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Dye-sensitized solar cells (DSSCs) have garnered significant attention in the scientific community for more than two decades due
to their cost-effectiveness, convenient manufacturability, little toxicity, and straightforward preparation methodology. In this
study, we present a cost-effective alternative to the platinum electrode for DSSCs, which serves as the counter electrode. The
utilization of vanadium oxide nanoparticles as counter electrodes (CEs) in DSSCs has been the subject of research due to its
enhanced stability, cost-effectiveness, and favorable photovoltaic characteristics. The device has been fabricated in configuration of
fluorine-doped tin oxide (FTO)||TiO,||ruthenium (II) dye (N719)||iodide—triiodide electrolyte||[VO, (counter electrode)||FTO
and investigate their photovoltaic performance. The utilization of X-ray diffraction (XRD) analysis has provided insights into the
crystalline properties of VO,, indicating that it exists in a crystalline phase with a crystalline size measuring 43.19 nm and a lattice
strain of 1.68 x 10>, The utilization of a field emission scanning electron microscope (FESEM) that is equipped with an energy
dispersive X-ray spectrum reveals a dense microstructure characterized by a uniform distribution of vanadium (V) and oxygen (O)
across the whole surface. The Raman spectroscopic examination of VO, reveals the existence of many Raman bands, thereby
confirming the presence of the monoclinic phase. Cyclic voltammetry measurements were employed to investigate the catalytic
activity of the CE toward the electrolyte. The photovoltaic performance of the manufactured device was examined by I-V
measurement, revealing a notable open circuit voltage (Voc) and efficient power conversion efficiency when compared to the
other materials that were evaluated.

1. Introduction

The present solar technologies are mostly based on the use of
crystalline silicon and cadmium telluride materials. Various
challenges and issues pertaining to contemporary technology
are associated with these materials. More than 90% of the
currently available photovoltaic systems (PVs) are comprised
of silicon-based solar cells [1]. These solar cells have a life
span of approximately 15-20 years and possess a relatively
high-power conversion efficiency (PCE) of roughly 27%. The
primary challenge faced by the photovoltaic (PV) sector per-
tains to the cost to electricity output ratio of solar-generated
electricity. Unfortunately, none of the aforementioned

options are capable of resolving this issue [2]. Additionally,
some of these PVs’ high-energy costs to manufacture negate
any environmental advantages. This development paves the
way for the establishment of a more tangible system that is
economically viable in providing the necessary infrastructure
for solar energy harvesting [3]. The utilization of TiO,-based
dye-sensitized solar cells (DSSCs) is deemed as a suitable
option for providing a resolution to this issue. The claim
that photovoltaics (PVs) is the most efficient material system
for enabling a reliable mechanism for large-scale solar har-
vesting is supported by the combination of affordable mate-
rial costs and the ability to establish cost-effective production
facilities that can be readily deployed. This allows for
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straightforward fabrication methods and limited environ-
mental impact in terms of energy consumption and utiliza-
tion of sustainable materials [4, 5].

DSSCs represent a promising “emerging technology” cat-
egorized as a third-generation photovoltaic (PV) system,
which holds potential as a cost-effective alternative for
energy conversion when compared to the existing method-
ologies. In the last 20 years, DSSCs have achieved significant
advancements in both fundamental research and practical
technological implementation [6]. The assertion that photo-
voltaic’s (PVs) presents an optimal material system for effi-
cient large-scale solar energy collection is well-substantiated
by the convergence of affordable materials and cost-effective
production facilities that can be easily implemented through
solution-based processes. These aspects enable the use of
uncomplicated manufacturing techniques and contribute to
a reduced ecological footprint in terms of energy usage dur-
ing production and the utilization of eco-friendly materials.
The attainment of long-term dependability standards can
be accomplished through the integration of an appropriate
nanomaterial inside the roll-to-roll manufacturing technique
employed for flexible devices. This integration ensures
the provision of enough mechanical strength and flexibility
[7, 8]. The notion of DSSCs in plants was derived from the
photosynthesis process, in which the absorption of sunlight
by chlorophyl, an organic molecule, triggers the initiation of
photosynthesis. The primary concern of DSSCs was instabil-
ity, however, the discovery of the photovoltaic effect in DSSCs
dates back to the early 1970s. Despite the subsequent rise in
efficiency, the persistent problem of inadequate stability con-
tinued to pose a significant concern [9, 10]. At present, there
are ongoing efforts to make improvements to DSSC in order
to improve its photovoltaic efficiency. The experimental setup
involves the connection of two electrodes, specifically a semi-
conductor photoanode acting as the anode and a counter
electrode serving as the cathode, to opposite ends of a liquid
electrolyte containing a redox pair. Titanium dioxide (TiO,) is
commonly utilized as a photoanode semiconductor material
due to its notable attributes, such as its abundant availability,
stability, low toxicity, and wide band gap [11, 12]. Enhancing
the overall photovoltaic efficiency of DSSCs can be achieved
by this approach, yielding positive outcomes. Nanomaterials
also have a significant impact on DSSCs, specifically in the
context of cathode electrode foams serving as counter electro-
des. A catalyst material is used as a counter electrode directly
for two key reasons: (a) It collects the electrons from the
external load and transfers them to the electrolyte and (b) It
plays the role of catalyst, which is beneficial for the generation
of the redox couple [13]. The efficiency and cost of the final
solar cell are determined by each individual component of the
device. One of the challenges associated with DSSC technol-
ogy pertains to the difficulty in identifying a suitable substi-
tute for the Pt electrode, given its composition of a valuable
metal. Platinum (Pt) is considered a favored catalyst material
in the field of chemical engineering due to its exceptional
electrocatalytic properties and high-electrical conductivity.
Certain findings suggest that platinum (Pt) undergoes a reac-
tion with triiodide ions (I’”) present in the electrolyte,
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resulting in the formation of platinum tetraiodide (Ptl,).
This reaction subsequently diminishes the catalytic activity
of the electrode when exposed to a dye solution [14]. Thus,
an alternative to the CEs will be found to overcome these
issues. Thus, many researchers explore platinum-free material
as a promising alternative to Pt for a counter electrode. The
number of reports on alternate CEs has grown exponen-
tially [15].

