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olyurethane composite gel
electrolyte with cosensitized photoanode for
higher solar cell efficiency using a passivation
layer†
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Graphene oxide was chemically tagged with thermoplastic polyurethane, chain extended using butanediol

to obtain the varying molecular weight of the polymer. Graphene-tagged polyurethane was functionalized

using propane sultone to introduce the polar sulphonate groups in the main chain. The chain extension,

tagging of GO and functionalization have been verified through spectroscopic techniques such as NMR,

FTIR, UV and gel permeation chromatography. Thermal stability and the nature of the interaction were

explored through thermal measurements to understand the effect of GO and functionalization. Electrical

conduction was improved by the chemical attachment of graphene with the polymer (5.08 �
10�7 S cm�1), which further increases through functionalization and subsequent use of the additive (1.07

� 10�3 S cm�1) and make them suitable for gel electrolyte, being in the range of semiconductors.

Quantum dots of CdS and CdSe were prepared using a capping agent and their characteristic properties

and dimensions were worked out for their suitability as active materials in a solar cell. The optical band

gap of quantum dots and HOMO/LUMO band structure of functionalized polyurethanes were measured

using UV-vis and cyclic voltammetry, and thereby, constructing the overall energy diagrams for

a possible combination of materials. Conducting carbon has been incorporated in the gel electrolyte to

modulate the conductivity, while the ZnSe layer has been inserted as a passivation layer between the

active material and the gel electrolyte. Solar cell devices were fabricated using the suitable materials,

through the suitable energy diagram, and found a significantly high power conversion efficiency of 1.71%.

The reason behind the improved efficiency is understood from the greater light harvesting behaviour,

higher level of conductivity and blocking capacity of the various layered structures to reduce the

electron–hole pair recombination.
Introduction

The energy crisis is one of the important issues for human
society around the world. Thus, researchers are trying to
discover novel renewable clean energy resources to fulll the
energy demands of society.1,2 The energy demand has enhanced
16 times in the 21st century along with the world population and
this energy demand is increasing day by day at a greater efficient
rate. The largest renewable power source of our systems is solar
irradiation. The total energy received from Sun at the earth's
surface is estimated to be 1.2 � 105 TW every year, which is
about 6000 times more than the present human power
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the Royal Society of Chemistry
consumption.3 Photovoltaic devices, which convert solar energy
directly into electricity, are the effective and abundant renew-
able energy devices available through the photo-electric
phenomenon, which needs highly efficient power conversion
at a lower cost.4,5 Dye-sensitized solar cells (DSSCs) have
attracted researchers over the last two decades because of their
high efficiency and relatively inexpensive fabrication process as
compared with conventional solar cells.6,7 Recently, there has
been signicant interest in solar cells based on perovskite
absorbers,8,9 which enable complete light absorption in
considerably thinner lms.7 However, the perovskite solar cells
suffer from moisture-sensitive characteristics along with
stability issues for fabrication. DSSCs are alternative devices for
conventional silicon-based solar cells. It consists of ruthenium-
based organic dye molecules as a light harvester, which is
attached to a TiO2 thin lm and can achieve up to 11.5% power
conversion efficiency. Gratzel and O'Regan10–12 were rst to
demonstrate DSSCs, which are typically constructed by
Nanoscale Adv., 2022, 4, 1199–1212 | 1199
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sandwiching the liquid electrolyte in between the counter
electrode and working electrode. FTO coated glass was used as
substrate and a wide band gap semiconductor like TiO2 has
been deposited on it. Dye molecules were loaded on the FTO/
TiO2 layer, which acted as a sensitizer and Pt was used as
a counter electrode. The specic energy of light falling onto dye
molecule results in the generation of photo-excited electrons,
which are injected into the conduction band of the semi-
conductor (TiO2), and redox electrolytes were used to reduce the
oxidized form of dye molecules. The oxidized redox electrolytes
are reduced in the Pt counter electrode, resulting in a signicant
amount of electric current ow. Subsequently, the organic dye
molecules were replaced by inorganic QDs, considered as
sensitizers. Quantum dot solar cells have attracted attention in
the modern era because of their low production cost, easy
fabrication process and acceptable power conversion efficiency.
The inorganic QDs have lot more advantages as compared to
dye molecules: (1) high extinction coefficient;13,14 (2) generation
of multiple excitons through single-photon absorption;15 (3)
tuneable band gap;16 and (4) high photostability corresponding
to water and oxygen.17,18 The maximum theoretical power
conversion efficiency of these devices is in order of 44%.5,19,20

The surface passivation layer usually enhance the performance
of QDSSCs,21 and this layer can form a uniform barrier layer to
separate the photoanode with QDs and electrolytes as well as
repair the surface defects of the QDs.16 Well designed passiv-
ation can reduce the electron recombination effectively and the
layer promotes the separation process of electrons and
holes.22,23 The higher value of the conduction band edge of ZnS
as compared to that of CdS/CdSe helps inhibit the transfer of
electrons from the conduction band of QDs to LUMO levels of
the electrolytes, and hence, usually used as a passivation layer.
ZnSe is one of the suitable inorganic passivation materials to
form a type of core–shell structure for CdS/CdSe QDs because of
its suitable band structure and it has been widely used for
QDSSC passivation.24 Huang et al. have demonstrated that type
of band alignment would not only prevent electron back
transfer to the electrolytes but may also facilitate the desired
hole transport from the QDs to electrolytes because both Ecb
and Evb of ZnSe are higher than those of CdS/CdSe QDs.25,26

However, ZnSe with a wide band gap and desirable electronic
structure does not allow absorption in the long-wavelength
regions.16,24 The electrolytes have an important role in
QDSSCs, which can complete the circuit by transferring of the
hole to the counter electrode aer receiving the holes from the
valence band of QDs. The I�/I3

� liquid electrolytes show the
highest efficiency in DSSC, but these electrolytes cannot be
effectively used in QDSSCs because of their corrosive char-
acter,27,28 sealing leakage and easy evaporation.29 To overcome
such issues, polymer electrolytes are the alternative materials of
liquid electrolytes in QDSSCs. Polymer electrolytes were used to
overcome problems such as corrosion of electrodes, leaking and
sealing, shape exibility, ammability issues and electro-
chemical stability. Polymer electrolytes are dened as a poly-
meric material complex with salt.29,30 Polar functional groups in
the main polymeric chain act as a medium to solvate the ionic
species through intermolecular interactions and the ionic
1200 | Nanoscale Adv., 2022, 4, 1199–1212
transport to occur by diffusion of the dissociated ions and their
transport through the free volume of polymer matrix.29,31 Poly-
urethane (PU) polymer matrix was functionalized to prepare
polymer gel electrolytes, which were used to fabricated QDSSCs
with co-sensitized CdS/CdSe photoanode to obtain 1.5% power
conversion efficiency,32 and Kumar et al.33 used the functional-
ized thermoplastic polyurethane gel electrolytes in QDSSCs with
TiO2/CdS photoanode to achieve the PCE of 1.25%. Recently,
PU–GO nanocomposites have attracted the attention of many
researchers, especially, as the mechanical and electrical prop-
erties of nanocomposites were signicantly enhanced by adding
only 1 wt% of GO during the polymerisation stage.34,35 To
enhance the properties of polymeric materials, composites are
prepared by incorporating a small quantity of the ller in the
polymer matrix.36 The polymer composites having low density
and good thermal stability,37 better mechanical properties38 and
higher electrical conductivity of polymer were increased by
incorporation of the nanoller in the polymer matrix.39 The
shiing of the peak position in spectroscopic measurements
and lowering of melting temperatures are indicators of the
extent of interaction.

