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Abstract

Photoanode optimization is a fascinating technique for enlightening the power conversion efficiency (PCE) of dye-sensitized
solar cells (DSSCs). In this present study, V,05/ZnO and reduced graphene oxide (rGO)-V,05/ZnO nanocomposites (NCs)
were prepared by the solid-state technique and used as photoanodes for DSSCs. A wet chemical technique was implemented
to generate individual V,05 and ZnO nanoparticles (NPs). The structural characteristics of the as-synthesized NCs were
investigated and confirmed using powder X-ray diffraction (XRD), X-ray photoelectron spectra (XPS), and Scanning elec-
tron microscope (SEM) with energy dispersive X-ray (EDX) analysis. The average crystallite size (D) of the as-synthesized
V,05/Zn0 and rGO-V,0s/ZnO NCs was determined by Debye-Scherer’s formula. The bandgap (eV) energy was calculated
from Tauc’s plots, and the bonding nature and detection of the excitation of electrons were investigated using the Ultra violet
(UV) visible spectra, Fourier Transform infrared (FTIR) and photoluminescence (PL) spectral analysis. Electrical studies
like Hall effect analysis and the Nyquist plots are also described. The V,05/ZnO and rGO-V,05/ZnO NCs based DSSCs
exhibited 0.64% and 1.27% of PCE and the short circuit current densities and open circuit voltages improved from 7.10 to
11.28 mA/cm? and from 0.57 to 0.68 V, respectively.
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1 Introduction

Recently, dye-sensitized solar cells (DSSCs) can be seen
as a talented alternate to the conservative photovoltaic
strategies and has fascinated significant consideration
as they offer the opportunity for low-cost and also high
alteration photovoltaic (PV) energy [1-3]. Over the last
decade, researchers have concentrated on developing a
photoanode (working electrode) with a diversity of mor-
phologies in order to expand the proficiency of DSSCs.
TiO, is the greatest often active photoanode substantial in
DSSCs, owing to its porosity and durable catalytic nature.
Recently discovered interface properties such as charge
departure, converse recombination, and tricking of pho-
togenerated electrons in semiconductor device outsides
self-sufficiently by defining optimal material mixtures
and their gathering [4, 5]. To maximize overall energy
conversion efficiency (ECE), it is essential to construct a
combination of materials consisting of various metal oxide
semiconductors (MOS) that reduces recombination cur-
rents, improves light absorption, ensures a good electric
connection.

Since of their low cost, eco-friendly stewardship, and
significant production, carbonous materials are widely
working to progress photocatalytic (PC) and photovol-
taic (PV) activities. Recently, reduced graphene oxide
(rGO) has been extensively employed as an active sub-
sidiary material for attractive charge transfer and adsorp-
tion capacities owing to its exceptional attributes such as
superior electrical conductivity (EC), high surface area
and also good optical properties. Additionally, the com-
bination of rGO with metal oxides can provide numerous
advantages, including increased performance rate, longer
cyclability, and higher sulphur consumption rates [6, 7].
Metal oxide/rGO NCs are believed to be an important
approach towards broadening the possibilities of MOS in
fields such as energy gathering, alteration, and loading
devices. Various kinds of MOS including rGO-TiO,, rGO-
V,0s, rGO-Zn0O, rGO-Sn0O,, and rGO-Nb,0Os, etc. have
been reported [8].

The various V,0s based attached semiconductors,
including V,05/BiVO,, V,05/Si0,, TiO,/V,05, V,05/ZnO
Au/V,05/Zn0, Ag,0/V,05/TiO,, RGO/V,05 and carbon
nanostructures/V,0Os, have been successfully synthesized in
recent years [9—16]. Recently, Saravanan et al. reported pho-
tocatalytic (PCD) property of V,05/ZnO NCs synthesized
by hydrothermal route [12]. Yin et al. reported the synthesis
and plasmonic PCD activity of Au-decorated V,05@Zn0O
materials [13]. Boruah et al. studied the Fe;0,@V,0,/rGO
NCs as environmental photocatalyst [15].

