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Abstract: Recent research is focused on few layered graphene (FLG) with various metal oxides
(MOs) as (MOs; CeO,, CuO, SnO,, CdO, ZnO, and TiO,) nanocomposite materials are alternatives
to critically important in the fabrication of solar cell devices. In this work, FLG with different MOs
nanocomposites were prepared by a novel eco-friendly viable ultrasonic assisted route (UAR). The
prepared FLG/MO nanocomposites were performed with various characterization techniques. The
crystal and phase compositional were carried out through using X-ray diffraction technique. Surface
morphological studies by field emission scanning electron microscope (FE-SEM) and high-resolution
transmission electron microscopy (HR-TEM). Spectroscopic methods were done by Raman and
UV-Vis Diffuse reflectance spectra (UV-DRS). The prepared FLG/MO nanocomposites materials
were used as a photoanode, in the fabrication of dye sensitized solar cells (DSSCs). Compared to
TiO, nanoparticles (NPs) and other FLG/MO nanocomposites, FLG/TiO, nanocomposites exhibited
superior photovoltaic properties. The obtained results indicate that FLG/TiO, nanocomposites
significantly improved the power conversion efficiency (PCE) of DSSCs. The photovoltaic analyses
were performed in a solar simulator with an air mass (AM) of 1.5 G, power density of 100 m W/m?,
and current density-voltage (J-V) was investigated using N719 dye.

Keywords: few-layered graphene; FLG/metal oxides nanocomposites; photoanode; solar cell; solar
simulator; dye-sensitized solar cells

1. Introduction

Solar cells are most likely to be the primary source of energy in the future. For the
development of solar cells, various methodologies have been used. Solar cells are divided
into three generations: first-generation (1 G), second-generation (2 G), and third-generation
(3 G) solar cells. The 1 G solar cells, which contain silicon, are also known as conventional
or wafer-based cells (polysilicon and monocrystalline) [1]. Solar cells made of crystalline
silicon have achieved a PCE of up to 26.6%. They are, nevertheless, distinguished by
difficult preparation conditions and a high cost [2,3]. Thin-film solar cells with direct
bandgap semiconductors, such as gallium arsenide (GaAs), cadmium telluride (CdTe),
copper indium gallium selenide (CIGS), and copper zinc tin sulphide (CZTS), are used as
2 G solar cells [2]. Compared to silicon solar cells, the production cost of thin-film solar
cell is low, but the fabrication technique still involves high-temperature and vacuum vapor
deposition processes. Furthermore, poisonous and uncommon metals are a key constraint,
restricting their widespread application [4,5]. Third-generation, or 3 G, solution-processed
solar cells, such as organic solar cells, quantum dot sensitized solar cells, and dye sensitized
solar cells have been developed to address these issues [6]. Later, in some preliminary
research, Gratzel and O'Regan [7-11] proposed a low-cost method of producing DSSCs as
an alternative to silicon-based solar cells.
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mesoporous TiO,

The DSSCs are made up of a dye-sensitized mesoporous TiO, film, interpenetrated
by a liquid electrolyte contacting a redox iodine/iodide couple [12-14]. Even though the
PCE of DSSCs is lower than 1 G and 2 G, the extensive ongoing research in this field has
shown potential for improvement in their efficiency. Over the last decade, researchers
have been working hard to develop a photoanode (working electrode) with a variety of
morphologies in order to improve the efficiency of DSSCs. TiO; is the most often employed
photoanode material in DSSCs due to its porosity and strong catalytic nature for dye
loading. Sustainable DSSCs were constructed utilizing flat TiO, electrodes that produced
light currents slowly through dye via adsorption, resulting in lower efficiency of 1% [15].

In this perspective, we introduce FLG/MOs nanocomposites (FLG/CeO,, FLG/CuO,
FLG/SnO,, FLG/CdO, FLG/ZnO, and FLG/TiO;) were used as photoanode material in
DSSCs as shown in Figure 1. As graphene/MOs (MOs: CeO,, CuO, SnO,, CdO, ZnO, and
TiO;) nanocomposites were used as photoanode materials in DSSCs, it appeared to be a
possible way to improve charge transfer, reduce charge recombination, and to improve
solar cell efficiency. To date, metal oxide semiconductors, such as ZnO, SnO,, TiO,, NiO
Fe; 03, and Cu;0, have been added to graphene due to their increased optical absorption,
low cost of raw materials, and non-toxicity. Chemical interactions and bonding between
graphene sheets and NPs are optimized owing to controlled nucleation and growth. Using
nano-sized materials in solar cells and growing NPs on graphene sheets is key to producing
nanocomposites. For price reduction and improved DSSCs performance, the researchers
focus on exploiting graphene/metal oxide and alternate materials rather than employing
ancient graphene.

