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Abstract

The existing energy situation demands not only the huge energy in a short time but also clean energy. In this regard, an integrated
photo-supercapacitor device has been fabricated in which photoelectric conversion and energy storage are achieved simultaneously. A
novel carbazole-based dye is synthesized and characterized for photosensitizer. The silver-doped titanium dioxide (Ag-TiO,) is
synthesized, and it is used as photoanode material. Different concentrations of tetrabutylammonium iodide (TBAI)-doped polyvinyl
alcohol-polyvinylpyrrolidone (PVA-PVP) blend polymer electrolytes are prepared, and their conductivity and dielectric properties
were studied. Reduced graphene oxide (r-GO) is synthesized by a one-pot synthesis method and confirmed using Raman spectroscopy
for counter electrode material in dye-sensitized solar cell (DSSC) and supercapacitor electrodes. The DSSC having 4% Ag-TiO,—based
photoanode showed the highest efficiency of 1.06% (among r-GO counter electrodes) and 2.37% (among platinum counter electrodes).
The supercapacitor before integration and after integration exhibits specific capacitance of 1.72 Fg " and 1.327 Fg ', respectively.

Keywords Dye-sensitized solar cell - Supercapacitor - Silver doped titanium dioxide - Carbazole based dye - Blend polymer
electrolyte - Reduced graphene oxide

Introduction solar energy is gaining supreme interest due to its abundant

availability in nature [1]. Solar cells can be used to transform
As a result of the energy crisis, demand for renewable energy ~ solar energy into electric energy. While dominant on the com-
resources has become critical and, in particular, the use of =~ mercial market, the efficiency of silicon-based solar cells
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entails some environmental problems since it produces harm-
ful chemicals such as silicon tetrachloride and trichlorosilane.
Scientists have therefore focused on hybrid solar cells that are
typical of low material costs and simple manufacturing pro-
cesses. Presently, dye-sensitized solar cells (DSSCs) have
gained considerable attention among hybrid solar cells be-
cause of their advantages like low cost of production, long
life, low light performance, variety, mechanical robustness
and flexible product integration [2, 3].

In the DSSC, the sensitizer plays a pivotal role because it
initiates the electrical current by absorbing visible light in the
solar cell [4]. Until the date, the state-of-the-art DSSCs are
based on single sensitizers such as ruthenium dyes [5] and
porphyrin dyes [6, 7] which have reached maximum
photoconversion efficiency (PCE) under standard illumina-
tion. Metal-based sensitizers have few drawbacks for real ap-
plication in DSSCs, including rareness, difficulty in purifying,
environmental hazards and low molar extinction coefficients
[5]. Because of their low toxicity, high structural versatility,
being environmentally friendly, lower molar extinction coef-
ficients and facile synthesis, metal-free organic sensitizers
have drawn attention over metal-based organic sensitizers [4,
8].

Typically, metal-free organic sensitizers are in donor—m—
acceptor structure because this structure can produce intramo-
lecular charge transfer (ICT) from donor to acceptor, improve
light-harvesting capabilities and broaden the sensitizer absorp-
tion spectrum [9]. Different chromophores with different ste-
ric and electronic characters are used as electron donors, such
as carbazole [10], phenothiazine [11], coumarin [12], indoline
[13] and triarylamine [14]. In order to enhance the ability of
light harvesting and to help intramolecular charge transfer, -
bridges are incorporated. Among these donors, carbazole is
widely used for its electron-rich properties, good hole trans-
port capability as well as very good chemical and thermal
stability [15]. Not only the donor group but also the anchoring
group play an important role in the performance of the DSSC.
With the help of the anchoring groups, the sensitizer covalent-
ly bonded to the TiO, surface shows a strong coupling and
good stability of the device [16]. In most of the sensitizers,
carboxylic acids (COOH) are commonly used as an acceptor
unit due to their good adherence to the semiconductor layer.
The electron injection is carried out through this adhesion,
which is the main mechanism that begins the electrical circuit
in the DSSC. The conductive band of the semiconductor is
positively shifted after sensitizing adsorption due to the depro-
tonation of the COOH acceptor group, resulting in an open-
circuit photovoltage (Vo) loss [17].

Solar conversion efficiency relies on open-circuit voltage
(Voc), photocurrent density (Jsc) and fill factor (FF) of the
DSSCs. The Jgc and FF are based on the adsorption and
charge transport of dye molecules. Therefore, in order to en-
hance the photovoltaic properties of TiO,, it is important to
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increase its surface area, the effect of light harvesting, the
adsorption activity of dye molecule and the charge transport.
The doping method has been widely used to synthesize anode
materials to improve the charge transfer capability and in-
crease the Voc [18]. There are many studies in which silver-
doped TiO, was used as a anode material for DSSC applica-
tions because Ag doping increases dye adsorption and surface
area and enhances interfacial charge transfer [19-21].

Liquid electrolyte—based DSSCs have many drawbacks,
such as evaporation of the solvent, electrode degradation, deg-
radation of the attached dye and difficulty in sealing the cell,
which leads to lower cell life span [22]. Polymer electrolytes
are used to address these drawbacks with volatile liquid elec-
trolytes. It increases the long-term reliability of DSSCs and
reduces issues such as sealing, electrode corrosion and leaking
[23]. Some of the ion salts widely used in electrolytes are
quaternary ammonium salts. The quaternary ammonium salts
also produce cations instead of iodide ions. Reports show that
cations have an effect on the transport rate, the strength of the
sensitizing surface attachment and the oxidation rate of iodide
that may affect the performance of solar cells [24].

In DSSCs, the counter electrode also plays a vital role in
collecting electrons from the external circuit and transfers them
to the cell, transmitting unabsorbed light back to the cell, which
increases the use of sunlight. Most materials are used as coun-
ter electrodes, such as metal counter electrodes, carbon counter
electrodes, polymer counter electrodes and hybrid counter
electrodes [25]. Carbon-based materials such as graphene
sheets, amorphous carbon and carbon nanotubes have
favourable properties as Pt-free counter electrodes. Graphene
is best known, among other carbon materials, for its excellent
mechanical, optical, thermal and electrical properties [26-28].