In this perspective, it is desirable to study the photo-
voltaic (PV) behavior of rGO-V,0s/ZnO NCs. Herein, for
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the first time we introduce the synthesis of V,05 /ZnO
and rGO-V,05/ZnO NCs as photoanode material and
fabricated a DSSC cell. Therefore, rGO-V,05/ZnO NCs
may provide a new generation of materials for outstand-
ing PV activity [16-20]. In the current study, we describe
the solid-state reaction mixture method used to synthesize
V,05/Zn0O and rGO-V,05 /ZnO NCs. We have investigated
physical and chemical properties using XRD, SEM with
EDX, XPS, UV-Vis, FT-IR, PL spectra, Hall effect and
impedance analysis. The photovoltaic (PV) performance
of V,05/Zn0 and rGO-V,05/ZnO NCs integrated photo-
anode in DSSCs was assessed under ordinary simulated
sun light intensity of 100 mW cm™2.

2 Experimental details
2.1 Materials

As precursors, cetyl trimethyl ammonium bromide (CTAB),
sodium metavanadate, ammonium chloride (NH,Cl), zinc
nitrate, sodium hydroxide, rGO and ethanol solution are
employed. The materials are purchased in Hi-media AR
grade used without additional purification. Pilkington pro-
vided indium doped tin oxide glass plates (TEC7) with
resistance of 15-25 Q/cm~2. N719 dye was acquired from
Sigma-Aldrich. For sample preparation and washings, dou-
ble deionised (DD) water was used.

2.2 Characterization techniques

Crystalline structure of V,05/Zn0O and rGO-V,0s/ZnO NCs
were characterized by PAN analytical X’PERT PRO dif-
fractometer (Cu Ka radiation, k=1.54 IOA). Scanning electron
microscopy (JEOL-JSM 5610LV) coupled with an energy-
dispersive X ray (EDX) analyser was used to investigate the
morphology and elemental compositions of the as-prepared
composites. The ULVAC-PHI X-Ray photoelectron spec-
trometer was employed for XPS analysis (PHI5S000). The
FTIR spectrum was obtained using a Perkin Elmer Spectrum
Two instrument with a range of 4000-400 cm™'. Shimadzu
model spectrometer was used to record the UV—-Visible
spectrum. The PL spectrum was measured with a Shimadzu
RF-5301PC spectro-fluorophotometer. Ecopia HMS-7000
Photonic Hall Effect Measurement System was used to
determine electrical properties such as carrier concentration
(n), mobility (u), resistivity (p) and conductivity (o). Hioki
IM3536 General Purpose LCR Meter, DC 4 Hz to 8 MHz,
was used to measure the impedance [ratio of Voltage to Cur-
rent (V/I)] value. Photo Emission Technology solar simula-
tor from Newport (Oriel QEPVSI-B IPCE System) was used
for current—voltage characterization studies.



Carbon Letters (2024) 34:13-24

15

2.3 Synthesis of V,0; and ZnO nanoparticles

The synthesis of vanadium penta oxide (V,0s) and zinc
oxide (ZnO) nanoparticles (NPs) were prepared by chemi-
cal wet method. Initially, 100 ml of DD water with 8§ mM
sodium metavanadate fully dissolved was subjected to con-
tinual stirring. After that, the solution was thoroughly dis-
solved in 200 mM of NH,Cl. After a few minutes, the solu-
tion’s colour changed from murky to clear, then to smokey.
Ten minutes later, 10 mM of Cetyl trimethyl ammonium
bromide (CTAB) was included in the solution, and the
temperature of the synthesis was elevated to 80 °C. Colour
of the solution transformed from orange to dark brown. A
transparent yellow colour appeared in the solution after an
hour. The final product was dried for 4 h, then permitted to
cool to ambient temperature and calcinated for 4 h at 420 °C.
For preparation of ZnO NPs, 1.2 M of sodium hydrox-
ide (NaOH) in aqueous ethanol solution and 0.7 M of zinc
nitrate in aqueous ethanol solution were both stirred for
an hour. The prepared NaOH aqueous solution was added
dropwise to the zinc nitrate solution while being constantly
stirred at high speed. The remaining sodium hydroxide was
added, and the reaction was allowed to proceed for 2 h. After
being centrifuged for 10 min at 6000 rpm, the solution was
left to settle for a few hours. Thus, precipitated ZnO NPs
were dried in a muffle furnace for 1 h at 60 °C and the final
product was then annealed at a temperature of 420 °C.