FLG

Metal oxides

M sty R This is Changed to FLG/Metal oxide (FLG/CeQ,, FLG/Cu0,

FLG/SNn0,, FLG/CdO, FLG/Zn0, and FLG/Ti0O,) nanocomposites

Figure 1. Schematic diagram of DSSCs with FLG/MO nanocomposites as a photoanode.

Present research work FLG /MO nanocomposites prepared by simple technique UAR,
followed by calcination with varying temperatures for different MOs (CeO,, CuO, SnO,,
CdO, ZnO, and TiO,). The doctor blade (DB) approach was used to coat the FLG/MO
nanocomposites (photoanodes) on a fluorine-doped tin oxide (FTO) conductive substrate.
The impact of FLG in metal oxides on DSSCs characteristics, including Voc (open circuit
voltage), Jsc (current density), FF (fill factor), and PCE (power conversation efficiency)
were studied.

2. Materials and Methods
2.1. Materials

Graphene oxide (GO, Sigma Aldrich), ethanol (C;H50H, >99.5% Sigma Aldrich), hy-
drazine monohydrate (N;Hy, 98% Sigma Aldrich), metal acetates (X (CH3COO),, (X = Ce,
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Cu, Sn, Cd, and Zn, >99.9% Sigma Aldrich), titanium tetraisoproapoxide (TTIP, 99.9%
Sigma Aldrich), distilled water, FTO-coated glass substrates (Pakington TEC15 ~10 Q/cm?),
de-ionized water, acetone (>99.5%, Sigma Aldrich), titanium dis isopropoxide bis (acety-
lacetonate) (99.9% Sigma Aldrich), titanium tetrachloride (TiCly, 99.7% Sigma Aldrich),
N719 (ditetrabutylammoniumcis bis(isothiocyanate) bis (2,2'bipyridyl 4,4’ dicarboxylato)
ruthenium (II)) dye (Sapala Organic PVT Ltd., Hyderabad, India), bis (isothiocyanate) bis
(2,2'bipyidyl 4,4 dicarboxylato) liquid electrolyte (dimetylpropylimidazolium iodide, io-
dine, tert-butyl pyridine, lithium iodide in 3-metthoxyacetonitrile, all 99.9% Sigma Aldrich),
platinum (Pt) sputtered FTO, and silver paste (>75% Sigma Aldrich).

2.2. Synthesis of FLG/Metal Oxide Nanocomposites

The modified hummer’s approach was used to produce GO, which was then dispersed
in ethanol using an ultrasonic procedure [16]. Figure 2 shows the FLG/MO (MOs; CeO,,
CuO, 5n0,, CdO, ZnO, and TiO,) nanocomposites made with an Ultrasonicator (Model No:
500, 20 KHz Frequency, 500 W). Herein this method, by sonication for 30 min, 0.5 g of GO
was disseminated in 200 mL ethanol to obtain a dark brown color. An appropriate amount
of metal acetates (Ce, Cu, Sn, Cd, Zn) and TTIP were added to the above GO solution.
Final step was to add 2 mL of N,Hy solution to the dispersion. The resultant solution was
transfer to a 500 mL level and sonicated for 2 h in an ultrasonic chamber. To avoid moisture,
it was filtered and cleaned multiple times with distilled water before being dried in a hot
air oven at 90 °C for 5 h. Consequently, the FLG/MOs nanocomposites were calcined in
a muffle furnace. Those temperatures were FLG/CeO, at 600 °C for 4 h [17], FLG/CuO
at 600 °C for 4 h [18], FLG/SnO, at 600 °C for 4 h [19], FLG/CdO at 400 °C for 4 h [20],
FLG/ZnO at 400 °C for 12 h [21], and FLG/TiO, at 400 °C for 2 h [22]. For comparison,
pure metal oxide (MOs; CeO,, CuO, SnO,, CdO, Zn0O, and TiO,) NPs were also produced
by the same technique without GO and followed by different calcination temperatures.
During the procedure, GO has transformed into FLG, simultaneously, nano-sized metal
oxides (CeO,, CuO, SnO,, CdO, ZnO, and TiO,) decked FLG.
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Figure 2. The synthesis process of FLG/MO nanocomposites (MOs; CeO,, CuO, SnO,, CdO, ZnO, and TiOy).
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2.3. DSSC Device Fabrication
2.3.1. Preparation FLG/Metal Oxides Nanocomposite Paste

FLG/MOs (FLG/CeO,, FLG/CuO, FLG/SnO,, FLG/CdO, FLG/ZnO and FLG/TiO,)
nanocomposites paste used as a photoanode prepared by the following method. In the
primary part, 2.0 g of FLG/metal oxides (FLG/CeO,, FLG/CuO, FLG/5nO,, FLG/CdO,
FLG/ZnO, and FLG/TiO;) powder was circulated in 20 mL of ethanol and exposed to
ultrasonication bath for 30 min. After that, for stable colloidal spreading, the solution was
pulverized in a porcelain motor and pestle. Ethanol prevents the coagulation of FLG/MOs
(FLG/CeO,, FLG/CuO, FLG/SnO,, FLG/CdO, FLG/Zn0O, and FLG/TiO;,). Further, 1ml
polyethylene glycol (PEG) (MW:10,000) was added for keeping the same viscosity and
concentration. Finally, a limited drop of a detergent (Triton X-100) was added to reduce
to the paste’s surface tension, make it easier to spread evenly, and prevent the creation
of surface cracks. In the second part, MOs NPs (MOs; CeO,, CuO, SnO;, CdO, ZnO, and
TiO,) were dissolved in ethanol and ultrasonically dispersed for 30 min to obtain a stable
colloidal dispersion, using the similar overhead procedure.