The electrical energy generated in DSSC from sunlight
cannot be stored directly. Henceforth, there is a demand for
emergence of suitable energy storage technologies. The light-
weight, small-sized, high-reliable and high-power density en-
ergy systems can be obtained by operating integrated power
pack, energy harvesting and storage technologies together. In
this regard, the development of integrated energy harvesting
and storage technologies is required, which captures sunlight
and converts into solar energy and simultaneously stores elec-
trical energy. In recent years, the solar rechargeable
supercapacitors (SCs) have been developed for the effective
use of solar energy by integrating the solar cells and SCs [29].

In this work, we synthesized novel carbazole-based dye for
photosensitizer and prepared different concentrations of Ag-
doped TiO, nanoparticles for photoanode. The reduced
graphene oxide was prepared for counter electrode and
tetrabutylammonium iodide (TBAI) ionic liquid-doped poly-
vinyl alcohol-polyvinylpyrrolidone (PVA-PVP) blend poly-
mer electrolyte used for the fabrication of hybrid
supercapacitor. The integrated hybrid device structure is
shown in Fig. 1.
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Experimental
Materials and methods of preparation

All chemicals and reagents were purchased from Merck, TCI
and Sigma-Aldrich and used without any further purification.
The FTIR spectra are recorded in KBr pellet using a Shimadzu
84008 spectrometer in the range 4004000 cm . "H-NMR
and ">C-NMR spectra are recorded in Bruker (400 MHz and
100 MHz, respectively) spectrometers with TMS as an inter-
nal reference. The X-ray diffraction (XRD) was recorded in
Bruker Miniflex 600 model. All the electrochemical measure-
ments were carried out using BioLogic SP-150. The /~V char-
acterizations of fabricated DSSCs were carried out using a
Keithley 2450 source meter.

Synthesis of substituted 4-(3-(9-ethyl-9H-carbazol-3-
ylacryloyl)benzoic acid

Ethyl-9H-carbazole-3-carbaldehyde (1 equivalent) was added
to the stirred mixture of 4-acetylbenzoic acid (1 equivalent) in
ethanol, followed by 10% NaOH. The reaction mixture was
agitated for 24 h at room temperature (RT) (Scheme 1). The
precipitate obtained was filtered, washed with water and eth-
anol, dried and recrystallized using methanol to afford the
desired product with 77% yield. M.P. = 220 °C, FTIR
(cm™'): 1581.08 (C=C), 1654.42 (-C=C—C=0), 1681.29 (-
C=0), 2984.4 (CH), 3454.33 (OH); 'H NMR (DMSO) &
(ppm): 1.35 (t, J = 7.1 Hz, 3H), 4.50 (q, J = 7.1 Hz, 2H),
729 (t, J=17.5Hz, 1H), 7.52 (t, J = 7.7 Hz, 1H), 7.69 (dd, J
=16.2,8.4Hz, 2H),8.03 (d,/J=22.5Hz,3H),8.12 (d, J=8.1
Hz, 2H), 8.26 (dd, J = 12.5, 7.9 Hz, 3H), 8.78 (s, 1H); 1*C
NMR (DMSO) & (ppm): 14.24, 37.69, 110.08 (2C), 119.20,
120.07, 121.14, 122.69, 122.75, 123.19, 126.04 (2C), 126.67,
127.67, 128.74 (2C), 129.92 (2C), 140.59, 140.91, 141.67,

146.81, 167.75, 189.21; ESI-MS (m/z): [M]" calculated for
C,4H9NO5:369.42, found: 370.0244.

Synthesis of pristine and silver-doped titanium
dioxide

TiO, and silver-doped titanium dioxide (Ag-TiO,) nanoparti-
cles were synthesized by a modified sol-gel route [30]. The
procedures are as follows: to the stirred solution of acetic acid,
titanium tetraisopropoxide (TTIP) was added followed by
slow addition of water. (The TTIP, acetic acid and water are
taken in 0.1:1:10 molar ratios). Then, the mixture was agitated
for 6 h to achieve a clear translucent solution and it was finally
dried at 90 °C. The dried sample was calcinated for 2 h at 600
°C. In order to prepare Ag-TiO,, silver nitrate (2 mol%,
4 mol% and 6 mol%) in water was added to the mixture of
titanium isopropoxide.

Preparation of PVA-PVP blend polymer electrolytes

PVA and PVP (1:1) are dispersed in DMSO under continuous
stirring. After homogeneous solution formation, different
weight percentages (10 to 50 wt%) of TBAI was added
followed by the addition of I, into the polymer solution
(one-tenth of the molar ratio of TBAI). The mixture was
stirred until the solution become homogenous. The resultant
polymer solution was poured over a Petri dish (Teflon) and
dried overnight at 90 °C in a vacuum oven to aid in the evap-
oration of solvents.

Preparation of reduced graphene oxide

A mixture of 13.3 mL of H3;PO, and 120 mL of concentrated
H,SO, (1:9 ratio) was added slowly to a mixture of 6 g of
KMnOQO,4 and 1 g graphite powder (6:1 weight equivalent). The
mixture was then agitated for 24 h at 120 °C. Then, it was

4 % Ag-TiO,

CaBa dye

N

Blend polymer electrolyte (40% TBAI)
Fig. 1 Schematic illustration of an integrated device (DSSC-SC)
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Scheme 1 Synthesis of CaBa dye (o)
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cooled to RT and poured into ice with 2 mL 30% H,0,. A
black precipitate with a clear supernatant solution was obtain-
ed [31]. The precipitate was purified by water washing in
continuous ultracentrifugation followed by vacuum filtration.
To extract excess water from the samples and ensure fast
drying at RT, acetone has been added to the sample. After
drying, solid samples were made ready for characterization.

