its potential ability to enhance the
performance of QDSSC were investigated in comparison with conventional SILAR CdS. Green CdS QDs based
QDSSCs with ZnS passivating layer showed relatively higher current density 10.61 mA with CuS counter
electrode compared to other combinations of cells. The UV—vis absorption spectra revealed the improved
optical absorption especially in the visible region for green CdS QDs compared to SILAR CdS QDs based
QDSSCs. Surface modification by ZnS passivating layer on green CdS suppress recombination thereby
improving the V. and photo conversion efficiency of green CdS based QDSSC. Further, the experimental
results demonstrated that green CdS QDs are favorable as a sensitizer for QDSSCs, as it exhibits the efficiency of
0.76% in a proof-of-concept device. Key research challenges like toxicity of chalgocinides were controlled by
effective green synthesis approach resulting QDs with presence of organic moieties without necessarily
modifying its electronic property.
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