2.4 Synthesis of rGO-V,0,/Zn0 nanocomposites

The process of rGO-V,05/ZnO NCs was carried out via
standard solid-state reaction method. Prepared V,05 and

ZnO NPs were mixed with rGO in various stochiometric
ratios. The mixture was extensively crushed in a mortar and
pestle to obtain the best reaction activity and homogeneity.
Ethanol was slightly added as a solvent to serve as a reaction
medium. The combined mixture was heated at 450 °C for
6 h in a muffle furnace and was eventually cooled to room
temperature before being taken out. A schematic diagram
of solid-state reaction method for the preparation is shown
in Fig. 1.

2.5 Fabrication of photoanodes

The ITO glasses were cleaned in an ultrasonic water bath
with acetone, ethanol, and DD water before being dried in
hot air. The doctor blade technique was implemented to coat
a photoanode consisting of prepared NCs (V,05/ZnO and
rGO-V,05/Zn0). Before starting the slurry coating proce-
dure, the necessary amount of rGO-V,05/ZnO NCs pow-
der and acetyl acetone is coarsely crushed in a mortar. ITO
slides were coated with a fine slurry of rGO-V,05/Zn0O and
dried in a muffle furnace for 30 min at 420 °C. The con-
sistent approach was employed to generate the V,05/ZnO
photoanodes. Dropping chloroplatanic hydrate acid on a
conducting glass substrate and annealing it in air at 420 °C
for 30 min resulted in the formation of a Pt electrode [21,
22]. Figure 2 shows coated photoanodes made from V,05/
Zn0O and rGO-V,05/Zn0O NCs.

2.6 Fabrication of DSSCs

In general, the produced photoanodes were immersed in a
solution containing N719 dye for 24 h in a dark environment

Fig.1 Schematic diagram of
synthesis of nanocomposites

Raw materials
V20s

-

Dry & Wet grinding
(Ethanol) for 6 hrs

Prepared

Nanocomposites
V205/ZnO

Annealed at450°C

V205/ZnO0/rGO
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Fig.2 Prepared V,05/Zn0O and
rGO-V,04/Zn0O photoanodes

rGO-V,0;/ ZnO
—— V05
ZnO

(101)

(110)

Intensity (a.m.u)
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2 Theta (degree)

Fig.3 XRD pattern of V,05 ZnO and rGO-V,05/ZnO NCs

[23]. Following the dye adsorption, the substrates were
rinsed with ethanol to remove excess dye and dried in hot
air. Consequently, the DSSCs were fabricated by clipping
together prepared photoanodes with Pt counter electrodes.
The I-/1;- redox electrolyte, which included Nal and I,, was
injected into the DSSCs using a small syringe [24]. The
calculated active regions of cells are 1.1 cm?. All the fab-
rication and characterization processes were carried out in
an ambient atmosphere without any protective atmosphere.

3 Results and discussions

3.1 XRD diffraction analysis

Figure 3 shows the XRD pattern of as-synthesised V,05
Zn0O NPs and rGO-V,045/Zn0O NCs. The V,05 individual
peaks have 20 values at 15.23°, 20.66°, 25.91°, 29.16°,

37.43°, 40.59°, 43.12°, 44.19°, 45.53°, 46.10°, 49.20°,
51.73° and 57.3° equivalent to the planes (200), (001), (110),
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(301), (407), (311), (102), (202), (411), (510), (112), (212)
and (121), respectively. This result reveals that V,05 phase
(orthorhombic) is well aligned with standard data base of
JCPDS card no: 77-2418. On the other hand, the observed
26 peaks for ZnO of 32.29°, 34.89°, 36.74°, 47.93°, 63.25°,
66.84°, 68.37° and 69.52° correspond to (100), (002), (101),
(102), (103), (200), (112) and (201) planes, respectively,
and are matched with JCPDS card no 89-1397. The minor
detected peaks at 22.08° and 41.98° are related to the (002)
and (100) plane of rGO, respectively. Similar results were
reported by Stobinski et al. [25]. The calculated average
crystallite size (D) of the rGO-V,05/Zn0O is found to be
14.12 nm using Debye Scherrer’s formula.