Fabrication of DSSC

Fluorine-doped tin oxide (FTO)-coated glass substrates were
cleaned using detergent, water, acetone and isopropyl alcohol,
respectively. After cleaning, substrates were immersed in
40 mM titanium tetrachloride for 45 min at 70 °C to form a
blocking layer. The TiO, or Ag-TiO, layer was coated by
doctor blade technique using water, acetyl acetone and hy-
droxypropyl cellulose mixture. The substrates were then
placed for sintering for 30 min at 450 °C. Then, substrates
were dipped in 0.5 mM methanol solution of synthesized
4-(3-(9-ethyl-9H-carbazol-3-yl)acryloyl)benzoic acid (CaBa)
dye for 24 h at RT. Counter electrodes were prepared by
coating prepared reduced graphene oxide (r-GO) on the FTO
substrate. Then, prepared high conductive blend polymer elec-
trolyte was sandwiched between two electrodes.

Fabrication of SC-integrated DSSC

The integrated device was fabricated as shown in Fig. 1. On
the common platform of r-GO, counter electrode in SC cell
was fabricated using r-GO as positive and negative electrodes
with prepared blend polymer electrolyte film sandwiched be-
tween them.

Characterization techniques

TiO, and 4% Ag-TiO, were coated on FTO substrate to mea-
sure cyclic voltammograms (CVs) of the material. CV was
recorded in a three-electrode system having an aqueous
0.5 M KOH solution. To investigate electrochemical imped-
ance spectroscopy (EIS) and the Tafel polarization curve, the
dummy cells were fabricated with two identical electrodes
having TiO, or 4% Ag-TiO, material and separated by 40%

@ Springer

TBALI electrolyte film. The EIS measurements were carried
out within the frequency of 100 mHz-1 MHz. Different con-
centrations of TBAI-doped blend polymer electrolyte film
were placed between the copper electrodes having an area of
1 cm?. Paper clips were used for good connectivity between
the electrodes and electrolyte. The conductivity, impedance
and dielectric characteristics have been studied using EIS.
The measurements of the EIS were carried out at 100 mHz-
1 MHz frequency. r-GO and Pt were coated on FTO substrate
to measure the CV of the material. CV was recorded in a three-
electrode system having a liquid electrolyte (KI and I, in ace-
tonitrile). To investigate EIS, the dummy cells were fabricated
having two r-GO or Pt identical electrodes and separated by
40% TBAI electrolyte film and experiments were carried out
within the frequency of 100 mHz—1 MHz. Further, the Tafel
polarization curves were also analysed using the symmetric
cells. The -V characterizations of fabricated DSSCs were
carried out under air mass (AM) 1.5 condition using
Keithley 2450 source meter, and EIS measurements of fabri-
cated devices were carried out at 100 mHz—1 MHz frequency.

Results and discussion
Optical properties of CaBa

The ultraviolet—visible (UV—vis) absorption spectrum of a
CaBa dye in tetrahydrofuran (THF) solution is shown in Fig.
2a. The CaBa dye shows three distinct bands of absorption:
one band at 289.6 nm corresponding to the m—* electron
transitions of the conjugated molecules, the another band at
394 nm which can be attributed to an ICT between the
carbazole-donating unit with the anchor group and the third
band which is in between these two bands which arises due to
the highest occupied molecular orbital (HOMO) —1 — lowest
unoccupied molecular orbital (LUMO) or HOMO — LUMO
+1 transition [32].

The UV—vis spectrum of CaBa dye—coated TiO, is
displayed in Fig. 2b in which broadened absorption of CaBa
dye was observed after anchoring to the TiO, surface and the
onset of absorption got redshifted to more than 30 nm. This is
because of the deprotonation of the acid group present in
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Fig.2 a UV-visible spectra of CaBa dye in THF (10> M). b UV-visible
spectra of CaBa dye coated on TiO, film. ¢ UV—visible spectra of CaBa
dye in THF in the presence of TEA. d UV-visible spectra of CaBa dye in

CaBa dye and the charge transfer (CT) transitions of the CaBa
dye anchored on TiO,. The UV—vis spectra of CaBa dye taken
in THF solvent in the presence of triethylamine (TEA) to
understand CT transitions are shown in Fig. 2¢. Due to the
deprotonation, CaBa dye showed blueshift and it suggests in
the presence of TEA, acceptor capacity was reduced, whereas
the redshift in the absorption spectra of the CaBa dye—bound
TiO, film suggests the J-aggregation of a dye [33].
Aggregation usually results in a loss of exciton due to recom-
bination, but many literature studies also suggest the effect of
J-aggregation which contributes to better light-harvesting ca-
pacity which, in turn, leads to enhanced device efficiency [1,
34, 35].

Effect of solvents on absorption and emission spectra of CaBa
dye

The absorption and emission spectra of CaBa dye were mea-
sured at 1 x 10> M concentration in different solvents with
different polarity levels, and obtained results are depicted in
Fig. 2d and e. Figure S5 depicts the solvent effect on CaBa
dye under visible light (normal light), short UV and long UV
illumination. The CaBa dye exhibited a broad absorption
band, suggesting that the allowed transition of 7—7* with
charge transfer character [36]. The calculated values of ab-
sorption maximum, emission maximum, optical band gap
and CIE coordinates of CaBa dye in different solvents are
given in Table S1. Absorption spectra of CaBa dye showed

different solvents. e Fluorescence spectra of CaBa dye in different sol-
vents. f Cyclic voltammogram of CaBa dye