Among them, the work reported by Xia et al. [16] pre-
pared the composite electrode of V,05 with Al and applied it
in DSSC as the CE. They had achieved a PCE of 2% which is
comparable to noble Ag CE (generally used in solid DSC)
[16]. Alternatively, Mutta et al. [17] investigated the eco-
nomically viable VO, (M1) as a CE for DSSC. They had
found that VO, improved the electrocatalytic behavior of
the redox reaction between iodide and triiodide reactions,
which might work as a substitute for expensive Pt electrodes
due to their low cost, low-temperature processing, and excel-
lent catalytic activity. Moreover, they reduced the cost of CE,
but their efficiency is only about 1.25% Alternatively, Mutta
et al. [17] investigated the economically viable VO, (M1) as a
CE for DSSC. They had found that VO, improved the elec-
trocatalytic behavior of the redox reaction between iodide and
triiodide reactions, which might work as a substitute for
expensive Pt electrodes due to their low cost, low-temperature
processing, and excellent catalytic activity. Moreover, they
reduced the cost of CE, but their efficiency is only about
1.25% [17]. They had alternatively prepared the V,0Os in
two ways, one commercially purchased and the other by the
hydrothermal method, and compared their CE properties for
DSSC compatibility. They achieved efficiencies of 1.2% and
1.6% for commercial and hydrothermally prepared V,0s. In
their paper, they also said that the properties of CEs could be
made even better by tweaking their crystalline structure, sur-
face shape, and ability to react with electrolytes. Therefore,
V.05 has potential as a viable alternative to platinum in terms
of cost-effectiveness [18]. Also, Wu et al. [19] looked into Pt-
free catalyst materials for CEs, which is seen as one of the most
important steps to making DSSCs more efficient at converting
energy and less expensive. They had prepared V,0; compos-
ite catalysts that were successfully prepared and further
applied to CEs as catalytic materials in the DSSC and achieved
a PCE of 5.13% [19]. Gnanasekar and Nirmala Grace
[18] have prepared the two-dimensional vanadium pentoxide
nanosheets (V,05 NS) by a simple hydrothermal method
followed by calcinations at 350°C. In addition, the photocur-
rent voltage studies using V,0s NS as the CE in DSSC
achieved a PCE of 5.1%, which is much better than the con-
ventional Pt CE’s PCE of 7.4% under the same test conditions.
This is a big improvement over previous report.

Also, this work encourages more in-depth studies to
make the cheaper electrode VO, an alternative to Pt CE as
a counter electrode for mass production. Vanadium-based
oxides in the TMO family and vanadium-based compounds
in MXenes have up to five-layer transition metals that have
garnered significant attention in the realm of energy storage
devices, including batteries and supercapacitors [20]. This is
mostly due to their varied chemical motifs, layered structure,
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FiGURe 1: Schematic flowchart of a dye-sensitized solar cell.