In this work, an in situ polymerization process was adopted
to obtain the chemically tagged graphene oxide polyurethane
polymer matrix (PU–GO), which is further functionalized to get
a novel polymer gel electrolyte, i.e., the hole transport agent in
QDSSCs. The prepared polymer gel electrolytes were used to
fabricate QDSSCs with the cosensitized TiO2/CdS/CdSe photo-
electrode. The optimum amount of the ZnSe passivation layer
was deposited on the photoanode to reduce the electron–hole
pair recombination as well as to increase the light-harvesting
efficiency and also to enhance the photovoltaic performance
of the fabricated QDSSCs. The underlying reasons are explored
in detail.
Experimental
Materials

Cadmium nitrate (Sigma-Aldrich), sodium sulphide (Himedia),
TiO2 paste (Solaronix), graphite ake (Sigma-Aldrich), sodium
hydride (NaH), poly(tetramethylene glycol) (PTMG,Mn ¼ 2900 g
mol�1), butane-di-ol (Sigma-Aldrich), 4,40-diphenylmethane
diisocyanate (MDI, Sigma-Aldrich), titanium tetrachloride
(TiCl4, Strem), N,N-dimethylacetamide (DMA), dibutyl tin
dilaurate (DBTDL), propane sultone (Sigma-Aldrich), and
ethanol were used for the synthesis process.
Synthesis of CdS QDs

CdS QD were synthesised following a previously reported
method.32,40 0.4 M cadmium nitrate solution was mixed with
0.114 M ethylenediamine tetraacetic acid (EDTA) solution
under constant stirring and heated at 100 �C for 2 h by main-
taining the pH � 5. Further, 0.11 M sodium sulphide solution
was added drop-wise in the reaction mixture and a pale-yellow
precipitate was obtained aer 30 min. To remove the
unwanted species, QDs were washed with water and ethanol
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1na00801c


Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ja

nu
ar

y 
20

22
. D

ow
nl

oa
de

d 
on

 7
/1

2/
20

24
 5

:1
9:

12
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
several times and centrifuged at 5000 rpm for 5 min. The
prepared QDs were dispersed in chloroform at �5 �C.
Synthesis of CdSe QDs

CdSe QDs were synthesised using the hot injection method with
some alteration.41 The CdSe QDs synthesis was performed in
two steps; rstly, a selenium precursor was prepared by dis-
solving 30 mg of selenium powder in 5 mL octadecene and
0.4 mL tryoctyl phosphine was added drop-wise in solution and
was heated at 50 �C for 30 min to obtain the transparent solu-
tion. In the second step, 13 mg cadmium oxide was dissolved in
10 mL octadecene and 0.6 mL of oleic acid in an inert atmo-
sphere and the mixture was heated at 223 �C until a transparent
solution was obtained. At this temperature, the selenium
precursor solution was added to the reaction mixture and 1 mL
aliquots were withdrawn at different time intervals using Pas-
teur pipette to obtain different particle size CdSe QDs. The
precipitate was cooled to room temperature and was washed
with ethanol and centrifuged at 3000 rpm for 5 min and was
redispersed in hexane for further use.

Deposition of ZnSe passivation layer. The ZnSe passivation
layer was deposited on the prepared TiO2/CdS/CdSe photo-
anode by the SILAR method.15 TiO2/CdS/CdSe electrodes were
alternately dipped in an aqueous solution of 0.1 M zinc acetate
dehydrated for 5 min at 50 �C and were washed with deionized
water, dried and subsequently dipped in Na2SeSO3 at 50 �C for
5 min and the cycle was repeated thrice.

Synthesis of graphene oxide. Graphene oxide (GO) was syn-
thesised following previously reported modied Hammer's
method.42,43 In this method, 3.0 g graphite akes (1 equiv.) were
dissolved in 400 mL of the mixture of concentrated H2SO4 and
H3PO4 (9 : 1 volume ratio) and 18 g KMnO4 (6 equiv.) was added
to the reaction mixture. The reaction mixture was heated at
50 �C with constant stirring for 12 h and the reaction was cooled
at room temperature using an ice bath, followed by the addition
of 3 mL of 30% H2O2 and further washed with dilute HCl,
ethanol and distilled water. The reaction mixture was then
centrifuged at 5000 rpm for 15 min, and this process was
repeated until the medium pH was �7. The synthesised GO was
dried at 70 �C under vacuum for 48 h.

Synthesis of GO-tagged polyurethane. Polymer synthesis was
carried out in three stages of polymerization process32,33,43 with
some alteration. In a typical PU–GO polymer synthesis, the rst
step involved the formation of prepolymer (PP) by mixing the
poly(tetramethylene glycol) (PTMG) and 4,40-methylene diphe-
nyldiisocyanate in dimethylformamide solvent at 70 �C in the
presence of nitrogen atmosphere for 3 h to form an isocyanate-
terminated prepolymer. GO (5 mg) was added to the reaction
mixture that was heated at 70 �C for 2 h with constant stirring to
form GO–prepolymer (PP–GO). Further, butanediol was added
as a chain extender along with few drops of DBTDL catalyst
(0.1 mL of 1 wt% toluene solution) to complete the polymeri-
zation reaction and the reaction mixture was maintained at
70 �C for 24 h with rapid stirring. The PU–GO polymer precip-
itate was obtained by pouring the solution in deionized water
and was dried at 50 �C in vacuum oven for 72 h.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Functionalization of GO–polyurethane. The PU–GO polymer
was functionalized via a bimolecular nucleophilic substitution
reaction. Initially, the pure polymer was dissolved in DMA
solvent at 50 �C and the reaction mixture was cooled at�5 �C in
a nitrogen atmosphere and NaH was added to the reaction
mixture with rapid stirring for 1.5 h. The reaction mixture was
brought to room temperature and propane sultone was added
and heated at 50 �C for 3 h. The functionalized polymer (SPU–
GO) was obtained by pouring the mixture in toluene to precip-
itate the ionomer and washed with ethanol and dried in
a vacuum oven at 72 h.