a minimal difference in absorption maxima going from non-
polar solvents to polar solvents. A redshift of 16 nm was seen
in the absorption maxima of CaBa dye going from non-polar
solvents to polar solvents. The emission spectra of CaBa dye
in different solvents were recorded under their respective ex-
citation wavelengths, and obtained spectra are shown in Fig.
2e. The CaBa dye showed different emission bands as the
polarity changes (496 to 555 nm). The emission spectrum
was not much changed in aprotic solvents except DMSO
due to its high dielectric constant/high polarity of the solvent;
however a significant redshift of 59 nm is seen in protic sol-
vent (i.e. methanol solvent), which can be attributed to the
hydrogen bond formation between the acid functionality of
the dye CaBa and the solvent. This result suggests that in-
volvement of photo-induced ICT in the singlet-excited state
from the electron-donating to electron-accepting group with
larger dipole moment in the excited state than in the ground
state [37]. The fluorescence intensity of CaBa dye in methanol
was comparatively of lesser intensity when compared to the
intensities of CaBa dye in aprotic polar solvents. The reason
for these different solvent effects on fluorescence intensity
may be due to the effect of hydrogen bond on the radiationless
deactivation process [38]. Further, luminance parameters of
CaBa dye in different solvents were characterized by the
CIE system with two colour coordinates (x and y) under long
UV illumination. From the CIE coordinate diagram (Fig. S6),
it is noted that, when the dye CaBa is dissolved in solvents
such as chloroform, ethyl acetate, THF and DMF, it emits the
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colour in bluish green region under long UV illumination,
whereas, when it is dissolved in the highly polar DMSO and
protic methanol solvents, it exhibits the colour in the greenish
yellow region under long UV illumination.

Electrochemical properties of CaBa dye

To determine electrode potential and HOMO and LUMO en-
ergy levels of CaBa dye, cyclic voltammetry (CV) was per-
formed in acetonitrile solution containing 0.1 N TEABF, ata
scan rate of 20 mV s '. These values are useful to determine
the thermodynamic feasibility of electron injection from the
HOMO level of dye molecule into the metal oxide conduction
band and electrolyte dye regeneration. Figure 2f depicts the
cyclic voltammogram of CaBa dye. CaBa dye showed first
oxidation potential corresponding to HOMO versus NHE at
1.08 V (Table 1) which is more positive than the redox poten-
tial of iodine/iodide electrolyte (~0.4 V vs. NHE), indicating
the regeneration of the oxidized dye ground state by accepting
an electron from electrolyte [39]. The excited-state oxidation
potential, i.e. LUMO energy level of the dye, was calculated
from the equation E} ypmo = Enomo — Eo— o and was found to
be —1.69 V versus NHE. The LUMO is more negative than
the conduction band of TiO, (—0.5 V vs. NHE), and it indi-
cates that injection of photogenerated electrons into the con-
duction band of TiO, is energetically permitted [40]. From
these values, we can evidently deduce that CaBa dye could
be used as a sensitizer in DSSC.

XRD analysis of TiO, and Ag-doped TiO,

The XRD patterns of synthesized TiO, and Ag-TiO, nanopar-
ticles are shown in Fig. 3. All the diffraction peaks of the TiO,
and Ag-TiO, nanoparticles could be indexed to the anatase
crystalline phase of TiO, (space group 141/amd, card no. 21-
1276 in the JCPDS database). The intense and sharp peaks
near 25.4°, 37.9°, 48.1° and 54° correspond to diffraction
planes such as (101), (004), (200) and (211), respectively.

100l 6% Ag-TiO

-

o

(= =]
T

—— 4% Ag-TiO,

-

o

o
T

——2% Ag-TiO3
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o~
20+ I § 2o ~

< ~ =N S Yo
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e o

L N
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20 25 30 35 40 45 50 55 60 65 70 75 80
2-Theta (degree)

Fig. 3 XRD patterns of TiO, and Ag-TiO, nanoparticles

The crystallite size of pristine TiO, and 2%, 4% and 6% Ag-
doped TiO, was calculated to be 17.1 nm, 15 nm, 10.8 nm and
15.9 nm, respectively, by the Debye Scherer equation. It is
observed that as the Ag addition increases, the particle size
reduces till optimum point then increases. There are no peaks
related to Ag in XRD data, even for 6% Ag-TiO,, which
suggests dopants are highly dispersed in the TiO, samples
[41]. For the Ag-TiO, nanoparticles, the (101) peak intensity
was less compared to bare TiO, nanoparticles. It should be
noted that at low Ag contents, doping did not affect the

Table 1  Photophysical properties of CaBa dye

ADS. A () Amax/TI02° (nm) AineS (nm) HOMO! (vs. NHE) (V) Eo— o (V) LUMO' (vs. NHE) (V)
289.6 401.6 447 1.08 2.77 -1.69

326

394

 Absorptions measured in THF
® Maximum absorption on TiO, film

)\inlerseclion

YHOMO of dyes measured by cyclic voltammetry in 0.1 N tetraethylammonium tetrafluoroborate (TEABF,) in acetonitrile

c 1240
Eoo =7
int

f
ELUMO = EI 1OMO — EO -0
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anatase crystalline phase; however, it affected the crystallinity
of the product. Ag* or Ag”* ions are introduced into the peri-
odic TiO, crystal lattice by causing strain into the system, and
as a consequence, the lattice periodicity is altered and the
crystal symmetry decreases [18].

Morphology and structures of TiO, and 4% Ag-TiO,

High-resolution transmission electron microscopy (HRTEM)
images of TiO, and 4% Ag-TiO, are displayed in Fig. 4a and
b and d and e, respectively, and its selected area electron
diffraction (SAED) patterns are displayed in Fig. 4c and f,
respectively. TiO, and 4% Ag-TiO, displayed almost spheri-
cal shaped particles with an average particle size of 17 nm and
11 nm, respectively, which is in close agreement with the
crystallite size obtained from the XRD. Interplanar spacing
of d = 0.359 nm was displayed by TiO, nanoparticles which
is corresponding to the (101) plane of anatase TiO, [42, 43].
On the other hand, interplanar spacing of d = 0.25 nm was
displayed by 4% Ag-TiO, nanoparticles which is correspond-
ing to the (002) plane of Ag,O [44]. This confirms that Ag
was effectively doped into the TiO, [18, 45]. The anatase
phase of both samples is further confirmed by SAED pattern
[46]. In addition, EDAX spectrum (Fig. 5e) and mapping of
elements (Fig. 5a—d) of 4% Ag-doped TiO, indicate that Ag
was successfully doped to the TiO,.