2.3.2. Device Fabrication

FTO-coated conductive glass substrates have been used to fabricate DSSCs, used
as a photoanode, shown in Figure 3. FTO were cleaned for 15 min through de-ionized
water, acetone, and ethanol before ultrasonication. Then, a blocking layer of titanium dis
isopropoxide bis (acetylacetonate) was spin coated at 2000 rpm for 30 s on the cleaned
FTO, then annealed at 450 °C for 30 min. The produced FLG/MO nanocomposites pastes
were coated on the FTO substrate using the DB technique. After that, the coated films were
annealed for 30 min at 450 °C. The films were again annealed at 450 °C for additional 30 min
after being soaked in a 30 mM TiCly aqueous solution for 30 min at 70 °C. For evaluation, a
reference functioning photoanode was created using pure metal oxide paste, without FLG
inclusion, using a similar process. The films were then annealed at 450 °C for 30 min, cooled
to 35 °C, and then immersed in N719 (Ditetrabutylammoniumcis bis (2,2'bipyridyl 4,4’
dicarboxylato) ruthenium (II) dye solution with a concentration of 0.5 x 1073 M in ethanol
for dye absorption for 24 h. After dye absorption, all of the samples were again cleaned with
ethanol and distilled water before being employed as a photoanode for DSSCs. The counter
electrodes are formed as a sandwich type cell, using two clamps and are constructed of
platinum (Pt) sputtered FTO. The organic solvent-based liquid electrolyte was made with a
solution of 0.6 M dimetylpropylimidazolium iodide, 0.1 M iodine, 0.5 M tert-butylpyridine,
and 0.1 M lithium iodide in 3-metthoxyacetonitrile. The area between the two electrodes
(counter and photoanode) was filled with a few drops of the electrolyte using a syringe.
The constructed cell’s active area was 0.25 cm? and electrode contact was created with
silver paste.

2.4. Characterizations

X-ray diffraction (XRD, Model No: Bruker D8 Advance), filed emission scanning elec-
tron microscopy (FE-SEM, Model No: Carlzeiss ultra-55) and high resolution-transmission
electron microscopy (HR-TEM, Model No: JEOL JEM 200 CX) were used to characterize the
prepared MOs and FLG/MO nanocomposites, as well as crystal structure and surface mor-
phological analyses. Raman (Model No: A WITec Alpha 330R) was used for spectroscopic
approaches and UV-Vis Diffuse reflectance spectra (UV-DRS, Model No: JASCO V-670) will
be used to investigate light absorption. The thickness and roughness of the produced MOs
and FLG/MO nanocomposite photoanodes thin films were evaluated using an optical
profilometer (Model No: PS 50). The (J-V) parameter of the DSSCs were measured using a
solar simulator (Model No: Oriel Class 3A) with Kethley 2440 source meter.



Sustainability 2021, 13, 7685 50f 18

() (i (h) @ _—

FLG/MO nanocomposites
Tio, blockmg layer

(k)

(m)

Figure 3. DSSCs devices fabrication process; (a) FTO-coated substrate, (b) ultrasonication (c) blocking layer deposited by
spin coating technique, (d) annealing process, (e) doctor blade method, (f) again annealing process, (g) TiCl treatment,
(h) again annealing process, (i) dye immersion (j) After dye absorption (k) platinum sputtered FTO substrate, (1) assembled
as a sandwich type cell, (m) DSSCs device of FLG/MO nanocomposites.

3. Results & and Discussion
3.1. Structural & Surface Morphological Studies
3.1.1. X-ray Diffraction Analysis

Figure 4 shows X-ray diffraction of synthesized MOs (MOs: CeO,, CuO, SnO,, CdO,
ZnO and TiO,) and FLG/MO (FLG/CeO,, FLG/CuO, FLG/SnO,, FLG/CdO, FLG/Zn0O,
and FLG/TiO;) nanocomposites. The CeO; individual peaks are 20 values at 28.5°, 33°,
47.7°,56.3°,69.4°, 77° and 79° respectively, equivalent to the planes (111), (200), (220), (311),
(400) (331), and (420). The results reveals that the CeO, phase (cubic) obtained outcomes
are well aligned with the standard database of the joint committee on powder diffraction
standards (JCPDS).