Preparation of gel electrolytes. The ionomer was dissolved in
DMF solvent and was heated at 80 �C with constant stirring to
obtain a homogeneous mixture and different weight percent-
ages of conductive carbon were added to the mixture followed
by cooling at 5 �C for 18 h to obtain a semisolid ionomer gel
(SPU–GO–CC).
Characterisation

Spectroscopic measurements. The absorbance spectroscopy
measurements on the synthesised QDs and thin-lm polymers
were performed using a JASCO V-650 UV-visible spectropho-
tometer in the spectral range of 200–800 nm at a scan rate of
2 nm s�1. An Alpha Bruker Eco-ATR furnished with a ZnSe ATR
crystal was used to obtain the Fourier transform infrared
transmittance spectra of QDs and polymers in the spectral
range 600–4000 cm�1 by taking 100 scans with 4 cm�1 resolu-
tion. Proton (1H) NMR spectroscopic measurements (Bruker
Biospin, 500 MHz) were performed for the functionalized
polymers and the chemical shis were recorded in ppm (d).
DMSO-d6 was used as a solvent. All spectroscopic measure-
ments were performed at room temperature.

Thermal analysis. The thermal stability of pure and func-
tionalised PUs was estimated using a Mettler-Toledo thermog-
ravimetric analyzer (TGA) in the temperature range of 40 to
600 �C at a heating rate of 20 �C min�1. Differential scanning
calorimetry (DSC) (Mettler 832) was used to estimate the
melting temperature and heat of fusion of pure and various
degrees of functionalized PUs. The temperature range was from
�40 to 200 �C with heating and cooling rates of 10 �Cmin�1 and
5 �C min�1, respectively, under the ow of nitrogen.
Electrochemical measurement

Electrochemical impedance spectroscopy. The conductivity
of pure and functionalized polymer was determined using the
four-probe AC impedance experiments using multichannel
Autolab M204 (potentiostat/galvanostat) with FRA 32
(Frequency Response Analyzer) in the range of 0.1 to 106 Hz. The
polymer was clipped between two circular titanium electrodes
with a surface area of 3.14 cm2. The operational applied
frequency range was from 0.1 to 106 Hz at the scan rate of 1 mA
s�1. Before measuring the sample, a blank spectrum (Nyquist
plot) was recorded to take care of the wire resistance. The
resistance of the polymer was calculated from the t and
simulation methods using the Nova soware (2.1.4 version) and
Nanoscale Adv., 2022, 4, 1199–1212 | 1201
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the resistance of the polymer was used to calculate the ionic
conductivity using the following eqn (1)

km
�
S cm�1� ¼ LðcmÞ

½RðUÞ � Aðcm2Þ� (1)

where, km is the ionic conductivity of the polymer, R is the
resistance of polymer, A is the area of polymer, L is the distance
between two electrodes. The activation energy was calculated
using the following equation

s ¼ s0 exp� Ea

RT
(2)

where Ea is the activation energy, R is constant, T is tempera-
ture, s is the ionic conductivity.

Cyclic voltammetry. A Metrohm Autolab M204 potentiostat/
galvanostat with a three-electrode system Ag/AgCl as a refer-
ence electrode, glassy carbon as the working electrode and
platinum as a counter electrode was used to perform cyclic
voltammetry (CV) measurements on polymer and QDs. The CV
measurement was used to calculate the HOMO (highest occu-
pied molecular orbital) and LUMO (lowest unoccupied molec-
ular orbital) levels of polymers and QDs. The HOMO and LUMO
of the energy level of the polymer and QDs were calculated
taking ferrocene as reference materials (�4.4 eV).44

EHOMO ¼ �eV(Eonset
OX + 4.4) (3)

ELUMO ¼ �eV(Eonset
red + 4.4) (4)

The nely dispersed sample was prepared by dissolving 2 mg
of QDs in 5 mL of N-methyl pyrrolidone solvent and ultra-
sonicated for 15 min for obtaining a ne dispersion of particles.
For nding the suitable working potential range, the CV
measurement was performed in a blank run with NMP as
a solvent. The CV measurements of the prepared samples were
carried out at a scan rate of 20 mV s�1 with the potential range
of �2.5 to +2.5 V at room temperature.
Fabrication of solar cells

Preparation of the photoanode. Firstly, the FTO glass sheet
(2 � 1.5 cm2) was cleaned using a bath sonication process in
soap water, acetone and distilled water for 10 min in every case.
Thin-lm deposition (0.20 cm2 area) of the TiO2 paste (Solar-
onix) on the FTO glass was performed by the doctor blade
technique, followed by heating at 75 �C for 30min to remove the
low boiling point organic solvent. It was annealed at 450 �C for
30 min, resulting in a transparent thin lm of TiO2 on FTO
glass. The QD deposition was performed following our previ-
ously reported method. Briey, the as-prepared CdS QDs were
dispersed in isopropanol by ultrasonication for 15 min and CdS
QDs were deposited on the TiO2 lm using a spin coater (Spin
NXG-P1) at 1500 rpm for 15 min to form a uniform TiO2/CdS
lm. Similarly, CdSe QDs were dispersed in hexane and were
deposited on the TiO2/CdS lm, similarly. During the prepara-
tion of photoanode, the deposition of each layer of QDs was
dried at 75 �C for 30 min to remove the solvent for better lm
formation. The prepared photoanode was kept in a vacuum
1202 | Nanoscale Adv., 2022, 4, 1199–1212
under dark conditions at room temperature. It was used in the
fabrication of QDSSC devices.

Preparation of counter electrode. The Pt thin lm was used
as a counter electrode; the doctor blade method was used to
deposit the thin lm of Pt on FTO glass under the same active
area of 0.20 cm2, followed by heating at 80 �C for 30 min to
remove the low boiling organic binder. Subsequently, it was
annealed at 450 �C for 30 min and was cooled at room
temperature to obtain the uniform Pt thin lm. For fabricating
QDSSCs, sufficient number of gel electrolytes were spread on
the active area of the photoanode and both the electrodes were
sandwiched with each other. The 0.25 mm thick thermoplastic
non-conducting spacer (Solaronix Meltonix 1170-25) was used
between these two electrodes for better contact and prohibited
the penetration of gel electrolyte.