Electrochemical performance of TiO, and 4% Ag-TiO,

Figure 6a displays the CV of TiO, and 4% Ag-TiO, recorded
in an aqueous 0.5 M KOH solution, with a Pt counter elec-
trode (CE) and an Ag/AgCl as the reference electrode. There
is no measurable reduction or oxidation peak obtained for bare
TiO, within the potential scan range between —0.5 and 0.5 V.
But in the case 4% Ag-doped electrode, the anodic (1 and 2)
and cathodic (3 and 4) peaks were observed for TiO, nano-
particle electrode which is attributed to the oxidation of Ag (1
[Ag/Ag,0] and 2 [Ag,O/AgO]) and the reduction of silver
oxide (3 [AgO/Ag,0] and 4 [Ag,O/Ag]) [47-50].

To analyse the charge transfer kinetic property of TiO, and
4% Ag-TiO, nanoparticles, the EIS investigation was carried
out under dark condition using the dummy cells. Dummy cells
were fabricated with two identical electrodes and separated by
electrolyte film. Figure 6b shows the Nyquist plots of TiO,
and 4% Ag-TiO, nanoparticles. It can be seen from Fig. 6b
that the grain boundary resistance of 4% Ag-TiO, is lower
than that of TiO, which confirms the improvement in
conducting behaviour of 4% Ag-TiO,. The doping of the Ag
metal ion into the TiO, matrix enhances the mobility of the
prepared material and raises the charge carrier, confirming the
fastest interfacial electron transfer and the lowest recombina-
tion rate within composite samples [51, 52].

Tafel plots of 4% Ag-doped and bare TiO, are shown in Fig.
6¢. The disparity in curve behaviour can be attributed to

Fig. 4 HRTEM images of TiO, (a, b) and 4% Ag-TiO, (d, e) and SAED patterns of TiO; (¢) and 4% Ag-TiO, (f)
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Fig. 7 a Complex impedance plots of BPE samples with different TBAI concentrations at room temperature. b Ionic conductivity of BPE samples. ¢

Complex impedance plots of 40% TBAI sample at different temperatures

different processes of charge transfer at the interface of the
photoanode. The charge will first fill the empty surface states
below the conduction band edge with a negative bias applied to
a semiconductor electrode and then accumulate in the space
charge layer [53]. In contrast to the TiO,, the polarization curve
of 4% Ag-TiO, showed a negative shift, which implies the
negative shift of TiO,’s flat band potential (Ey,) after Ag dop-
ing. It is well known that Vo is determined by the electrolyte’s
redox potential and the electrode’s Ep,; the Eg, change means
the device’s V¢ variation. A negative Ey, shift means a shift
away from the redox potential and hence a rise in Voc [54, 55].

lonic conductivity studies of polymer electrolytes

The bulk resistance of the prepared polymer electrolyte was
obtained from complex impedance plots (—Z" vs. Z'). Polymer
electrolytes with 5 different TBAI ratios are illustrated in Fig.
7a. It was observed that the conductivity of blend polymer
electrolytes (BPE) increases with the amount of TBAI till opti-
mum point and then decreases. Among 5 different BPEs, 40%
TBAI showed the maximum conductivity as shown in Fig. 7b.
Movbility of free ions and charge density influence the conduc-
tivity of polymer electrolytes. By adding more salts, the number
of free ion density charges can be promoted. However, if there
is excess of free ions present in polymer electrolytes, they may

have a tendency to form an aggregation of ions and pairings of
ions. This phenomenon hindered the mobility of mobile charge
carriers within the polymer matrix and therefore decreased ion
conductivity [56]. The ionic conductivity studies of 40% TBAI
BPE in the temperature range 303 to 353 K are shown in Fig.
7c. It was observed that, as the temperature increases, the con-
ductivity also increases. As the temperature increases, the free
ions acquire more kinetic energy and move more quickly; this
phenomenon causes an increase in conductivity.