On the other hand, CuO diffraction planes are (110), (111), (111), (202), (020), (202),
(113), (022), (022), (311) (220), (311), and (004) were observed with the matching their 26
values. The outcomes are coordinated with the JCPDS File shows for monoclinic structure.
In the case of SnO,, the diffraction pattern exhibited a tetragonal structure. The tetragonal
structure showed 20 peaks at 26.8°, 33.9°, 37.9°, 51.8°, 54.8°, 57.7°, 61.8°, 64.8°, 66.0°, 71.2°,
and 78.6°, the corresponding to basal spacing (100), (101), (200), (211), (220), (020), (311),
(d112), (301), (202), and (321) planes are well matched with standard values respectively.
The prepared CdO exhibited anatase crystalline phase with consistent planes are ((111),
(200), (220), (311), and (222), respectively. The outcomes results are coordinated with JCPDF
values. ZnO has the diffraction planes (100), (002), (101), (102), (110), (103), (112), (201),
(004), and (202) with their associated 20 values. The XRD data for wurtzite hexagonal
phase structures were found to match the JCPDS File. The planes (101), (004), (200), (105),
(211), (204), and (220) correspond to the anatase crystalline phase of TiO,. In all FLG/MO
nanocomposites, a minor peak is detected at (20 = 26.1°) which signifies the (002) plane
FLG [23]. The distinctive (002) peaks are difficult to recognize in FLG/SnO; and FLG/TiO,
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nanocomposite because the FLG peaks are weak and overlap with the (110) peak of SnO,
(26.4°), and the (101) plane overlaps with TiO, (26.3°).
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Figure 4. X-ray diffraction pattern of MOs (MOs; CeO,, CuO, SnO,, CdO, ZnO and TiO,) and FLG/MO (FLG/CeO,,
FLG/CuO, FLG/Sn0O,, FLG/CdO, FLG/ZnO, and FLG/TiO;) nanocomposites.

The resulting patterns are consistent with the occurrence of pure MOs and their
composites. JCPDS files are well-matched with these MOs, and its composites have notable
peaks that correlate to their 26 values. The Debye—Scherrer formula [24] is used to calculate
the average crystalline. Table 1 displays the determined average crystalline sizes.

Table 1. Average crystalline size of MOs and FLG/MO (MOs; CeO,, CuO, SnO,, CdO, ZnO, and
TiO;) nanocomposites.

MOs and Average Crystalline Crystal JCPDF
FLG/MO >
. Size (nm) Structure Data Base
Nanocomposites
CeO; 25 '
L FLG/CGOZ 23 cubic 34-0394
CuO 21 o
2. FLG,/CuO 20 monoclinic 05-0661
5nO; 26
> FLG/SnO, 4 tetragonal 41-1445
Cdo 20
4 FLG/CdO 18 anatase 05-0640
ZnO 22
> FLG/ZnO 20 hexagonal 36-1451
6. TiO, 18 anatase 21-1272

FLG/TiO, 16
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Figure 5 shows the surface morphology of prepared FLG/MO nanocomposites as
examined by FE-SEM. Figure 5a, the surface morphology of CeO is observed as the rect-
angular shaped texture, replicating its layer structure. The shape of FLG/CeO; nanocom-
posite and the surface area roofed CeO, decked on FLG sheet is conserved after ultrasonic
treatment, as shown in Figure 5b. The CuO and FLG/CuO nanocomposites were shown in
Figure 5c,d. In the images, a trend is very conspicuous and can be noted to understand the
morphological changes in these materials. The electron micrograph reveals that CuO NPs
appear in the form of spheres, shown in Figure 5¢, and in FLG/CuO, for Figure 5d, some
of the CuO nanoparticles were decorated on the FLG sheet. Figure 5e,f ascribed the image
of the SnO, NPs and FLG/5SnO, nanocomposite. The trigonal rod-like morphology of the
SnO; NPs is observed (Figure 5e), and the surface area is almost covered with pure SnO,
NPs is shown in Figure 5f.

] s

g

.;' i
—100 nnt ?""

Figure 5. FE-SEM images of MOs and FLG/MO nanocomposites; (a) CeOp NPs, (b) FLG/CeO,, (c) CuO NPs, (d) FLG/CuO,
(e) SnO;, NPs, (f) FLG/SnO;, (g) CdO NPs, (h) FLG/CdO, (i) ZnO NPs, (j) FLG/ZnO, (k) TiO, NPs (1) FLG/TiO,.
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The surface morphology of CdO NPs was discovered to be a spherical shape in
Figure 5g, and Figure 5h clearly confirmed that CdO NPs were evenly adorned on the edge
of the FLG sheet and that the spherical shape of CdO NPs are inaccurately sitting on FLG
sheets. As demonstrated in Figure 5i, the ZnO NPs have appeared as rods, whereas it was
changed due to FLG and ZnO interface effects in the composite, as shown in Figure 5j. The
Zn0O nano rods were predominantly adhered to the FLG sheet edges. Figure 5k clearly
shows TiO, NPs with a spherical shape. In the case of composites, the crumpling nature
of the TiO; NPs covered on FLG sheet at the margins as shown in Figure 5], is higher in
FLG/TiO; composites than in other nanocomposites. FE-SEM morphologies evidence that
MOs NPs are bonding the FLG sheets, especially at edges. HR-TEM furtherly investigated
the obtained materials.