3.2 SEM with EDX analysis

The surface morphology and average particle size was
examined by scanning electron microscopy (SEM) analysis
(Fig. 4). V,05/Zn0 possess a cluster of spherical shaped
materials with particle size of ~36.8 nm (Fig. 4a, b) and it
is also evident that there are very tiny group of small clus-
ters stacked together with diameter of 13 to 25 nm spheres
in the case of V,05/ZnO/rGO (Fig. 4c, d), which indicates
the presence of rGO in the NCs. It is important to note that
the average crystallite sizes results obtained from XRD are
well matched with SEM images. From EDX analysis, it is
confirmed that the as-prepared samples have no impurities
and have 50.92% of C, 22.65% of O, 17.37% of V and 9.06%
of Zn for V,05/ZnO/rGO NCs and for 24.45% of O, 51.87%
of V and 23.67% of Zn for V,0s/ZnO (Fig. 5) [26].

3.3 XPS spectrum

To probe the electronic structure and chemical environment,
XPS spectra are investigated. All four elements (C, V, O
and Zn) given by XPS scan are shown in Fig. 6a. The XPS
spectrum for rGO—V,05/ZnO NCs indicate the presence
of C 1 s at 284.8-289.1 eV, V 2p at 517-535¢eV, O 1 s at
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Fig.4 SEM Images of a, b 2 pm, 5 pm for V,05/Zn0O and ¢, d 2 pm, 5 pm for rGO-V,05/ZnO nanocomposites

530.5-532.5 eV, and Zn 2p at 497 eV-1021 eV as illustrated
in Fig. 6a.

The XPS scan for carbon content in the samples confirms
the C 1 s peaks (Fig. 6b) at 284.8 eV, 286 eV and 289.1 eV.
Furthermore, the XPS scan for vanadium shows peaks at
517.7eV and 525 eV ascribed to V 2ps, and V 2p, ,, respec-
tively. The small minor peaks at 530.5 eV and 532.4 eV of V
2p peaks confirm the presence of vanadium (Fig. 6¢). In Zn
2p spectrum (Fig. 6d), Zn 2p5,, peak is observed at a binding
energy of 1021.6 eV indicating the presence of Zn content.
As shown in Fig. 6e, the high intensity peaks at 530.5 eV
and 532.4 eV are attributed to O 1 s [27-29] and confirm the
presence of oxygen.

3.4 UV ViS analysis

The prepared rGO-V,05 /ZnO NCs have absorption in
the visible and UV range of the light spectrum with an
absorption edge at 582 nm, whereas the V,05/ZnO NCs

have UV light absorption edge between ~ 320 and 585 nm.
From Fig. 7a, it is noticeable that absorption bands move
towards the lower wavelength (blue shift) compared to
rGO-V,05/Zn0O NCs. To find the conducting behavior, we
have determined the bandgap energy (Eg) of synthesized
NCs. The Eg values, which were calculated by plotting
Taucs plot graphs, are found to be 2.54 eV for V,05/Zn0O
and 2.64 eV for rGO-V,05/Zn0O as shown in Fig. 7b.
rGO has an absorption edge at 256 nm (Fig. 7a) which
agrees with the earlier report [8]. rGO-V,05/Zn0O absorp-
tion spectrum is wider compared to individual rGO and
V,05/Zn0O nanomaterials. The inclusion of rGO clearly
broadens the spectrum and leads to the red shift observed
in absorbance in the range of ~250 nm (Fig. 7a). This
confirms the presence of rGO in the prepared samples.
Therefore, the increased bandgap and the observed wide
absorption peaks indicate that the prepared NCs could
have good photovoltaic behaviour. In both NCs we can
see nearly the same cut-off wavelength but with a large
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Fig.5 EDX images of rGO-
V,04/ZnO and V,05/ZnO -
nanocomposites ' |
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difference in absorption coefficient. This also shows the
significant role of rGO.