Dielectric behaviour of polymer electrolyte

Dielectric behaviour of polymer electrolytes can be explained
using electrical and permittivity studies. Dielectric constant or
real part (') and dielectric loss or imaginary part (£”) are two
complex dielectric parameters of permittivity dielectric stud-
ies. The variation of dielectric constant for all BPE samples
with frequency is shown in Fig. S7(a). It was seen that at lower
frequency, the dielectric constant for each sample is very
large, and at the higher frequency, it decreases. At lower fre-
quency, the mobile ions move around in the polymer matrixes
under electric field and form a hetero-charge layer at
electrode—electrolyte interface due to the accumulation of mo-
bile ions at the interface which the layer will shield the exter-
nal electrical field and later also led to the high value of the
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dielectric constant [24]. At the same time, mobile ions are
hardly able to be aligned to the direction of the applied field
at higher frequencies and this gives rise to a very fast periodic
reversal of the electric field that there is no time for the charge
to build up at the interface. Hence, the polarization due to the
charge accumulation decreases, leading to a decrease in a
dielectric constant [57, 58]. The dielectric constant at different
temperatures for the 40% TBAI sample is shown in Fig. S7(b).
From the graph, it can be understood that as the temperature
increases, there is rise in the dielectric constant. At higher
temperature, free ions move faster due to gaining of more
kinetic energy. Hence, the ability of free ions to rotate and
align with the externally applied fields leads to an increase
in the dielectric constant. The frequency dependence of dielec-
tric loss for all BPE samples is shown in Fig. S7(c). It was seen
that the dielectric loss for each sample approaches zero and is
very large at higher and lower frequency, respectively.
Nevertheless, there is a complex molecular relaxation process
as variations of points are present in the graph. The dielectric
loss behaviour of a 40% TBAI sample at different tempera-
tures is summarized in Fig. S7(d). The dielectric loss is
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following the trend of temperature. This can be explained by
the facts that an increase in the rate of ion migration at high
temperatures leads to an increase in the dielectric loss [23].
Electrical modulus studies were conducted to understand
more about the relaxation behaviour of a polymer electrolyte.
Figure S8(a) displays the real part modulus (M’) against fre-
quency. At the higher-frequency region, dispersion of real part
modulus takes place, and when it reaches lower frequency, it
approaches zero. This actually indicates that at the electrode—
electrolyte interface, the occurrence of masking the electrode
polarization effect can be observed. At the high-frequency
region, resonance peaks are seen which indicate the samples
are good ionic with a long range of conductivity relaxation
[59]. Figure S8(b) displays the temperature dependence real
modulus behaviour of 40% TBAL It shows at low frequency,
M is very close to zero and, at the higher frequency, it dis-
perses. The graph of imaginary part modulus (M") against
frequency is presented in Fig. S8(c). The graph displays M"
dispersion at high frequency, and at the lower frequency, it
approaches zero. The resonance peaks are not observed in the
graph, but it may appear at higher frequency. The temperature
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dependence imaginary part modulus of the 40% TBAI sample
is exhibited in Fig. S8(d). It shows that the peaks were shifted
towards high-frequency state which indicates the values of A"
are inversely proportional to temperature. Thus, it can be con-
cluded that at the higher temperature, the relaxation time of the
samples is shorter and it is thermally activated with the hop-
ping of free ions [60].

XRD and Raman spectra of r-GO

Figure 8a and b shows the XRD pattern of graphite and r-GO,
respectively. The XRD spectra of graphite showed an intense
sharp peak at 26.4° (interlayer spacing = 0.34 nm) correspond-
ing to the distinctive feature of graphite with the 44/ parameter
(002) [31]. In the XRD pattern of r-GO, the existence of a
broad peak at 24.3° suggests that the graphite was fully con-
verted to r-GO. The broadening of the XRD graphene peak
(002) was due to misalignments and faults in carbon sheet
stacks with a larger carbon interlayer spacing [61].

Raman spectroscopy was carried out to characterize r-GO
which is shown in Fig. 8c. It revealed D band and G band at
1358.5cm ' and 1602.86 cm ™', respectively. The D band was
observed due to the defects of C=C in the r-GO, and the G
band was observed due to the in-plane vibration of C—C. The
intensity ratio of D and G bands demonstrates the quality of
the r-GO. The Ip/I; value of r-GO is 0.8475. However, the
prominent D peak in r-GO suggests that certain structural
defects such as vacancies and topological defects still exists
after the reaction [62]. The spectra also showed a 2D peak at
2686.57 cm™ ' which indicates the number of layers in
graphene. The 2D band was found to be broadened, due to
the fact that the prepared graphene comprises few layers with
certain defects [63]. The results obtained for r-GO by various
research groups using different methods matched the results
obtained in the present work [64—66].

Fig. 9 HRTEM images (a, b) and SAED pattern (¢) of -GO

Morphological study of r-GO

Figure 9a and b shows the HRTEM image of r-GO and its
corresponding high-magnification image, respectively, and
indicates the less wrinkled morphology with crystalline na-
ture. The SAED pattern (Fig. 9¢c) showed strong diffraction
spots with six-folded rotational symmetry with the outer spots
corresponding to the (110) planes (d-spacing = 0.119 nm) and
the innermost diffraction spots corresponding to the (100)
planes (d-spacing = 0.201 nm), which clearly indicates the
graphitic crystalline structure [67].

Electrochemical performance of r-GO and Pt

To examine the catalytic activity and reaction kinetics of the
Pt and r-GO CEs, CV was carried out using a three-electrode
system in liquid electrolyte. Two redox peaks were noticed at
higher and lower potentials in the CV graphs of Pt and r-GO
CEs (Fig. 10a) which are attributed to the reaction of 2/5—3
I, +2e and 3] —I; + 2e, respectively [68, 69]. Two pa-
rameters, the peak-to-peak separation (£,,,) and the peak cur-
rent, represent the catalytic activity of CEs [70]. A smaller £,
implies greater reversibility of the redox reaction, and a faster
reduction rate is demonstrated by a higher cathodic peak cur-
rent density [71, 72]. From Fig. 10a, we can notice that the £,,,
values for the Pt CE were lower compared to those for the r-
GO CE and the cathodic peak current density for the Pt CE is
higher compared to that for r-GO. The lower E,, and higher
peak current density of Pt CE indicate good electroreductive
behaviour to /I3 redox. These findings are in agreement
with EIS experiment and DSSC with high efficiency.

EIS experiment was carried out using symmetric cells to
further verify the electrocatalytic abilities of r-GO and Pt CEs.
Figure 10b shows the EIS spectra of r-GO and Pt CEs with the
equivalent circuit model in the inset. According to the
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Fig. 10 a CV, b EIS and ¢ Tafel plots of Pt and -GO CEs

equivalent circuit, the semicircle represents the charge transfer
resistance (R, at the interface of the CE/electrolyte and the
series resistance (R;) represented by the intercept in high fre-
quency on the real axis, where catalytic activity of CEs was
represented by R, [73]. From the Nyquist plot and equivalent
circuit of Pt and r-GO CEs, it is noticeable that the Pt’s Ry
(9.83 Q) is lower than r-GO’s (16.73 (), which can be due to
Pt’s superior electrical conductivity. Furthermore, the R is in
the order of r-GO (959 2) > Pt (481.5 (2), showing the effec-
tive transfer of charge between surfaces of I; and Pt CE.