3.1.2. HR-TEM Analysis

The further morphology of prepared FLG/MO nanocomposites were investigated by
HR-TEM. Figure 6a—d shows the HR-TEM images of CeO, NPs and FLG/CeO, nanocom-
posite. Figure 6a,b represents the CeO, NPs and corresponding particle size distribution
of the CeO, NPs i.e., around ~34 nm, respectively. From Figure 6c, it can be observed
that CeO, NPs are uniformly decked with FLG sheet. The corresponding selected area
electron diffraction (SAED) pattern of FLG/CeO, reveals the semi-crystalline nature of the
composite, as shown in Figure 6d. The square shapes of CuO NPs are having the particle
size around ~37 nm and morphology of square shapes as shown in Figure 6e,f. The CuO
NPs are completely decorated on the FLG sheet (Figure 6g), but some locations” CuO NPs
are agglomerated on the FLG sheet. Figure 6h shows that the SAED pattern of FLG/CuO
is nanocomposite. The tetragonal structures of SnO, NPs as shown in Figure 6i, and its
particle size is around ~31 nm as shown Figure 6j. Further HR-TEM images show that
Figure 6k shows FLG/SnO, nanocomposite. From this, it is clearly seen that the FLG was
observed, and the SnO; NPs are evenly decorated on FLG in a sandwich type structure.
The FLG/SnO; nanocomposite SAED pattern is shown in Figure 61. From this result, we
observed good crystalline structure. The morphology of irregular and very small spherical
shape NPs are observed for CdO NPs and shown in Figure 6m. The particle size around
~30 nm was observed and shown in Figure 6n. The images of FLG/CdO nanocomposites in
Figure 60 shows that spherical shape CdO NPs are fully decked on the surface of FLG sheet.
Therefore, it shows the distributions of some CdO NPs are agglomerated on the FLG sheet.
The corresponding SAED pattern, as shown in Figure 6p, shows the amorphous nature.

In the ZnO NPs, a homogeneous rod-shaped particle was observed, as illustrated in
Figure 6q, and their particle size is around ~36 nm as shown in Figure 6r. The rod-shaped
ZnO NPs distributed across the FLG was shown in Figure 6s. The results demonstration
that FLG sheet is decorated with ZnO NPs and a SAED pattern as shown in Figure 6t. The
spherical shape of TiO, NPs and its particle size around ~28 nm is shown in Figure 6u,v,
and the plane sheet nature of FLG is observed at the edges. Except in FLG/TiO, nanocom-
posites, as shown in Figure 6w, the SAED pattern of FLG/TiO; nanocomposite shows the
matching lattice fringes, indicating the creation of TiO, NPs with good semi-crystalline
nature as shown in Figure 6x. The above TEM analysis reveals that, except CuO and CdO,
which exhibited agglomeration, all other FLG/MO composites were uniformly decked
with FLG.
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Figure 6. HR-TEM images of MOs and FLG/MO nanocomposites; (a) CeO, NPs, (b) Particle size distribution of CeO,
NPs (c¢) FLG/CeO; (d) SAED pattern of FLG/CeO;, (e) CuO NPs, (f) Particle size distribution of CuO NPs, (g) FLG/CuO
(h) SAED pattern of FLG/CuO, (i) SnO; NPs, (j) Particle size distribution of SnO, NPs, (k) FLG/SnO, (1) SAED pattern of
FLG/Sn0O,, (m) CdO NPs, (n) Particle size distribution of CdO NPs, (0) FLG/CdO n (p) SAED pattern of FLG/CdO, (q) ZnO
NPs, (r) Particle size distribution of ZnO NPs, (s) FLG/ZnO, (t) SAED pattern of FLG/ZnO, (u) TiO, NPs (v) Particle size
distribution of TiO, NPs, (w) FLG/TiO; (x) SAED pattern of FLG/TiO,.
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3.2. Spectroscopy & Optical Studies
3.2.1. Raman Analysis