Solar cell measurement. A multichannel Autolab M204
potentiostat galvanostat combined with the LED Driver (700 mA
output) connected to an optical bench was used to determine
the current–voltage (I–V) characteristic measurement. The
highly focused light source was used using the Autolab LED
Driver and the LED light source output was controlled using the
programmable soware, which was connected to the optical
bench. QDSSC performances were characterized in terms of
three parameters, short circuit current density (Jsc), open-circuit
voltage (Voc) and the ll factor (FF) as these are directly
responsible for the power conversion efficiency (h) of QDSSCs.
These parameters were calculated using the following equations

FF ¼ Jmax

Jsc
� Vmax

Voc

or FF ¼ Pmax

Jsc � Voc

(5)

hð%Þ ¼ Pmax

Pin

� 100 or hð%Þ ¼ Jsc � Voc � FF

Pin

� 100 (6)
Results and discussion
Evidence of chemical tagging of GO with polyurethane and
functionalization

The schematic reaction of the formation of GO-tagged poly-
urethane (PU–GO) in three stages of polymerization and
subsequent functionalization of polyurethane polymer (SPU–
GO) are shown in Scheme 1. 1H NMR and FTIR spectroscopic
measurements were used to conrm the chemical tagging of
graphene oxide in polymer chains and its subsequent func-
tionalization of the polymer (PU–GO). Fig. 1a shows the 1H NMR
patterns of synthesized pure polyurethane (PU), GO-tagged
polyurethane (PU–GO) and functionalized GO-tagged poly-
urethane (SPU–GO). Pure PU showed the peak at a chemical
shi of d ¼ 8.54 ppm for pNH proton45 while PU–GO showed
two peaks for pN–H proton at 8.54 ppm (high intensity) and
8.45 ppm (low intensity) due to the presence of two types of pNH
protons in the polymer chain with different chemical environ-
ments and the appearance of a new shielded peak at 8.45 ppm
(absent in pure PU) is due to the interaction between graphene
sheets (electrons rich) and pNH proton46 in PU–GO polymer,
conrming the chemical tagging of GO with the polymer (PU)
© 2022 The Author(s). Published by the Royal Society of Chemistry
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chains. The functionalized polymer (SPU–GO) shows a new
strong peak at a chemical shi of d ¼ 8.48 ppm for –SO3H
proton33 and another two new peaks at d ¼ 1.9 and 1.6 ppm for
–CH2 protons47,48 of the propane sultone group. This is to
mention that these peaks are absent in pure PU and PU–GO
polymer, which in turn, conrm the insertion of the sulfonate
group in PU–GO polymer chains. In FTIR measurements, the
prepolymer (PP) showed a characteristic peak at 3308 cm�1 due
to the hydrogen-bonded pNH group49 (stretching vibration)
present in the prepolymer chain and the peak at 1778 cm�1 is
responsible for the imide-carbonyl group50 present in PP
(Fig. 1b).

Aer graing of GO in prepolymer chains, the pNH peak is
slightly shied in GO-tagged prepolymer (PP–GO) due to the
interaction between the graphene sheet and pNH bonds46 and
the GO-tagged polyurethane-extended polymer (PU–GO) shows
a peak at 3305 cm�1 for the hydrogen-bonded –NH group49

present in the hard segment of polyurethane chains. The peak
at 1778 cm�1 disappears50 in PU–GO, suggesting the chain
extension aer the reaction with butanediol.

Further, the hydrogen-bonded pNH peak becomes broad at
3413 cm�1 with the sulfonation of the PU–GO polymer32 and
SPU–GO exhibits a new strong peak at 1184 cm�1 due to the
symmetrical stretching vibration of the S]O linkages aer
functionalization.

The UV-vis absorption spectroscopic measurement was per-
formed to understand the interactive nature between graphene
sheets and polymer chains. Fig. 1c shows the UV-vis absorption
patterns of PP, PP–GO, PU–GO and SPU–GO. The prominent
peak in PP at 279 nm is due to n/ p* transition51 and it is red
Scheme 1 A reaction scheme for the synthesis of GO-tagged polyuretha
GO). The designation of polymer is mentioned below with the respectiv

© 2022 The Author(s). Published by the Royal Society of Chemistry
shied to 293 nm in PP–GO due to the presence of the graphene
sheet in the prepolymer chain.43 The peak position has further
shied to 298 nm in PU–GO aer chain extension using buta-
nediol. The SPU–GO polymer shows two broad peaks at 305 nm
due to n / p* transition of urethane linkage and another one
is at 372 nm assigned as n/ p* transition due to the presence
of the polar sulfonate group in polymer chains.32,33 However,
spectroscopic techniques clearly indicate the tagging of GO with
the polyurethane chain and their subsequent sulphonation to
convert into SPU–GO as ion conductive species. The molar
masses of PP, PP–GO and PU–GO were determined by the gel
permeation chromatography (GPC) measurements and are
shown in Fig. 1d. Molar masses ( �Mn) of PP, PP–GO and PU–GO
are 5.2, 5.3 and 6.4 K, respectively, and the molar mass of PU–
GO is higher than that of PP–GO aer the addition of butane-
diol as the chain extender in the third stage of the polymeri-
zation reaction, which conrms the chain extension of the
polymer. The molecular weight decreases aer the functional-
ization of GO-tagged polyurethane and the molecular weight
was found to 1.7 K as measured using GPC, presumably due to
hydrolysis in the presence of acidic environment.