Table 2  Photovoltaic parameters obtained from J-V curves

To examine the interfacial charge transfer behaviour of CE/
electrolyte, the Tafel polarization curves were analysed using
the symmetric cells. Tafel polarization curves of Pt and r-GO
CEs are represented in Fig. 10c. Exchange current density (Jp)
is inversely proportional to R; therefore, a good CE should
have lower R ; which produces higher J,. J, can be estimated
from the tangent line intersection of the polarization curve and
the linear segment extension to the zero bias [74, 75]. Jim
relies on the I /I3 redox pair diffusion coefficient. Pt exhibits
a higher Jj,, relative to r-GO from the Tafel graph. A lower

Code Materials Voc (V) Jsc (mA cm ?) FF % PCE % R ()
Device 1 TiO,/CaBa dye/40% TBAI/r-GO 0.37 39 41 0.59 3889
Device 2 2% Ag-TiOy/CaBa dye/40% TBAL/r-GO 0.49 4.09 38 0.77 4938
Device 3 4% Ag-TiO,/CaBa dye/40% TBAI/r-GO 0.5 4.54 47 1.06 7187
Device 4 6% Ag-TiO,/CaBa dye/40% TBAI/r-GO 0.49 42 38 0.8 5904
Device 5 4% Ag-TiO,/CaBa dye/40% TBAI/Pt 0.59 5.43 52 1.7 7656
Device 6 4% Ag-TiO,/CaBa dye/40% TBAI/Pt 0.64 6.61 55 2.37 9678
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Table 3  Photovoltaic parameters device with different materials obtained from J-V curves
Materials (anode/dye/electrolyte/CE) Voc Jsc (mA cm ?) FF % PCE % Synthesis method (anode/cathode) Ref.
TiO,/CaBa/polymer/r-GO 0.37 39 41 0.59 Modified sol-gel method/one-pot This work
chemical exfoliation method
2% Ag-TiO,/CaBa/polymer/r-GO 0.49 4.09 38 0.77 Modified sol-gel method/one-pot This work
chemical exfoliation method
4% Ag-TiO,/CaBa/polymer/r-GO 0.5 4.54 47 1.06 Modified sol-gel method/one-pot This work
chemical exfoliation method
6% Ag-TiO,/CaBa/polymer/r-GO 0.49 42 38 0.8 Modified sol-gel method/one-pot This work
chemical exfoliation method
4% Ag-TiO,/CaBa/polymer/Pt 0.59 543 52 1.7 Modified sol-gel method This work
4% Ag-TiO,/CaBa/polymer/Pt 0.64 6.61 55 2.37 Modified sol-gel method This work
TiO,/N719/liquid/Pt 0.69 13.25 55 5.05 Hydrothermal [18]
Ago.10-TiO/N719/liquid/Pt 0.67 17.2 56 6.44 Hydrothermal [18]
TiO,/N719/liquid/Pt 0.66 7.34 56 2.75 Chemical reduction [21]
Ago1 m-TiO,/N719/liquid/Pt 0.75 12.29 61 5.66 Chemical reduction [21]
TiO,(P25)/N719/liquid/Pt 0.64 16.62 51 5.55 Commercial [19]
Ag@TiO, core—shell/N719/liquid/Pt 0.65 113 49 3.64 Chemical reduction [19]
P25:Ag@TiO, = 70:30 wt%/N719/liquid/Pt ~ 0.64 18.22 52 6.06 Physical mixture [19]
TiO,(P25)/N719/liquid/Pt 0.76 7.48 58 3.35 Commercial [78]
UV-1.3% Ag-TiO,/N719/liquid/Pt 0.8 8.36 56 3.85 Photochemical reduction [78]
Glucose-1.3% Ag-TiO,/N719/liquid/Pt 0.8 10.72 52 4.54 Chemical reduction [78]
Syzygium-1.3% Ag-TiO,/N719/liquid/Pt 0.79 11.8 54 5.12 Chemical reduction [78]
TiO,/N719/liquid/r-GO 0.75 12.9 49 4.86 Thermal reduction [62]
TiO,/N719/liquid/Pt 0.74 13.2 54 5.24 Thermal reduction [62]
TiO,/N719/liquid/r-GO 0.69 15.57 51 5.57 Hydrothermal reduction [27]
TiO,/N719/liquid/Pt 0.71 16.21 66 7.58 Hydrothermal reduction [27]
Ti0,/N719/liquid/r-GO 0.72 9.22 63 4.16 Photothermal reduction [79]
TiO,/N719/liquid/Pt 0.7 9.94 68 4.72 Photothermal reduction [79]
Ti0,/N719/liquid/r-GO 0.55 10.68 58 344 Hydrothermal reduction [69]
TiO,/N719/liquid/Pt 0.61 13.14 72 5.78 Hydrothermal reduction [69]

Jiim of 1-GO value shows that r-GO’s electrocatalytic activity
is weak. The J, values also display a pattern close to the Jj;,
values, where r-GO showed less J, than Pt. A higher J, sug-
gests that Pt has high electrocatalytic activity to convert tri-
iodide to iodide, whereas a higher Jj;;,, implies strong electro-
lyte interaction and improved diffusion inside the CE [76, 77].

Photovoltaic performance

The photovoltaic performance of DSSCs under standard AM
1.5 illumination is summarized in Table 2. Figure 10a depicts
the current density (J) versus potential (V) plots of different
fabricated cells. It was found that Ag-doped TiO, nanoparti-
cles showed higher solar conversion efficiency (1) and photo-
current density (Jsc) than the bare TiO, nanoparticles. Among
different Ag-doped TiO,, 4% Ag-TiO, showed the best pho-
tovoltaic properties due to their small size, which implies that
a large number of dye molecules could be adsorbed. Greater
absorption of visible light may enhance the use of sunlight.
Nevertheless, the Ag-TiO, nanoparticles display an open-

circuit voltage (Vo) higher than the TiO, nanoparticles.
Also compared to r-GO CE-based DSSC, Pt CE-based
DSSC displayed higher efficiency. This lower efficiency
was mainly due to the less purity of r-GO. As shown by FT-
Raman experiments, the r-GO sample has some residual
oxygen-containing functional groups after reduction. Over
the course of the photochemical process, the presence of these
functional groups will greatly influence the electron transfer
kinetics of CEs. In particular, the redox potential and charge
transfer resistance will be altered, which can greatly affect the
FF, Jsc and #. This is reinforced by the higher R value of -
GO relative to Pt, found in CE EIS measurements (Fig. 10b).
The photovoltaic parameters obtained in our work and in the
previous studies are summarized in Table 3.