substantial energy capacity, and moderate work functions
[21]. From an economic perspective, it can be observed that
the cost of raw materials for vanadium-based oxides, as cal-
culated from the Sigma—Aldrich catalog, is ~30 times lower
than that of platinum with equivalent purity. The monoclinic
form of vanadium oxide (VO,) has garnered increased inter-
est in the field of energy conversion and storage owing to its
unique characteristics. These include its cost-effectiveness rel-
ative to platinum, high-energy storage capacity, moderate
work function, and a first-order metal-to-insulator phase
transition occurring at ~68°C [19, 20]. Vanadium dioxide
(VO,) has not been used very often as a counter electrode
(CE) in DSSC technology, according to the research that has
been done [22, 23]. This study is the first to look into VO,
(M1) as a counter electrode in DSSC technology, as far as
what we know now allows. However, a close study of the
existing literature shows that there are not many in-depth
studies that look at the complex analysis of structural, crystal-
line, electrochemical, and photovoltaic properties. VO, has
been talked about as a possible material for CE in DSSCs.
Its shape, crystallinity, and catalytic properties can be changed
in the literature. So, VO, was chosen for this study with two
goals in mind: to improve its CE properties so that it could be
used in industry and to learn more about the basic solid-state
physics principles that govern its behavior.

The VO, paste was used as a counter electrode in this
study. It was deposited on an FTO substrate and the device’s
overall photovoltaic performance was looked into. XRD and
Rietveld refinement studies have been carried out to analyze
the structure and crystalline properties. Furthering the study
on the parameters linked to charge transport, the EIS is
performed over a variety of voltages and extensively dis-
cussed along with their electrochemical performance.

2. Experimental Details

2.1. Materials. The Degussa P25 titanium dioxide nanopowder
was acquired from Nanoshel India. The Vanadium dioxide

(VO,) nanopowder, fluorine-doped tin oxide (FTO) coated
glass substrate with a sheet resistance of around 8-15 Q/em?,
potassium iodide (KI), iodine (I,), acetonitrile and valeronitrile,
ethyl cellulose, and a-terpineol were obtained from Sigma
Aldrich and utilized without additional purification.

2.2. Vanadium Dioxide (VO,) Paste Synthesis. In order to
prepare the chemical paste of VO,, the VO, (100 mg) pow-
der, ethyl cellulose (16 mg), and a few drops of a-terpineol (a
solvent) were used as the initial ingredients. First, all the
ingredients were transferred to an agate, appropriately mixed
with a pestle to form a homogeneous mixture, and then
obtained into a smooth paste. All these steps were performed
in ambient air at room temperature.

2.3. Device Structure and Fabrication. The schematic flow-
chart representations of DSSCs are demonstrated in Figure 1,
which shows the complete process of device assembly. Ini-
tially, the small pieces of fluorine-doped tin oxide (FTO)
coated glass substrate having sheet resistance ~8-15 Q/cm®
are taken and cleaned with DI (deionized water), acetone,
and 2-propanol, respectively, through an ultrasonication
bath process for 30 min in each step. Subsequently, the prep-
aration of a 10 mM solution of TiCl, in deionized water is
conducted at a temperature of 70°C for a duration of 40 min.
After making the solution, it is carefully washed with deio-
nized water, which is then carefully deposited on the FTO
substrate in the form of a thick layer. After that, the active
layer is made with nanocrystalline TiO, paste that can be
bought in stores and then put on the densely packed FT'O
substrates using the blade method. The substrate covered
with TiO, was subjected to a sintering process at a tempera-
ture of 450°C for a duration of 35min. Subsequently, the
turnace is often subjected to a cooling process until it reaches
the ambient temperature of the surrounding environment.
After that, the electrode that had been made was carefully put
into a solution that had a ruthenium-based dye (16 mg per
50 ml of 100% ethanol) in it. The electrode was then stored in
a light-free environment at ambient temperature for a
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FIGURE 2: (a) X-ray diffraction graph pattern and (b) Williamsons and Hall (W-H) analysis of prepared VO, electrode.

duration of 22hr. The dimensions of the active area of
the photoanode used in the experiment are maintained at
1 x 1 cm”. The photoanode, which has been coated with dye,
is subjected to a rinsing process using 1-propanol.

In contrast, the counter electrode is fabricated by apply-
ing VO, paste over the pristine FTO substrate using the Dr.
Blade technique, resulting in a thickness of around 30 um.
Subsequently, the electrode that had been created underwent
annealing at a temperature of 500°C for a duration of 20 min.
The dye-sensitized photoanode and counter electrode are
connected in a way that looks like a sandwich. A binder
clip is attached to both sides of the substrate to make sure
the sandwich is sealed securely. A solution containing elec-
trolytes was prepared by mixing 0.90 g of potassium iodide
(KI) and 0.150 g of iodine (I,) in a 15 ml solution of acetoni-
trile. After that, the solution that was made was put into the
space between the two electrodes, which finished building
the DSSC device.