Thermal stabilities of the prepolymer, polymer and func-
tionalized polymers were estimated using thermogravimetric
analysis as shown in Fig. 1e. Both the pure and functionalized
polymers show two stages of degradation due to the hard and
so segments of the polymer chain and the functionalized
polymer exhibits lower degradation as compared to pure poly-
mer. The weight loss at a lower temperature is due to the
degradation of the hard segment of the polymer chain and the
so segment is degraded at high temperature. The initial weight
ne (PU–GO) in three stages and its subsequent functionalization (SPU–
e chemical formula.
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Fig. 1 (a) 1H NMR spectra of pure PU, PU–GO and functionalized polymer (SPU–GO), the inset shows the magnified spectrum in the indicated
zone; (b) FTIR spectra of PP, PP–GO, PU–GO and SPU–GO showing the appearance of new peak and shifting of peak position; (c) UV-vis
absorption spectra of PP, PP–GO, PU–GO and functionalized polymer (SPU–GO) showing shifting of peak position; (d) gel permeation chro-
matograms of PP, PP–GO and PU–GO showing relative elution time; (e) TGA thermograms of PP, PP–GO, PU–GO and SPU–GO demonstrating
relative thermal stability; and (f) DSC thermograms of PP, PP–GO, PU–GO and SPU–GO showing the melting temperatures.
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loss in SPU–GO is observed due to the hydrophilic nature of
SPU–GO. The degradation temperatures were found to be 226�,
241�, 327� and 228 �C for PP, PP–GO, PU–GO and SPU–GO,
respectively. The presence of graphene enhances thermal
stability while sulphonation decreases the thermal stability
a bit. This is to mention that the temperature corresponding to
5% weight loss is considered as the degradation temperature.
However, the functionalized polymer was thermally stable up to
200 �C and thereby suitable for its application in solar cells.
Differential scanning calorimetric measurements were used to
analyse themelting behaviour of specimens, as shown in Fig. 1f.
The melting temperature of PP was 22.1 �C and the presence of
graphene oxide in the prepolymer enhances the crystalline
nature of PP–GO, resulting in an increase in its melting
temperature to 22.5 �C. The chain extension with butanediol in
PP–GO further increases the melting temperature to 24.5 �C.
The functionalization of the polymer in SPU–GO showed
a melting temperature of 21.6 �C. The melting temperatures
corresponding to the so segment zone and crystallization of
the so segment were facilitated in the presence of graphene,
acting as heterogeneous nucleation sites. The heat of fusion
values were calculated as 25, 26.5, 27.9 and 6.3 J g�1 for PP, PP–
GO, PU–GO and SPU–GO, respectively. The functionalization in
1204 | Nanoscale Adv., 2022, 4, 1199–1212
SPU–GO reduces the crystallinity, both in terms of melting
temperature and heat of fusion, predominantly due to the
presence of sulphonate groups, which inhibits the main chain
to t into the crystalline lattice. Further, intermolecular inter-
action enhances in the presence of the sulphonate group in
SPU–GO, which causes lowering of melting and heat of fusion
as compared to PU–GO. However, the small increase in heat of
fusion along with the temperature is noticed in the presence of
graphene in PP–GO and PU–GO suggesting enhanced hetero-
geneous nucleation.
Ionic transport behaviour

The lower resistance of electrolytes is responsible for the better
performance of solar cell devices. The prepared gel polymer
electrolytes having low resistance with good ionic conductivity
may facilitate better transportation of the holes in the opera-
tional mode of the devices. Electrochemical impedance spec-
trometry (EIS) measurements were used to calculate the ionic
conductivity of the polymers. The Nyquist plots were used to
measure the polarizing resistance of the polymers using the t
and simulation method (Fig. 2a). The resistance of PP was
found to be 6.81 � 108 U and the introduction of the graphene
sheet in the polymer chain reduces the resistance of PP–GO to
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Nyquist plots for the indicated pure and functionalized PUs; (b) Arrhenius plots of the pure and indicated functionalized polymers; (c)
potentiodynamic polarization measurement of mild steel with and without the indicated inhibitors in 0.5 M H2SO4 solution; and (d) percentage
inhibition efficiency as a function of inhibitor (SPU–GO–CC) concentration.

Table 1 The resistance and conductivities of various pure and func-
tionalized polymer/composite

S. no. Sample Resistance (U) Conductivity (S cm�1)

1. PP 6.81 � 108 2.10 � 10�11

2. PP–GO 5.28 � 106 1.02 � 10�9

3. PU–GO 7.25 � 105 5.08 � 10�7

4. SPU–GO 6.25 � 102 2.98 � 10�4

5. SPU–GO–CC 5.28 � 102 1.07 � 10�3
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5.67 � 106 U due to the presence of graphene sheets, which
helped in better transportation of the charge. The resistance
was further decreased to 7.25 � 105 U in the extended polymer
(PU–GO). The attachment of the sulfonate group (ionic moiety)
in the main chain in SPU–GO exhibited the resistance of 6.25 �
102 U, and the incorporation of 0.052 wt% of the conductive
carbon (CC) to the prepared composite (SPU–GO–CC) caused
a further decrease in the resistance to 5.28 � 102 U. The cor-
responding conductivities are presented in Table 1. However,
the functionalized polymer (SPU–GO) and its composite (SPU–
GO–CC) exhibited ionic conductivities in the range of semi-
conductors (2.98 � 10�4 and 1.07 � 10�3 S cm�1, respectively),
hence, they were found suitable for solar cell device fabrication.

The specimens were sandwiched between two titanium
electrodes and EIS data were recorded at different temperatures
and Arrhenius behaviour of polyurethane, PU–GO, SPU–GO and
SPU–GO–CC were plotted/tted using eqn (2) as shown in
Fig. 2b. The activation energies were calculated from the
© 2022 The Author(s). Published by the Royal Society of Chemistry
respective slopes of Arrhenius plots. The calculated values of
activation energy from the Arrhenius plots were found to be
113.3, 61.5, 9.5 and 9.2 kJ mol�1 for pure PU, PU–GO, SPU–GO
and SPU–GO–CC, respectively. The reduction of activation
energy is due to the presence of the sulphonate group in the
main chain and a similar reduction process is reported in the
literature using sulfonated PU (�15 kJ mol�1).52 The lower
activation energy for the functionalized polymer is helpful for
greater conduction and is likely to be suitable as a gel electrolyte
in solar cell applications. From the EIS measurement, it is
clearly observed that the ionic conductivities increase by
tagging GO, which is further enhanced through functionaliza-
tion, followed by the addition of conducting carbon.
Corrosion inhibition efficiency

Cell durability plays an important role in fabricating the solar
cell device, which depends on the developed materials used in
the solar cell. The corrosive nature of the most active ingredi-
ents is responsible for the low life cycle of the device. The
corrosive nature/property was estimated using the potentiody-
namic polarization measurement technique with a three-
electrode setup assembled in a glass cell. Mild steel was used
as a working electrode, Ag/AgCl as a reference electrode and
platinum as a counter electrode. The dimensions of the working
electrode were 3 � 1 � 0.1 cm3 with an active area of 1 cm2 and
was dipped in 0.5 M H2SO4 acid solution. The corrosion
potential (Ecorr) and corrosion current densities (Icorr) were
calculated by extrapolating cathodic and anodic current–
Nanoscale Adv., 2022, 4, 1199–1212 | 1205

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1na00801c


Table 2 Corrosion current density, potential, corrosion rate density and percentage inhibition efficiency of functionalized polymer composites
at different concentration

Inhibitor
Inhibitor concentration
(ppm)

Corrosion potential
(V)

Corrosion rate
density (mA cm�2)

Inhibition efficiency
(%)

Blank — 0.445 6.445 —
SPU–GO–CC 10 0.459 4.184 35.08
SPU–GO–CC 50 0.472 2.544 60.52
SPU–GO–CC 100 0.500 1.414 78.06
SPU–GO–CC 200 0.528 1.045 83.78
SPU–GO–CC 350 0.548 1.031 84.03
SPU–GO–CC 500 0.602 0.812 87.40
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potential characteristics of the linear polarization Tafel plots up
to their intersection point. The inhibitor efficiency was calcu-
lated from the measured Icorr values using the following
equation;