The most substantial intensity peak (Supplementary Information (SI), Figure Sla)
at about 459 cm ! (F2g mode) is considered the symmetric stretching mode of oxygen
atoms around cerium-ions. The typical D, G, and 2D bands at 1346 cm~1 1582 em™1, and
2732 cm ! originate in FLG/CeO, nanocomposites as shown Figure S1b. In the case of CuO
NPs, Raman analysis reveals three significant peaks (Figure Slc) at 278, 330, and 614 cm !
for CuO NPs, which depict the cubic structure, with the peak at 280 cm~! equivalents
to the Ag. It could be part of the C¢/2 h space group, with peaks at 332 and 618 cm !
corresponding to Bg modes. The characteristic D,G and 2D bands were also observed
in FLG/CuO nanocomposites as shown in Figure S1d. The Raman spectra of SnO, NPs
mainly show three significant peaks (Figure Sle) at 475, 632, 720 cm !, which corresponds
to Eqg, A1g, and Byz modes, respectively. The correspond D, G and 2D bands found in
FLG/SnO; nanocomposites (Figure S1f). The characteristic of CdO NPs three central peaks
attained at 267, 392, and 936 cm ™! are shown in the (Figure S1g). However, the FLG/CdO
nanocomposites of D, G and 2D bands were observed in Figure S1h. In ZnO, there are
three notable vibration peaks at 329, 378, and 438 cm™~! as shown in Figure S1i. Oxygen
deficiency is responsible for the peak at 438 cm ™!, which is located between the A; (LO)
and E; (LO) optical phonon modes. The nonpolar E; optical phonon mode is represented
by the peak at 329 cm~!. The 2E2 mode is allocated to the 378 cm~! peaks attributed to the
second-order Raman process. The high strength of this peak indicates that ZnO nanorods
formed at room temperature are deficient in oxygen. The D, G, and 2D bands were found
in FLG/ZnO nanocomposites as shown in Figure S1j. In TiO,, strong Raman bands were
found at 398 (Byg) and 515 (A1g, Byg) (Figure S1k). In the anti-stokes spectra of TiO,, the Eg
band at 398 cm ! was the strongest. The band at 515 cm ! represents the anatase phase
of TiO;. The typical D, G, and 2D bands originate in FLG/TiO, nanocomposites were
shown in Figure S11, whereas in all FLG/MOs nanocomposites, the prominent bands such
as (D ~1346 cm™1), (G ~1582 cm™ 1), and (2D ~2732 cm~!) were observe corresponding
to their frequencies. The Raman spectrums of the nanocomposites strongly suggest the
attachment of MOs on FLG sheets with suitable bonding. The number of layers present in
the graphene sheet is normally determined by the intensity ration between the D and G
bands. The Ip /I ratio information is presented in Table 2.

Table 2. Ip /I ratio of FLG/MO (MOs; CeO,, CuO, SnO,, CdO, ZnO and TiO,) nanocomposites.

S.No MOs and FLG/MO Nanocomposites Ip/Ig Ratio
1. FLG/CeO, 0.88
2. FLG/CuO 0.86
3. FLG/SnO, 0.85
4. FLG/CdO 0.84
5. FLG/ZnO 0.83
6. FLG/TiO, 0.81

The decrease in the Ip/Ig ratio clearly represents few layers in all the FLG/CeO5,
FLG/CuO, FLG/Sn0O,, FLG/CdO, FLG/ZnO, and FLG/TiO, nanocomposites and these
results are well matched with TEM.

3.2.2. UV-DRS Analysis

The UV-DRS of MOs and FLG/MO nanocomposites are shown in Figure 7. The
absorption peak of CeO, NPs has a significant peak at wave length (Apax) ~364 nm. The
FLG/CeO; nanocomposite absorption peak the Amax was slightly shifted ~366 nm com-
pared to CeO; NPs, as shown in Figure 7a. The CuO NPs and the Amax shown at ~686 nm,
in the case of FLG/CuO Apax at ~689 nm, is shown in Figure 7b. The tetragonal structure
of SnO; NPs absorption peak Amax is observed at ~294 nm. In the spectra of FLG/SnO,
nanocomposites, the Amax at ~298 is shown in Figure 7c. Figure 7d clearly explains that the
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Amax of CdO NPs was detected at ~454 nm, whereas FLG/CdO nanocomposites Amax at
~457 nm. The ZnO NPs is Amax exhibited at~364 nm, the FLG/ZnO nanocomposites Amax
at ~368 nm as shown in Figure 7e. The Amax of TiOp NPs is displayed at ~362 nm, the Amax
of prepared FLG/TiO; nanocomposites is exhibited at ~398 nm as shown in Figure 7f. In
all FLG/MO nanocomposites these Amax values are slightly shifted as a compared with
MOs, because of the FLG introduce in MOs.
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Figure 7. UV-DRS optical absorption spectra of (a) CeO,; NPs and FLG/CeO, (b) CuO NPs and FLG/CuO (c) SnO, NPs
and FLG/SnO; (d) CdO NPs and FLG/CdO, (e) ZnO NPs and FLG/ZnO, (f) TiO, NPs and FLG/TiO, nanocomposites.
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The band gap of obtained MOs and FLG /MO nanocomposites were shown in Sup-
plementary Information (SI) Figure S2. These materials’ band gaps are recognized from
the absorption spectra by the Tauc equation [25]. The estimated band gaps results were
assumed in Table 3. The plot of (achv)? vs. hv (energy bandgap (Eg)) MOs and FLG/MO
nanocomposites were shown in Figure S2a-1. The optical bandgap can be calculated by in-
tersecting the abscissa axis with the whole line of the (ohv)? vs. hv plot. The different band
gaps were observed in the MOs and FLG/MO nanocomposites. The obtained results show
that, with addition of the FLG, the band gap of FLG/MO nanocomposite decreases slightly
compared to blank MOs. With addition of FLG content in TiO;, there is an enhanced
absorbance in the visible-light region ranging from 400-800 nm (Figure 7f). Furthermore,
with introduction of the FLG in the matrix of TiO,, a red shift in the absorption band edge
is observed, which indicates the band gap narrowing of TiO,. Similar observations are
made for graphene-based semiconductor nanocomposites, resulting from the electronic
interaction between graphene and the semiconductor [26-30]. As a result, introduction of
FLG in the photo electrode has a substantial impact on the performance of DSSCs, in terms
of efficient electron acceptor and transporter.