2.4. Characterization. An X-ray diffraction (XRD) analysis
was performed using a Bruker Advance XRD instrument
equipped with a Cu-Ka radiation source with a wavelength
of 1.5406 A. The purpose of this inquiry was to evaluate the
crystal phase and crystalline size. The surface morphology of
the photoanode was examined using a MIRA 3 TESCAN
field emission scanning electron microscope. Additionally,
elemental analysis and identification were performed using
energy-dispersive X-ray spectroscopy (EDS). Thermo
Scientifics’ DXRxi Raman imaging microscope with a 532
nm excitation source was used to conduct the structural
investigation. The current density and voltage (J-V) curves
of fabricated cell were examined via Solar simulator (Verasol
ORIEL LSS-7120) under AM 1.5 G irradiation. The fill factor
is calculated from the J-V curves by the formula as follows:

FF =
]SC X VOC

) (1)

where V., and ], represent the voltage and current den-
sity at the point of maximum power output, correspond-
ingly, and J;. and V. are represent the open circuit voltage
(Voc) and short circuit current density, respectively.

The formula calculates the overall PCE (1) of cell as
follows:

:FFxﬁchOC’ 2)
mn
where Py, is assign for incident light (100 mW/cm?), the

cyclic voltammetry (CV) parameters are calculated with
the help of Metrohm cyclic voltammetry instrument.

3. Results and Discussion

3.1. Characterization of Electrode. The prepared electrode
undergoes several characterizations to seek their application
in DSSC devices, as discussed in subsequent sections.

3.1.1. X-Ray Diffraction (XRD) Analysis. XRD analysis was
used to look at the crystallinity and phase formation of the
VO, counter electrode. The XRD pattern of VO, on the FTO
substrate is shown in Figure 2(a). The pattern’s peaks are
clear and sharp, which suggests that the electrode sample
has a high level of crystallinity [24]. The diffraction peaks
were successfully correlated with the monoclinic phase of
VO,, as determined by the space group C2/m, as documen-
ted in JCPDS No. 01-082-0661 [24]. The Debye Scherrer
equation was utilized to determine the crystallite size as
part of the investigation into the crystalline characteristics.
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FIGURE 3: (a) Rietveld refinement pattern obtained from XRD data, (b) crystal structure obtained from CIF file after refinement (red ball

represents atom V and the green represents O).

The observed widening of the peak width in XRD suggests
that there may be a smaller crystallite size (D) and lattice
strain. As per Debye Scherrer’s findings, the full-width at half
maximum (f) of an XRD peak, obtained from Gaussian
fitting of the individual peaks, has been correlated with the
size of the crystallite (D) using the following equation [25]:

o K
"~ PcosO’

(3)

Within this equation, the variable k represents a constant
possessing a numerical value of 0.91. The symbol 1 denotes
the X-ray wavelength, whereas 6 signifies the angular posi-
tion of an XRD peak. This study employed the greatest inten-
sity peak of VO, nanoparticles to ascertain the size of the
crystallites, which was determined to be 36.72 nm.

As previously mentioned, the presence of peak width has
also been found to induce lattice strain. Hence, it might be
argued that the accuracy of the crystallite size determined by
the Debye—Scherrer equation is questionable. In addition,
Williamson and Hall discovered a significant association
between the variables 5, D, and lattice strain (&), and subse-
quently coined this approach as the Williamson—Hall plot.
Based on the W—H plot, the crystallite size and lattice strain
exhibited in each sample can be mathematically expressed by
the following equation:

kA
ﬂc039:5+48sin6. (4)

The W-H plot for the present sample has been generated
and shown in Figure 2(b). The left part of above equation
P cosf has been considered at y-axis and 4siné at x-axis
suggests a linear equation (y =mx +¢) with m=¢ and c=
K The current method finds the average crystalline dimen-
sion (D) by crossing over a linear regression line. The gradi-
ent of that line tells us about the lattice strain. The
determined values for the crystallite size and lattice strain
were 43.19 nm and 1.68 X 107>, respectively. The W—H plot
has yielded a greater value for crystallite size compared to the
value obtained using the Debye—Scherrer equation. Based on
the analysis of Equation (3), it can be observed that the size of
the crystallite exhibits an inverse relationship with f. Fur-
thermore, since the component associated with lattice strain
has been omitted from p, this leads to an increased value for
the crystallite size [26]. Furthermore, XRD data have been
utilized to derive an additional metric known as dislocation
density (5), in addition to the aforementioned parameters.
The dislocation density quantifies the presence of defects and
vacancies within the VO, sample. This parameter is com-
puted by employing the Scherrer’s formula to calculate the
crystallite size [27].

6= 5)

The dislocation density for the present sample has been
found to be 5.36x10'*/m” The numerical value of



TasLe 1: Rietveld refinement and structural parameters of VO,
electrode sample.