IE% ¼ I0corr � Icorr

I0corr
(7)

where, Icorr and I0corr are current densities with and without the
presence of inhibitors, respectively. The potentiodynamic
polarization linear Tafel (I–V) plots are shown in Fig. 2c. The
I0corr and E0corr values were observed for the blank coupon
(without inhibitor) and were found to be 6.445 � 10�6 A cm�2

and �0.445 volt, respectively. The addition of 10 ppm concen-
tration of SPU–GO–CC in the acidic solution decreases the
corrosion current densities from 6.445 � 10�6 to 4.184 � 10�6 A
cm�2 and the corrosion potential was shied from �0.445 to
�0.459 V with inhibitor efficiency (h) of 35%. Table 2 represents
Fig. 3 (a) UV-vis absorption spectra of CdS and CdSe showing the abso
TEM bright-field image and particle distribution of CdS QDs; and (d) TEM

1206 | Nanoscale Adv., 2022, 4, 1199–1212
the variations of Icorr, Ecorr and inhibitor efficiency (h) upon
increasing the inhibitor concentration and the considerably
high (87.40%) inhibitor efficiency (h) was observed using
500 ppm concentration of SPU–GO–CC inhibitor (Fig. 2d).
However, the developed system (SPU–GO–CC) exhibits anti-
corrosive properties with high inhibition efficiency. This is to
mention that corrosion inhibition efficiency of 85 to 92% is
reported in the literature43,47 using sulphonated polyurethane,
similar results were obtained in this study.
Morphology and optical properties of QDs

The UV-vis absorption spectroscopic measurements on the
synthesized CdS and CdSe QDs are shown in Fig. 3a. The
characteristic absorption peaks were observed in the visible
region for both CdS and CdSe QDs at 492 and 541 nm, respec-
tively.32,33 The capping of CdS with EDTA plays a signicant role
rption peak; (b) FTIR spectra of the synthesised CdS and CdSe QDs; (c)
bright-field image and particle size distribution of CdSe QDs.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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in the absorption behaviour and the absorption band appears at
532 nm when prepared without any capping agent (ESI
Fig. S1†).53,54 FTIR spectra of the prepared QDs are shown in
Fig. 3b. The peak at 3520 cm�1 appears for O–H stretching
frequency of water molecules, which are absorbed on the CdS
surface through hydrogen bonding55 and the peaks at 705 cm�1

in CdS QD are due to the CH– stretching and bending mode of
EDTA.32,47 The CdSe QD shows intense peaks at 2919 and
2850 cm�1 due to antisymmetric and symmetric C–H stretching
vibrations of the CH2– group,56 respectively, due to the capping
agent of oleic acid. Other peaks at 1460 and 1373 cm�1 are due
to antisymmetric and symmetric vibration of the carboxylate
anion57 (COO�), which conrms that the carboxylic group on
the surface of CdSe QDs appears from the capping agent. This is
to mention that the peak at 3483 cm�1 appears in CdS without
any capping agent.33 The capping agent plays an important role
in the size of the quantum dots and the average particle size of
the synthesized QDs was determined using transmission elec-
tron microscopy (TEM) bright-eld images and the average
particle sizes were found to be 5 and 9 nm for CdS and CdSe
QDs, respectively (Fig. 3c and d). This is to mention that a bigger
particle dimension of 15 nm was measured for the quantum
dots prepared without any capping agent.33 CdS and CdSe both
are promising materials reported to have better performance in
QDSSCs. CdS QDs have a higher band edge than that of TiO2,
which is more benecial for the excited electron injection from
CdS QDs, but the absorption range of CdS QDs are below the
wavelength of 550 nm, whereas the absorption range of CdSe
QDs may be extended to the 720 nm wavelength and the elec-
tron injection efficiency is less than that of CdS QDs, hence, to
Fig. 4 (a) CV voltammograms of PU–GO, SPU–GO and SPU–GO–CC p
SPU–GO–CC polymer/composite; (c) CV voltammograms of CdS and Cd

© 2022 The Author(s). Published by the Royal Society of Chemistry
take both advantages of materials such as electron injection
ability and light-harvesting capability of CdS, CdSe QDs were
used to prepare the cosensitizer on TiO2 lm. So, the cosensi-
tized photoanode is more effective than the single loaded either
CdS or CdSe QDs.

Energy levels through electrochemistry

The cyclic voltammetric (CV) measurements are used to analyse
the electrochemical response for electrode–electrolyte inter-
faces and to calculate the produced current aer applying the
voltage with a specic scan rate. In the redox reaction, the
reduction of polymer chains becomes negatively charged while
it is converted into positively charge species during oxidation.
CV measurements indicate two peaks; one with a negative
current with respect to the reduction process, while the other is
for a positive current corresponding to the oxidation process.
The onset of oxidation and reduction potential of the CV
measurement is used to determine the HOMO and LUMO
energy levels of the materials, respectively. The electron and
hole transport rates effectively depend upon the HOMO and
LUMO energy levels of the materials. The CV measurements
used to calculate the HOMO and LUMO energy levels of the pure
and various functionalized polymer materials are shown in the
ESI Fig. S2† and present the energy prole diagrams for all QDs
and polymers to verify the best suitable match for better elec-
tron–hole pair transportation during photoexcitation in the
constructed devices. Fig. 4a shows the current–potential curves
of pure and functionalized polymers. The EOX values for SPU–
GO and SPU–GO–CC are 0.76 and 0.64 V, respectively. The
EHOMO for SPU–GO and SPU–GO–CC are found to be �5.16 and
olymer/composite; (b) optical band gap measurement of SPU–GO and
SeQDs; and (d) optical band gapmeasurements of CdS and CdSeQDs.