3.5 FT-IR spectrum

FT-IR spectrum for rGO-V,05/ZnO NCs was recorded in
the range of 400-4000 cm™~! and is shown in Fig. 8. From
the FTIR spectrum, various functional groups and metal
oxide (MO) bonds present in the composite were analyzed.
The vibration bands observed in the ranges from 600 to
850 cm™!, which are attributed to the characteristic stretch-
ing modes of Zn—0 and V=0 bonds. The peaks at 622 cm™"
(asymmetric stretching V-0-V), 835 cm™! (symmetric
stretching, V-0), 1012 cm™! (symmetric stretching, V=0)
and the peak were observed at 516 cm™! indicated Zn—O
band [30]. A tiny band at 2923 cm™! is due to C-H groups. A
wide band at 3439 cm™! indicates the presence of hydroxyl
residue [31, 32].
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3.6 Photoluminescence (PL) spectrum

Photoluminescence (PL) spectra of the rGO-V,05/Zn0O
NCs are shown in Fig. 9. The two typically sharp peaks
observed at ~469 nm and 606 nm, correspond to near band
edge (NBE) emission and deep level emission (DLE),
respectively. A lower intensity of PL reveals low charge
recombination. Both V,05/ZnO NCs and rGO-V,05/ZnO
NCs exhibit approximately the same wavelength (nm)
range but rGO-V,05/ZnO NCs shows lowest intensity
compared to the other, which suggests that there is elec-
tron-hole (e—h) pair recombination in the synthesized
rGO-V,05/Zn0. PL studies shows good agreement with
UV-Vis studies and revealed that the synthesized NCs
could be used in opto-electronic devices.
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Fig.9 Photoluminescence spectrum for prepared nanocomposites

3.7 Electrical studies
3.7.1 Hall effect analyses

The electrical properties such as carrier concentration (n),
mobility (u), resistivity (p) and conductivity (o) for the syn-
thesized rGO-V,05/ZnO NCs are studied using the Hall
effect method and the results are shown in Table 1. From the
earlier reports [33, 34], it is clear that pure V,05 and ZnO
possess n-type conductivity, while in case of rGO it behaves
either as p- or n-type material depending on the temperature
treatment. In this work, the Hall effect results reveal that
the prepared nanocomposites exhibit n-type behaviour and
the carrier concentration is found to be 4.94x 10'2 cm™>.
Mobility is an important parameter to consider in assess-
ing the performance of photovoltaic (PV) devices. A higher
mobility will reduce the recombination of photo-generated
charges and increases the efficiency of PV devices.

3.7.2 Nyquist plots

Electrochemical Impedance Spectroscopy (EIS) is used to
generate Nyquist plots for investigating the charge trans-
fer process and determining the values of resistance and
capacitance of the devices. The characterization is analyzed
in the frequency range of 100-400,000 Hz. Nyquist plots
were drawn for real parts and imaginary parts of the imped-
ance values in X and Y axis, respectively. The value of real
impedance depicts the value of the resistance of the sam-
ples. The resistance of rGO-V,05/ZnO NCs, which can be
analysed from the Nyquist plots by measuring the diameter
of the semicircle (Fig. 10), was found to be ~6500 €. The
higher resistance value will slow down the movement of
electrons in this aspect and from earlier reports we can con-
clude that rGO-V,05/ZnO NCs have lower resistance values,
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Table 1 Hall Effect Sample Type  Hall coefficient n u p o
measurements of rGO-V,05 / (cm™3) (ecm2V-!S™y  (Qem) @ 'em™)
ZnO NCs
1GO -V,04/Zn0  n 1.87x10° 4.94x102 2375 1.82x107°  4.05x10?
2500 Table 2 Photoelectrochemical (PEC) parameters for V,05/ZnO and
Ll rGO - V,0,4/Zn0 tGO-V,04/Zn0 DSSCs
L] |
- L]
2000 o " Sample Jse Voc FF n
= " mA/cm? v % %
[ ] l.
L}
1500 4 = '-. V,05/ZnO 4.028 0.245 0.72 0.715
c . 1 rGO-V,04/ZnO 4.64 0.461 0.58 1.201
. u (]
N 1000
-
500 - The fill factor (FF) and power conversion efficiency (5) of
fabricated DSSCs are estimated using the relation given
0 by Egs. (1) and (2).
0 2000 4000 6000 8000
Z. (Q) FF = Jmax' Vmax/ Jsc' Voc (1)
where, J .. is the maximum current density, V., is the

Fig. 10 Nyquist Plot of rGO-V,05/ZnO nanocomposites
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Fig. 11 J-V Characteristic curves of rGO-V,05/ZnO nanocomposites
photoanode based DSSCs

which are revealed from the electrical studies. This finding
confirms the enhanced photovoltaic (PV) behaviour of the
rGO-V,05/Zn0O NCs.