EIS analysis of DSSCs
The EIS spectra of DSSCs are shown in Fig. 11b, and their

equivalent circuit is shown in the inset of Fig. 11b. A typical
DSSC EIS spectrum consists of three semicircles. Details on
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Fig. 11 a Current—potential characteristic of the DSSCs under AM 1.5 illumination. b EIS spectra of DSSCs

the charge transfer resistance at the CE can be obtained at high
frequency, whereas at moderate frequency, electron transport
in the photoanode and the back reaction at the interface of
photoanode and electrolyte could be obtained. In addition,

diffusion of redox mediator in electrolyte was evaluated using
a low-frequency semicircle [80, 81]. Just one semicircle was
found in our case. This is because this semicircle occupies and
obstructs our ability to view the other two smaller semicircles.
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Fig. 12 Electrochemical characterization of SC and DSSC-SC device. a
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@ Springer

integrated device which was charged using AM 1.5 illumination and then

d

ischarged at a constant current density of 0.4 mA cm >



J Solid State Electrochem (2021) 25:1461-1478

1475

Interface resistance of working electrode is directly propor-
tional to the diameter of this semicircle. Low interface resis-
tance leads to a higher recombination rate of charges and
results in a lower current density [82, 83]. From Fig. 11b,
we can clearly observe that interface resistance follows the
order of device 1 < device 2 < device 3 < device 4 < device
5 < device 6 which is in good agreement with current density
results listed in Table 2. R values obtained using equivalent
circuit are displayed in Table 2. R is at its highest value of
9678 2 for device 6 and at its lowest value of 3889 2 for
device 1 which corresponds to the highest and lowest Jgc,
respectively.

Performance of SC and DSSC-SC-integrated device

Cyclic voltammetry and charge/discharge tests are used to char-
acterize an integrated device. Figure 12a depicts the CV curves
of SC which were made from r-GO films as electrodes and 40%
TBAI as electrolyte at a potential range of 0 to 0.6 V and under a
sweep rate of 50 mV s~ . There are two categories in SC, i.c. a
pseudo-capacitor and an electric double-layer capacitor. The CV
curve displayed a rectangular shape without current peaks, indi-
cating that the r-GO electrode possesses electrical double layer
capacitance [84]. Accordingly, Fig. 12b depicts the charge/
discharge at a constant current density of 0.4 mA cm 2 The
discharge time of SC was observed to be about 8.43 s, and the
specific capacitance of the device was calculated to be 1.72
Fg . Figure 12¢ depicts the photocharge and discharge of the
integrated device. Here, AM 1.5 illumination was used for
photocharge and discharge was made with the constant current
density of 0.4 mA cm 2. During photocharging, the voltage
increased to 0.485 V, which was slightly lower than Vo in
the photoelectric conversion measurement due to electric power
lost in the external circuit [85]. The discharge time and specific
capacitance of the integrated device were calculated to be 5.23 s
and 1.327 Fg ', respectively.

Conclusion

In summary, we synthesized a novel carbazole-based dye with a
carbazole-donating unit and acid group as an acceptor unit and
confirmed using IR, NMR and mass spectroscopy. TiO, and
Ag-doped TiO, were synthesized using a modified sol-gel
method and characterized by XRD and TEM analysis.
Different concentrations of TBAI in PVA-PVP blend polymer
electrolytes were prepared, and their conductivity was studied.
Among different concentrations, 40% TBAI electrolyte showed
the highest conductivity of 1.76 mS cm™'. -GO was synthe-
sized by a one-pot synthesis method and confirmed using XRD
and FT-Raman. DSSCs were fabricated using 40% TBAI elec-
trolyte (due to its high conductivity), bare TiO, and 2%, 4% and
6% Ag-doped TiO, as anode and r-GO as CE. Among them,

device 3 showed the highest efficiency of 1.06%. Due to its high
efficiency among r-GO CE-based DSSCs, this device was used
to develop a DSSC-SC—integrated device. The integrated device
was tested via photocharging using AM 1.5 illumination and
discharging at constant current density. From the results obtain-
ed, we conclude that synthesized dye can be used as sensitizer in
DSSC and fabricated device successfully converts solar energy
to electrical energy which simultaneously stores electrical ener-
gy in SC. Further for comparison, device 5 and device 6 were
fabricated which have Pt as CE. Device 5 and device 6
displayed the highest efficiency of 1.7% and 2.37%, respective-
ly, compared to r-GO-based devices which are mainly due to
high catalytic activity of Pt compared to that of -GO. The r-
GO-based DSSC’s lower performance was found to be due to a
higher resistance to charge transfer and relatively lower electro-
catalytic activity relative to the Pt-based CE. In order to decrease
the resistance to charge transfer and increase cell performance,
more optimization in the reaction condition is important. The r-
GO preparation defined in this paper is environmentally safe,
lower cost and scalable. The r-GO obtained is found to be ap-
propriate for DSSC counter electrode applications, and further
process optimization is likely to enhance its efficiency to equal
that of traditional DSSCs based on Pt.

Abbreviations  CV, Cyclic voltammetry; DSSC, Dye-sensitized solar
cell; SC, Supercapacitor; 7TIP, Titanium tetraisopropoxide; XRD, X-ray
diffraction
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