Table 3. Wave length and energy band gaps of MOs and FLG /MO nanocomposites.

S.N MOs and FLG/MO Wave Length (Amax) Energy Bandgap (Eg)
.No .
Nanocomposites (nm) (eV)
1 CeO, 364 3.10
’ FLG/CeO, 366 2.98
> CuO 686 1.80
’ FLG/CuO 689 1.79
3 SnO, 294 423
’ FLG/SnO, 296 4.20
4 CdO 454 2.73
’ FLG/CdO 457 2.71
5 ZnO 364 3.00
’ FLG/ZnO 368 291
6 TiO, 364 3.16
’ FLG/TiO, 398 2.76

3.3. Film Thickness Measurement

The prepared MOs and FLG/MO nanocomposites thin films were coated on the FTO
surface by DB method. The thickness and roughness of these films were examined by
optical 3-D surface profilo-meter. The thickness and roughness of metal oxides (MO) and
FLG/MO nanocomposite thin films were exposed in Figures 8 and 9. The thickness of the
MOs and FLG/MO nanocomposites and the results show that, if the thickness is observed
in the MOs and FLG /MO nanocomposites, less thickness results were achieved in all the
FLG/MO nanocomposites, as compared to MOs, because the FLG is reduced in thickness,
as well as roughness. The thickness and roughness of these film results are described in
Table 4.
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Figure 8. Optical 3D surface profilometer thickness of (a) CeO, (b) FLG/CeO, (c) CuO NPs, (d) FLG/CuO (e) SnO,NPs,
(f) FLG/SnO,, (g) CdONPs, (h) FLG/CdO (i) ZnO NPs, (j) FLG/ZnO (k) TiO;NPs, (1) FLG/TiO, nanocomposite thin films.

Figure 9. Optical 3D surface profilometer roughness images (a) CeO, NPs (b) FLG/CeO, (c) CuO NPs, (d) FLG/CuO
(e) SNO,;NPs, (f) FLG/SnO; (g) CAONPs, (h) FLG/CdO (i) ZnO NPs, (j) FLG/ZnO (k) TiO,NPs, (1) FLG/TiO; nanocom-
posite thin films.
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Table 4. Fabricated photoanode film thickness and roughness values of MOs and FLG/MO nanocom-

posites.
S. No MOs and FLG/MO Nanocomposite Thickness Roughness

: Photoanode Films (um) (um)

1 CeO, 21.8 1.4

' FLG/CeO;, 20.2 1.3

2 CuO 52.2 13.3

’ FLG/CuO 46.0 7.0

3 SnO; 20.3 1.3

' FLG/SnO, 129 0.8

4 CdO 42.2 2.9

' FLG/CdO 324 1.8

5 ZnO 17.9 12

’ FLG/ZnO 14.3 0.8

6 TiO, 15.0 19

’ FLG/TiO, 12.0 1.8

3.4. DSSCs Application

DB method was used to fabricate MOs and FLG /MO nanocomposite photoanode thin
films for DSSCs applications. Figure 10 depicts the step-wise energy level band diagram
of FLG/MOs nanocomposite photoanodes. The dye molecules are excited from a lower
unoccupied molecular orbital (LUMO) to a higher unoccupied molecular orbital (HUMO)
when exposed to light (HOMO). Following that, the ejected electrons will transfer to MOs’
conduction band. Finally, an FTO conductive substrate and an external circuit are used to
reach the platinum counter electrode.

€’ Electron Transfer
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Figure 10. Energy level band diagram of FLG/MOs nanocomposite photoanodes.

Figure 11 shows the J-V curves of MO and FLG/MO nanocomposite photoanodes,
measured under simulated 100 m W/m? illumination. The FF and PCE of the device was
estimated using the relation given by Equations (1) and (2), respectively.

FF = ((Imax-vmax))/(lsc~voc) (1)
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where, Imax is maximum current and V max is maximum voltage of power output,
Isc is short-circuit current, V. is open circuit voltage. The PCE was determined using
the formula.