Crystal structure Monoclinic
Lattice parameter
a(A) 5.4266
b (A) 5.0481
c(A) 9.2000
Lattice angle (@, f, y) (in degree) (90, 90.331, 90)
Volume (A% 251.9879
Rietveld refinement parameters
R, 8.37
Ryp 9.43
R, 8.65
Va 43
S=Ryp/Re 1.09

dislocation density suggests the presence of lattice defects
and surface defects in the sample, which cause lattice strain.

However, to confirm the phase formation and determine
the structural parameters more accurately, the XRD data have
been further analyzed through Rietveld refinement using Full
Prof software [28, 29]. The refined XRD graph pattern of the
VO, electrode is shown in Figure 3(a). In the refined XRD
pattern, the symbols show experimental data points (Yobs),
the red line shows the XRD pattern generated through given
input (Ycalc), the blue line shows the difference between the
pattern observed and calculated, and the vertical line shows
the Braggs position of VO, phase. The Rietveld refinement
process has been carried out by taking crystal structure as
monoclinic and space group C2/m. A sixth-order polynomial
described the background with pseudo-Voight as a peak
shape. All the parameters, such as lattice parameters, lattice
angle, u, v, w, Iy, no, x were refined until they completely
matched with the experimental pattern. The quality of fitting
has been judged via calculating a parameter S with the for-
mula, $=R,,,/R., where R,,, is the weighted profile factor and
R, is expected weighted profile reliability factors, respectively
[30]. The crystal structure of the sample, as crystallized into
monoclinic, has been obtained after refinement, as shown in
Figure 3(b). All the structural parameters and Rietveld refine-
ment parameters are given in Table 1.

It has been noticed that the value of parameter S found to
be close to unity suggests that the parameters were relevant
[26]. The lattice parameters obtained in this case were lower
than the reported values in the literature [24]. The observed
disparity in structural characteristics indicates the potential
existence of surface defects, lattice faults, and other such
imperfections. It is a well-known phenomenon that changes
in processing parameters (such as time, temperature, etc.)
result in slight differences in defects, resulting in variations
in structural parameters too. The influence of flaws on
optoelectronic and photovoltaic performance will be exam-
ined in the following section.

3.1.2. Surface Morphology Analysis. This photovoltaic system
from DSSC works very differently depending on its shape
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and surface properties, which affect how much power it
absorbs and how charges move between them. In this study,
the surface morphology of counter electrode films composed
of VO, was investigated using the field-emission scanning
electron microscopy (FESEM). Figures 4(a) and 4(b) illus-
trate the surface morphology and energy dispersive spectrum
of the VO, counter electrode. The morphology of the pre-
pared electrode specimen indicates that the grains are in an
irregular shape with a dense microstructure. It is also
observed that the grains are agglomerated and having the
irregularities in the sizes [23].

The surface’s chemical homogeneity has been further
recorded using energy-dispersive EDX, as shown in Figure 4(b).
From Figure 4(b), elements V and O are found at the sample’s
surface, suggesting a uniform and homogeneous microstruc-
ture surface [31]. The weight percentages of V and O deter-
mined from the EDX spectrum are found to be 60.81% and
39.19%, which entirely agrees with their theoretical ratios pres-
ent in VO, (V=61.42%, O =38.58%). Thus, it can be inferred
that the surface of the prepared VO, counter electrode is
homogenous.

3.1.3. Raman Analysis. Raman spectra are used to find the
Raman active bands in a material in order to learn about its
atomic-level symmetry and structure. Figure 5 shows the
Raman spectrum of the VO, counter electrode.

The significant phonon peaks found between 100 and
1,100cm™" are possible distinctive vibrational modes of
vanadium and oxygen that correlate to stretching, bending,
and translational modes. The (V,0,), chain translation’s
bending vibration modes, which correspond to the deforma-
tion of the bonding between various molecular units, peak at
146 cm™! (Bsg, Ag symmetry) and 196 cm™? (B4 symmetry),
where the detection is strongly correlated with the structure
of the oxide layer. Additionally, the sharp and high peak at
146 cm™" denotes long-range order in the vanadium oxide
layer plane [32]. The bending vibration of the V=0 bonds is
connected with the peaks at 285cm™" (Bag Bsg symmetry)
and 404 cm ™' (A, symmetry). The peak at 485 cm ™" is attrib-
uted to the bending vibration of the V—O—V bond formed
by doubly coordinated oxygen bridging with vanadium (A,
symmetry). The peak at 526cm™" (Ag symmetry) indicates
the presence of a triply coordinated oxygen V—O stretching
bond, which is brought about by the three pyramid systems’
well-known edge-sharing oxygen atoms [24]. The double
coordinated V—O stretching bond with a shared oxygen
atom in the corner, which is common in the two-pyramid
system, is what causes the peak at 703 cm™" (B,g, Bsg sym-
metry) [33]. The high-frequency peak at 996 cm™" is caused
by the terminal unshared oxygen V=0 bond’s in-phase
stretching vibration. The vanadium oxide peaks that were
found are similar to what was found before. That is, oxygen
stoichiometric deviation had an effect on the oxide material’s
Raman spectra [34].