Nanoscale Adv., 2022, 4, 1199–1212 | 1207
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Fig. 5 (a) Energy profile diagram of TiO2, CdS and CdSe with SPU–GO–CC gel electrolyte; (b) comparison of the energy level of the SPU–GO
and SPU–GO–CC with CdSe QDs showing the transport behaviour of holes; (c) light-harvesting efficiency of layer by layer deposition of QDs
photoanodes FTO/TiO2, FTO/TiO2/CdS, FTO/TiO2/CdS/CdSe and ZnSe passivation layer; and (d) solar excitation mechanism and layered
structure of fabricated QDSSCs.
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�5.04 eV, respectively, as calculated using eqn (3), and the
optical band gap of SPU–GO and SPU–GO–CC are found to be
2.78 and 2.59 eV, respectively, using the Tauc's plots (Fig. 4b).
This is to mention that PU–GO does not exhibit any oxidation
and reduction potential in the range studied here, as evident
from the linear behaviour of the current–voltage curve. The CV
voltammograms of CdS and CdSe QDs are shown in Fig. 4c. The
EOX value of CdS is calculated as 0.51 V and the EHOMO and
ELUMO values are�4.91 and�2.69 eV, respectively, as calculated
using the eqn (3) and (4). Similarly, CV measurement of CdSe
QDs are shown in Fig. 4c (inset), and the EOX value is found to be
0.58 V and EHOMO and ELUMO values are �4.98 and �2.61 eV,
respectively (Fig. 4d). The electrochemical properties of photo-
anode are changed with the layered patterns. The open-circuit
voltage for TiO2/CdS, TiO2/CdSe, TiO2/CdSe/CdS, TiO2/CdS/
CdSe, and TiO2/CdS/CdSe/ZnSe photoanodes had the values of
0.36, 0.21, 0.24, 0.54 and 0.73 volts, respectively, as observed
through the EIS measurement; hence, the most suitable pho-
toanode was found to be TiO2/CdS/CdSe/ZnSe with the highest
open-circuit voltage of 0.73 V and is used to fabricate the
QDSSCs mentioned in the manuscript. The HOMO and LUMO
energy levels of all polymers and QDs are combined to draw the
energy prole diagrams, which are shown in the ESI Fig. S3,† to
understand the suitable match of energy levels for better
materials to fabricate solar cells devices. The optimized perfect
match of the energy prole diagram of the functionalized
polymer with CdS/CdSe QDs along with the respective elec-
trodes is shown in Fig. 5a. The hole transportation is faster from
the conduction band of CdSe QDs to EHOMO of SPU–GO–CC, as
1208 | Nanoscale Adv., 2022, 4, 1199–1212
compared to the SPU–GO due to low energy gap/close proximity
between VB of CdSe and EHOMO of SPU–GO–CC as shown in
Fig. 5b. Hence, the functionalized composite SPU–GO–CC is
a suitable material as a polymer gel electrolyte for the fabrica-
tion of solar cells.
Light-harvesting efficiency and passivation layer

It is essential to develop a greater light-harvesting material that
eventually generates more excitons under the irradiation of
sunlight. The light-harvesting efficiency (LHE) of TiO2, TiO2/
CdS, TiO2/CdSe, and TiO2/CdS/CdSe/ZnSe (ZnSe as the addi-
tional layer over the active materials/layer, acting as the
passivation layer) is shown in Fig. 5c. Light-harvesting of the
combined layers of CdS and CdSe exhibits a red shi in terms of
light absorption compared to an individual later of either CdS
or CdSe. Light-harvesting of TiO2/CdS/CdSe/ZnSe is signi-
cantly higher compared to that without the passivation layer.
Hence, the ZnSe passivation layer has enhanced the LHE, which
can help in generating multiple excitons from the overall
system. Another important role of the passivation layer is shown
in the energy prole diagram, EHOMO, ELUMO, and optical band
gap values of ZnSe are �4.95, �2.22 and 2.73 eV, respectively.
Two SILAR cycles are used to deposit the passivation layer on
QDs surface for the better performance of devices and can be
attributed to higher intensity and greater red shi of light
absorption in the 400–700 nm range and increases the electron
concentration15 in the TiO2 substrate, overall sensitized by the
CdS/CdSe/ZnSe layer. The energy prole diagram gives more
© 2022 The Author(s). Published by the Royal Society of Chemistry
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information about the ow of excited electrons, as shown in
Fig. 5a. The photoexcitation mechanism and the layered struc-
ture of the fabricated QDSSCs are shown in Fig. 5d. Aer the
absorption of a photon by CdSe QDs, the electron–hole pairs are
generated and the electrons are easily transported from the
valence band (VB) of CdSe to the CB of CdS through the CB of
CdSe and the passivation layer of ZnSe facilitates the hole
transportation from the VB of CdSe QDs to the HOMO level of
SPU–GO–CC and prohibits the recombination of electron–hole
pair, resulting in improved performance of QDSSC devices.
Further, the ZnSe passivation layer prohibits the electron
transport from the CB band of CdSe to the LUMO level of SPU–
GO–CC. The incorporation of the passivation layer between the
hole transport layer material and TiO2/CdS/CdSe cosensitized
photoanode prohibits the electron–hole recombination because
of the considerable energy-level difference between VB of CdSe
QDs and ZnSe (0.39), which is higher, as compared to the LUMO
level of the prepared composite polymer gel electrolytes and VB
of CdSe (0.16). Hence, back electron transfer is difficult result-
ing in fewer electron–hole recombinations, as compared to the
system without any passivation layer. The introduction of ZnSe
as the passivation layer also exhibited a considerable increment
of absorbance and red shi in the literature.58 However, the
passivation layer facilitates hole transport while it prohibits
electron transport to the gel electrolyte and ultimately
suppresses the electron–hole pair recombination phenomena
(usually responsible for low energy conversion efficiency).

Photovoltaic performance of QDSSCs

TiO2/CdS/CdSe cosensitized photoanode is designed along with
a polymer gel electrolyte with ZnSe passivation layer have been
fabricated in the form of QDSSCs following the scheme pre-
sented in Fig. 5d. The photocurrent–voltage (J–V) characteristic
curves of the cosensitized TiO2/CdS/CdSe photoanode using
various polymer gel electrolytes with and without the ZnSe
passivation layer under solar radiation (AM 1.5 G) with a light
intensity of 100mW cm�2 are shown in Fig. 6a. The cosensitized
TiO2/CdS/CdSe photoanode using the prepared polymer gel
electrolytes (SPU–GO) showed the high ll factor (FF) value of
Fig. 6 (a) J–V characteristics measurement to calculate the photocurre
cm�2); and (b) power–voltage curve to calculate the power conversion