PCE = (Vopt-Iopt)/Pin X 100 = (Vo Isc.FF)) /Py x 100 )

where Vpt is optimal voltage, Iopt is optimal current, and Py, is power of incident light.
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Figure 11. J-V curves of MOs and FLG/MO nanocomposite photoanodes based DSSC.

The measured all cell parameters of V., Jsc, FF, and PCE results are listed in Table 5.
The significant values noted in FLG/MOs nanocomposites compare to various wide
bandgap semiconducting metal oxides. Compared to other FLG/MO nanocomposites,
FLG/TiO,, exhibited significantly improved device performance. The schematic energy-
level diagram for the FLG/TiO; device cell is depicted in Figure 10. It can be seen that the
offset (0.42 eV) between the conduction band minimum of TiO, and the work function of
graphene is sufficient for charge separation. Meanwhile, the FLG will not block the injected
electrons flowing down to the transparent electrode because its work function is higher
than that of the FTO electrode. Moreover, it has been reported that the addition of graphene
sheets can increase the electrical conductivity of the electrodes [31,32]. Therefore, the
implanted graphene sheets serve as the electron acceptor and facilitate rapid transport of
the photogenerated electrons, thereby decreasing the probability of recombination [33,34].
It results in a low recombination rate at the interface, improving the PCE of the DSSCs.

Mainly, the three reasons that affect the lower PCE in remaining nanocomposite
photoanodes are less dye loading in sunlight, strong absorption of light by FLG, and no
proper conductive path between them. Furthermore, the J-V curves showed that adding
FLG into the MOs can improve the efficiency of DSSC devices. FLG/TiO, nanocomposite
showed a maximum PCE of 6.60%, which is optimized among the nanocomposites. TiO,
based graphene composites have been proved rigorously as an alternative electrocatalyst
for DSSCs, and some lower percentages (<1%) of FLG have to be studied immediately.
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Table 5. ]-V characteristic parameters of MOs and FLG /MO nanocomposite photoanodes.

MOs and FLG/MO Jsc o o
S.No Nanocomposite Photoanodes Voc (V) (mA/cm?) FE (%) PCE (%)

1 CeO, 0.50 6.90 49.5 1.74
’ FLG/CeO;, 0.52 8.60 454 2.15
2 CuO 0.71 3.63 67.1 1.76
’ FLG/CuO 0.72 4.62 78.2 2.65
3 SnO; 0.61 6.62 46.6 1.90
’ FLG/SnO, 0.53 12.20 45.5 3.01
4 Cdo 0.72 4.86 72.2 2.64
’ FLG/CdO 0.74 6.48 68.0 3.53
5 ZnO 0.74 6.77 69.4 3.50
’ FLG/ZnO 0.73 8.52 70.3 4.44
6 TiO, 0.76 9.36 70.2 5.10
’ FLG/TiO, 0.75 13.5 64.0 6.60

4. Conclusions

In conclusion, the present research work mainly focused on the synthesis of few
layered graphene/metal oxide (CeO,, CuO, SnO,, CdO, ZnO, and TiO,) nanocomposites
prepared by novel and straightforward ultrasonic-assisted route. Various characteriza-
tion techniques were used to investigate the unique characteristics of FLG/Metal Oxides
nanocomposites, including structural, surface morphology and optical properties. The
doctor blade method was used to fabricate the prepared MOs and FLG/MO nanocomposite
thin films. For DSSCs applications, the thin films were used as photoanodes. As compared
to other FLG/Metal Oxides (CeO,, CuO, SnO,, CdO, and ZnO) nanocomposites, a signifi-
cant increase of 6.60% in PCE was accomplished in DSSCs using FLG/TiO, nanocomposite
as photoanode. This unusual result demonstrates that FLG in TiO; performances as a
blocking layer in DSSCs, suppressing back electron-hole recombination and thus improving
PCE. The FLG/TiO; nanocomposite was found to be a superior photoanode for DSSCs
application based on I-V results.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/su13147685 /51, Figure S1: Raman spectroscopy of S1. (a) CeO, NPs S1.(b) FLG/CeO; S1.(c)
CuO NPs, S1.(d) FLG/CuO, S1. (e) SnO; NPs, S1.(f) FLG/SnO,, S1.(g) CdO NPs S1.(h) FLG/CdO,
S1.(i) ZnO NPs, S1.(j) FLG/ZnO, S1.(k) TiOy NPs, S1.(I) FLG/TiO, nanocomposites., Figure S2: Plot
of (achv)? Vs energy band of 52.(a) CeO, NPs, 52.(b) FLG/CeO;, S2.(c)CuO NPs, 52.(d) FLG/CuO,
52.(e) SnO, NPs, S2.(f) FLG/SnO, S2.(g) CdO NPs, S2.(h) FLG/CdO, S2.(i) ZnO NPs, S2.(j) FLG/ZnO
52.(k) TiO, NPs, S2.(I) FLG/TiO, nanocomposites.
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