3.2. Characterization of Device

3.2.1. Cyclic Voltammetry Analysis. The cyclic voltammeter
measurement is a powerful way to look at the electrocatalytic
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activity of a material toward the redox process and the
speed at which electrons move between surfaces. Figure 6
represents the cyclic voltammetry curve achieved for VO,
as a counter electrode in the three-electrode measurement
system.

As a reference electrode [35], Pt wire is used as a counter
electrode, and VO, coated on an FTO glass substrate is used
as a working electrode. The electrode configuration is
immersed in a solution containing iodide/tri-iodide, which
serves as the electrolyte [32]. To make the electrolyte solu-
tion, acetonitrile is mixed with lithium chloride (LiCl) at a
concentration of 0.1 M, lithium iodide (LilI) at a concentra-
tion of 10 mM, and iodine (I,) at a concentration of 1 mM.
The measurement was conducted using a scan rate of 50 mV
within the potential range of —0.2 to 0.6 V. The conversion of
the I7/I>~ redox couple takes place through two reversible

0.9
21, - =31, +2e
0.6
0.3
= 3 =13+ 2e”
= i
q:) 0.0
3 31, + 2e” = 215-
-0.3
-0.6
I, +2e =3I
-0.9 T T T T
-0.2 0.0 0.2 0.4 0.6
Voltage (V)
—— VO, electrode

FiGure 6: Cyclic voltammetry graph of VO, based CE recorded at
the scan rate of 0.05 Vs —1 in the acetonitrile electrolyte.

processes, which are indicated by the presence of two pairs of
redox peaks on the FTO electrode covered with VO,. The
peaks found at the extreme left of the cyclic voltammetry
curve are indicative of the oxidation process involving the
conversion of I"—I°". In contrast, the observed peak located
at the far right of the spectrum corresponds to the reduction
process wherein the conversion of I’"—I" takes place. During
this process, the conversion of I’~ into I~ may occur, facili-
tated by the counter electrode, which has the ability to extract
a small number of electrons from the external circuit. During
this process, the released I™ ions can effectively facilitate the
restoration of excited dye molecules to their ground state
[23]. Peak current density and peak-to-peak separation
(Epp) are the two crucial characteristics to recognize the
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FIGURE 7: (a) The J-V curve under the illumination of VO, CE-based DSSC device under dark illumination (b) under illumination.

counter electrode’s catalytic activity, and the following rela-
tion calculates them:

Epp = |Ep(anodic) — Ep(cathodic)|. (6)

The Epp value of the VO, electrode is 0.36 V. The smaller
Epp value indicates better catalytic activity for the electrode
[36]. The cathodic and anodic peak current density of the
VO, electrode was observed to be —4.72 x 107> and 4.09 x
107> mAcm ™. The cathodic peak current density of VO,
shows a shift toward negative values, indicating that the
VO, electrode had a more excellent resistance with better
catalytic activity [34].

3.2.2. Photovoltaic Performances of DSSCs. The photovoltaic
parameters of the DSSCs device based on VO, as a counter
electrode have been examined under simulated solar irradia-
tion of 100 mWem ™ (AM 1.5G). The J-V curve of the
DSSCs under dark and illumination conditions is illustrated
in Figures 7(a) and 7(b), respectively.

The photovoltaic parameters of DSSC, such as current den-
sity, voltage, and fill factor with a corresponding PCE, including
series and shunt resistances (R, and Ry,), are measured under the
illumination conditions given in Table 2. The fabricated DSSC
represents an Voc of 0.80 V' (the voltage obtained by the inter-
cept at the voltage axis where the current is 0) under illumination
conditions, while it is 0.50 V in the case of the dark condition
[44]. The value of short circuit current density (Jsc) (is obtained
at voltage 0 V) 5.85 mA/cm® under illumination from the J-V
curve. The fill factor (FF) can be determined using the mathe-
matical formula given by Equation (1). Using the values of max-
imum power point, Voc and Isc. The FF is calculated for the
present sample and found to be 56.88% [44]. In addition to FF,
the overall photo-conversion cell efficiency for the prepared
electrode (7 =FF X Ve X Isc/Pyy,) is calculated and found to be
2.69%—2.70%. The values of Voc, short-circuit current density,

FF, and PCE for the present investigation are much higher
than those in the report by Mutta et al. [23] At the same time,
it is lower than the report by Gnanasekar et al. [32]. To lower
the cost of producing DSSCs, Mutta et al. [23] used citric acid
as a reducing agent to generate the sphere-like VO, (M1)
polymorph in a single step. They found that VO, exhibits
excellent electrocatalytic activity toward redox reactions,
with a fivefold reduction in cost and a good energy conversion
efficiency ratio (1.25%). However, Gnanasekar et al. [32]
reported the post-electro-spun nanofiber of vanadium oxide
wrapped in carbon (VO,(M)/C). They also noted that at AM
1.5G, VO,(M)/C nanofiber CE achieves a typical DSSC PCE
of 6.53% under 100 mV/cm? [45]. The outcomes showed that
the electrocatalytic property of VO,(M) nanofiber wrapped
with carbon was enhanced, and the photon to photo-current
conversion efficiency of the DSSC was boosted.