3.8 Photoelectrochemical (PEC) parameters
Current density—Voltage (J-V) curves of the prepared

V,05/Zn0 and rGO-V,05/Zn0O photoanodes are (Fig. 11)
measured under simulated 100 mW/m? power generation.

maximum voltage, J . is the short-circuit current, V. is the
open-circuit voltage and P, is the power of incident light.
Power conversion efficiency (PCE) was determined using
Eq.2

n=1J.V,..F/P,.100% )

From Fig. 11, it can be observed that rGO-V,05/ZnO
photoanodes exhibit higher device performance than
V,05/Zn0O photoanodes. The cells based on 1tGO-V,04 /
ZnO photoanodes show an enhanced PEC values which
are tabulated in Table 2. The work function of reduced
graphene is sufficient for charge separation, and addition
of rGO can increase the electrical conductivity of pho-
toanodes [35, 36]. Thus, the rGO serves as the electron
acceptor and facilitate rapid transport of photo gener-
ated electrons, thereby decreases the e—h recombination
rates [37-40]. The lower power conversion efficiency
(PEC) values for V,05/Zn0O photoanodes may be due to
less conduction path between anodes and low dye load-
ing behaviour. Furthermore, adding rGO enhances the
efficiency of DSSCs, which can be evidently proved by
electrical analysis and J-V curves. Table 3 various Pho-
toanode materials and their photoconversion efficiencies.
Though various photoanodes with higher efficiency have
been reported earlier, rGO-V,05/ZnO NCs as photoanodes
for DSSCs have been successfully fabricated for the first
time and reported in this work. DSSCs with V,05/Zn0O
exhibit a short-circuit current density of 4.02 mA/cm?, an
open-circuit voltage of 0.245 'V, fill factor of 0.72% and
overall efficiency as 0.71%.
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Table 3 Various photoanode

: L Photoanode material Method PCE (%) References

materials and their

photoconversion efficiencies TiO, aerogels Sol gel 52 [38]
TiO, Nanoleaves Anodization 8.5 [39]
Ti0,/ZnO Anodization 3.98 [40]
TiO,—CdX Hydrothermal 13.3 [41]
Ag@C @ZnO Hydrothermal 3.60 [42]
Ta-doped SnO, Spray pyrolysis 3.36 [43]
Ag-doped SnO,/TiO, Hydrothermal 6.93 [44]
TiO, -Sn0O, hybrid sol-gel 4.96 [45]
NiS/AB (acetylene black) Electrochemical deposition 6.75 [46]
Ni;S, @MWCNTs Hydrothermal 7.48 [47]
f-MWCNTs@NiMoSe, Hydrothermal 7.39 [48]
CoS,@MWCNT Hydrothermal 8.85 [49]
rGO/NiFe,0, Hydrothermal 8.41 [50]
rGO/ZnFe,0, Hydrothermal 8.71 [51]

4 Conclusions References

In summary, a solid-state reaction method was used for
the synthesis of rGO-V,05/Zn0O and V,05/ZnO NCs as
photoanodes in DSSCs which were successfully fabricated
and characterized. Powder XRD, SEM with EDX, XPS
and FTIR results confirmed the successful formation of
the NCs. Morphological analysis revealed the uniform
formation of rGO-V,05/Zn0O and V,05/ZnO NCs with
average particle size around 13 ~25 nm and 20-60 nm,
respectively. The Tauc’s plots revealed a bandgap energy
of 3.14 eV and provided evidence that the inclusion of
rGO made the absorption spectrum wider, caused a red
shift obtained in the UV—-Vis absorbance, and introduced
changes in the charge transfer behaviour of photovoltaic
(PV) process. In addition, the incorporation of rGO in the
V,05/Zn0O NCs improved the PCE parameters such as
open-circuit voltage, short-circuit current density, FF and
efficiency of fabricated DSSCs. The low resistance and
carrier concentration values and high mobility nature fur-
ther helped for the enhancement of the photovoltaic (PV)
performances. Overall, the structural, optical and electri-
cal results for the prepared rGO-V,05/ZnO NCs indicate
that high performance photovoltaic (PV) devices can be
achieved.
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