© 2022 The Author(s). Published by the Royal Society of Chemistry
0.55 and the open-circuit voltage (Voc) is 0.51 V but the photo-
current density observed is low Jmax � 1.92 mA cm�2, resulting
in a low power conversion efficiency (PCE) of h ¼ 0.51%, and
hence, there is a need to improve the PCE. The power density–
voltage curve is shown in Fig. 6b, which represents the variation
of the maximum power output (Pmax) under solar radiation. The
open-circuit voltage (Voc), short circuit current density (Jsc), FF
and PCE (h) of these cells with various assemblies are presented
in Table 3. The (SPU–GO–CC) polymer gel electrolytes and
cosensitized TiO2/CdS/CdSe photoanode with two SILAR cycles
of ZnSe passivation layer showed the highest PCE (h ¼ 1.71%)
with FF of 0.46 and open-circuit voltage (Voc) of 0.73 V and short
circuit current density (Jsc) of 5.09 mA cm�2 as compared to that
without using any passivation layer. There are two optimisation
parameters behind the high performance of the fabricated
device. One is the high conductivity of the prepared polymer gel
electrolytes by tagging graphene oxide in the pure polymer
chain and subsequent addition of the optimized amount of
conductive carbon (0.052%) in the prepared gel electrolytes due
to which the charge transportation phenomena become fast.
Another important step is the incorporation of ZnSe as the
passivation layer on the cosensitized photoanode, which acts as
a blocking layer of electrons and reduces the recombination of
electron–hole pairs. The polymer gel electrolyte with 0.052 wt%
conductive carbon (SPU–GO–CC) was prepared and used in
QDSSCs, which exhibits low electrical resistance and high
electrical conductivity causing enhanced photocurrent density
by 1.92 to 2.89 mA cm�2 and open-circuit voltage from 0.51 to
0.55 V while the ll factor of QDSSCs decreases from 0.55 to
0.38. The power conversion efficiency of the cell increases from
h¼ 0.54 to 0.60% of the QDSSCs due to the enhancement of the
photocurrent density. The ZnSe passivation layer has been
introduced between the cosensitized photoanode and polymer
gel electrolytes, which plays an important role as an electron
blocking layer (electron cannot pass onto gel electrolyte) while
helping in charge transportation process of the hole transport
from VB of CdSe to the HOMO level of the gel electrolyte
through ZnSe layer because of the proximity of the energy level.
Thereby, ZnSe acts as an effective passivation layer.
nt density and open-circuit voltage under 1 Sun illumination (100 mW
efficiency (PCE) of the indicated QDSSCs.
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Table 3 Open-circuit voltage (Voc), short-circuit current density (Jsc),
fill factor and power conversion efficiency, PCE (h) of various cells
using the cosensitized photoanode and polymer gel electrolytes with
and without the ZnSe passivation layer

Photoanode
Jmax

(mA cm�2) Voc (V) Fill factor
Efficiency
(%)

TiO2/CdS/CdSe
a 1.92 0.51 0.55 0.54

TiO2/CdS/CdSe
b 2.89 0.54 0.38 0.60

TiO2/CdS/CdSe/ZnSe
a 4.32 0.61 0.31 0.81

TiO2/CdS/CdSe/ZnSe
b 5.09 0.73 0.46 1.71

a Device using SPU–GO as the electrolyte. b Device using SPU–GO–CC
composite gel electrolyte.
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The performance of QDSSCs using the cosensitized TiO2/
CdS/CdSe photoanode and polymer gel electrolyte (SPU–GO)
with the ZnSe passivation layer achieved PCE of h ¼ 0.81% and
photocurrent density Jmax of 4.32 mA cm�2, open-circuit voltage
Voc of 0.61 V, while the ll factor (FF) becomes 0.31. The high
photocurrent density Jmax of 5.09 mA cm�2, open-circuit voltage
(Voc) of 0.73 V with a signicant ll factor (FF) 0.46 with PCE of
the QDSSCs, h ¼ 1.71% was obtained by using the cosensitized
TiO2/CdS/CdSe photoanode and polymer gel electrolytes SPU–
GO–CC with the ZnSe passivation layer. The better performance
of the QDSSCs is due to the high electrical conductivity of
polymer electrolytes obtained by adding the optimized amount
of conductive carbon, which improves the better charge trans-
portation and passivation layer and, thereby, play an important
role, reducing the electron–hole recombination process and
helping the charge (hole) transportation process between QDs
and polymer gel electrolytes. This is to mention that negligible
efficiency of 6.08 � 10�9% was obtained using pure PU as the
electrolyte gel from a poor Jsc of 5.2 � 10�6 mA cm�2, while one
order higher efficiency was achieved (8.79 � 10�8%) by tagging
the graphenemoiety in PU (PU–GO as a gel electrolyte), which in
turn indicates the superior effect of functionalization.

However, a novel polymer gel electrolyte is developed by
tagging graphene oxide in the main chain followed by further
chain extension and functionalization. The use of ZnSe as
a passivation layer is helpful to restrict the recombination of
electron–hole pairs by stopping the electron ow from ZnSe
(conduction band) to gel electrolyte (LUMO level). The addition
of a minute quantity of conducting carbon signicantly
improves the power conversion efficiency through the higher
conductivity of the system. In gist, superior gel electrolyte along
with modied stacking layers of cosensitizer and passivation
layer revealed a much improved solar cell device.

Conclusions

Graphene oxide was chemically tagged in thermoplastic poly-
urethane chains of varying lengths through chain extenders
such as butanediol. Polyurethane was further functionalized by
attaching the sulfonate group to the main chain. The conr-
mation of chemical tagging of GO was understood through 1H
NMR, FTIR and UV spectroscopic measurements. The presence
of graphene sheets reduced the electrical resistance (increasing
1210 | Nanoscale Adv., 2022, 4, 1199–1212
conduction) of PU thermoplastics. Further, the ionic polar
moiety enhanced the conductivity of GO-tagged PU (SPU–GO)
and a semiconducting (1.07 � 10�3 S cm�1) and a suitable gel
electrolyte is developed for QDSSCs. The HOMO and LUMO
energy levels of the functionalized polymers, depending upon
the extent of ctionalizations, were measured through cyclic
voltammetric measurements. Quantum dots, active materials
like CdS and CdSe, were synthesized using suitable capping
agents and their dimensions were measured through TEM
bright-eld images. The optical band gaps of the quantum dots
were calculated using the light absorption measurements along
with the relative light-harvesting efficiencies of individual and
cosensitized systems. The electrical conductivity of functional-
ized polymer was increased by adding a minute quantity of
conducting carbon (0.052%) and the HOMO/LUMO energy
levels were optimized (close proximity) to the CB/VB of CdSe
QDs. ZnSe has been used as a passivation layer, between the
cosensitized photoanode and gel electrolytes, and the light-
harvesting efficiency was increased by depositing ZnSe on
active materials. Finally, the solar cell devices were fabricated by
using the cosensitized photoanode with the ZnSe passivation
layer and functionalized polyurethane coupled with the con-
ducting carbon (SPU–GO–CC) gel electrolyte to obtain a power
conversion efficiency of 1.71%. The roles of conducting carbon
and passivation were explored as increasing the level of
conduction and blocking the charge carriers as required to
enhance the ultimate efficiency by reducing the chances of
electrons–hole pair recombination.
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