Compared to the report by Gnanasekar et al. [32], the
efficiency in this case was lower. This could be because the
shape, peak-to-peak separation (Epp), and other processing
parameters were different [32]. The present result has been
compared with the literature and summarized in Table 2. It
has been noticed that several materials have been used as
counter electrodes in DSSCs configurations. Among them,
several materials show a higher value for Jsc, FF, and PCE
compared to the present work. However, the value of Voc in
the present work was observed to be remarkable higher com-
pared to the reported values for other materials in the litera-
ture (Table 2). When it comes to PCE, graphene and CNT
when used as CE in DSSCs have a higher photo-conversion
efficiency than VO,. This could be because of active surface
interaction and the interfacial effect. Since the production of
devices strongly depends on the cost of the electrode materials
used in DSSC, the development of low-cost materials is in
great demand for the commercialization of device fabrication.
The production of graphene and CNT is more expensive than
the production of VO,, which implies that the use of VO, as
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TasLE 2: Photovoltaic performance of various CEs material based DSSCs.
CE employed in DSSC Voc (V) Jsc (mA/cm?) FF (%) PCE () (%) Reference
VO, 0.80 5.85 56.88 2.70 This work
FeP 0.64 9.14 33.00 191 [37]
GO/RGO 0.61 0.77 19.20 0.09 [38]
Graphene 0.69 14.47 32.56 3.29 [39]
CNTs 0.73 15.27 69.00 8.03 [40]
S$nO, 0.52 9.81 36.01 1.84 [41]
WO; 0.57 10.69 32.02 2.00 [42]
ZrN 0.73 8.20 22.00 1.20 [43]
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FiGURE 8: The Nyquist plots and bode plot of DSSC based on VO, CE at various voltages.

CE in DSSCs opens a new door for scientists to work on the
fabrication of cost-effective DSSCs.

A critical factor in raising PCE, short circuit current den-
sity, and Voc is the series and shunt resistance. So, using the
inverse slopes of the -V curves recorded under illumination,
the values of series resistance (Rs) and shunt resistance (Rsh)
are determined, which are found to be 45.01 and 1,785,
respectively. The amount of electrical and electrochemical
losses experienced during DSSC operation is reflected in the
FF [46]. Based on the photovoltaic parameters used as CEs
[47], the devices that use VO, as the counter electrode show
good photovoltaic performance. It is an excellent alternative
to expensive platinum-based DSSCs with cost-effective fac-
tors. Moreover, the DSSC’s photovoltaic performance is sig-
nificantly impacted by VO, material. It is an excellent
alternative to expensive platinum-based DSSC with cost-

effective factors. Moreover, the DSSC’s photovoltaic perfor-
mance is significantly impacted by VO, material [48, 49].

This accomplishment opens the door for efficient
research to increase the performance of this plentiful and
affordable material, VO,, by carefully tweaking the structure
and cell architecture to meet future energy demand.

3.2.3. Electrochemical Impedance Performances of DSSC. To
analyzing the internal impedance of solar systems like DSSC,
electrochemical impedance spectroscopy (EIS) is a useful
approach. It is helpful to analyze the electrocatalytic perfor-
mance of the proposed CE toward the redox couple (I>~, I7)
in detail [50]. The electrical characteristics of the device were
analyzed with the help of EIS. Nyquist plots based on various
applied voltages in the range of —0.4<V <0 volts are
exhibited in Figure 8 with corresponding Bode plots [31].



10

Advances in Condensed Matter Physics

TasLE 3: The capacitance and resistance values of an equivalent circuit of DSSC based on VO, counter electrode-based DSSC, corresponding

to various voltages.

Sample Applied voltage (V) Rs(Q) Cy(F) Cy(F) Rer (Q) Rpce (Q) Lifetime (7) (sec)
—0.4 9286  2.683x107"  4.98x107" 19.33 22.34 1.130x 107"
VO,-CE based DSSC —-0.2 103.6  3.660x107%°  502%x107% 29.09 14.30 1.313x107%
0 1135  269%x107”°  691x107" 18.08 34.28 1.360 x 10~
All of the fitted curves match the experimental data when G |C2|
different voltages are applied in the dark at room tempera- R I I ||
ture. As we can see in Figure 8, at 0V, the fitted curve
matches the measured data compared to other voltages—
all impendence spectra at applied voltages except 0V show
some extra point values [11]. The table mentions all the
corresponding impedance parameters extracted from the
Rer Rpck

curves. The capacitance and resistance values of the equiva-
lent circuit of DSSCs based on the VO, counter electrode are
shown in Table 3.

As shown in Figure 8, the Bode plots show that frequency
is shifted to a lower frequency region with the combination
of TiO,—VO, in the DSSC [51]. The lifetime of the electron
(z,) is calculated from the maximum frequency of the low-
frequency peak (fi,.x) value. Since f,., was inversely associ-
ated with the electron lifetime represented as follows [52]:

1

To=7"—"F—.
‘ 2ﬂfmax

(7)

The change in f,,,, as shown in the above equation,
indicates the reduction in the rate of recombination of charge
involved in the DSSCs. The other parameters derived from
the Bode plot, such as Rcr and Rggc, offer the resistive nature
associated with charge transfer/transport at bulk and inter-
faces and the recombination resistance associated with
recombination at the electrolyte and photocathode inter-
faces, respectively. Here, the electron lifetimes are high,
which reflects a high rate of recombination between the
photoanode and the electrolyte, as represented by Rrgc
[34]. There is strong evidence that the second circle in the
impedance plots shows how the charge transfer process
recombines at the interface, as shown by resistance due to
charge transfer (Rcr) between TiO,/Dye/Electrolyte/VO,.
Moreover, we calculate the charge collection efficiency by
using the relation [53]:

1
14 B’ (8)

Rpec

e =

Furthermore, the charge collection efficiency is calcu-
lated with the help of Equation (8) and found to be
53.61%, 32.95%, and 65.46% at various applied voltages
(—0.4, —0.2, and 0 V), respectively. According to these results
and the examined optoelectronic performance, higher charge
collection efficiency is due to decreased Rcr and higher
charge recombination, which have a significant role in solid
optoelectronic performance [54].

FiGure 9: Electrical equivalent circuit for curve fitting obtained for
VO, as CE in DSSC.

The obtained data have been reconfirmed by the best
match data through simulation using the equivalent circuit
model to the Nyquist plot and shown in Figure 9 for the
purpose of interpreting the spectra of the measured data.

There is a Nyquist plot on the horizontal axis that shows
the operating point of the electrical equivalent circuit. This
plot shows the serial resistance (R;) between conducting clips
and a conducting substrate. In the impedance spectrum, the
first half-circle (low) at high frequency (on the left) shows
the resistance (Rcr) at the point where the counter electrode
meets the electrolyte [51]. In contrast, the second semicircle
at moderate frequency displays the resistance (Rpcg) at
the interface between the photoanode and electrolyte
[22, 55]. The internal series resistance of a DSSC is made
up of two parts: Rcr is the sheet resistance of the conducting
oxide substrates, and Rpcg is the diffusion resistance of I~
ions in the electrolyte. This present work mainly focuses on
electrolyte and counter electrodes [56]. This suggests that the
electrolyte’s ohmic losses and the interaction between the
counter electrode film and electrolyte can be responsible
for the internal series resistance values that were reported
[32, 57]. It is clear from Nyquist plots that the Rct magni-
tude of a VO,-based DSSC is reasonably good, indicating
that the VO,-based DSSC’s high-total internal impedance
directly affects the electron transport mechanism in DSSCs.

4. Conclusion

In the end, the VO, material, which was used as a counter
electrode in DSSCs, was able to make DSSCs that were both
efficient and cost-effective. The structure, shape, and materi-
als used to make the CE had an effect on the device’s general
characteristics and how it was used. FTIR, Raman, and
absorption spectroscopy were used to confirm how the struc-
ture of the device changed and how the materials in it inter-
acted with each other. XRD explains the crystalline properties,
and refinement shows the monoclinic crystal structure of CEs.
FESEM analysis indicates that the grains have a regular shape
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with a dense microstructure. The electrochemical behavior of
the material was recorded via cyclic voltammetry, which
shows the VO, electrode had excellent resistance and better
catalytic activity. The electrochemical impedance test shows
that the VO, CE has a lot of electrocatalytic activity toward
the iodide/triiodide redox electrolyte and a low charge trans-
fer resistance that is the same as the Pt CE in the cell assembly.
There is a very high Voc of 0.80 V and the DSSC PCE of VO,
CE is 2.7% at AM 1.5G and less than 100 mV/cm”.The
obtained results concluded that VO, exhibits improved elec-
trocatalytic properties and increases the PCE of the DSSC.
This accomplishment opens the door for efficient research
to increase the performance of this fantastic and affordable
material, VO,, by carefully tailoring the structure and cell
design to meet the coming energy demand.
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