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Abstract

Dye-sensitized solar cells (DSSCs) are known for their aesthetic properties, not limited to
colour tuneability and transparency, but are also promising renewable energy technology that
can efficiently harvest sunlight to generate electricity without releasing toxic gases. DSSCs
are one of the potential candidates for fabricating colourful and see-through solar cells for
energy-harvesting aesthetic windows. However, a trade-off between transparency and power
conversion efficiency (PCE) has to be tackled amicably to realize solar cells with good PCE
and transparency. Judicious selection of dyes to bypass light absorption in the high eye-
sensitivity region (500 — 600 nm) is one of the plausible solutions. Most importantly,
developing novel counter electrode materials using facile preparation techniques, low-cost
materials, and environmentally friendly conditions helps overcome the limitations of
commonly used but expensive and corroding metals, thereby improving the PCE of DSSCs.
Herein, we report the synthesis of a novel hybrid nitrogen-doped reduced graphene oxide-
Sro.7Smo.3Fe0.4C00.602.65 (N-RGO-SSFC) nanocomposite using the thermal treatment method.
The N-RGO-SSFC nanocomposites were characterized using microscopic and spectroscopic
techniques and applied as counter electrodes in DSSCs. Scanning electron microscopy
images revealed the presence of N-RGO sheets decorated by SSFC nanoparticles. The
introduction of SSFC nanoparticles onto N-RGO sheets led to the formation of
nanocomposites with a tetragonal structure, a surface area of 178.0 m? g, an electrical
conductivity of 13.02 S cm™, and a charge transfer resistance of 10.6 Q. The N-RGO-SSFC



nanocomposite counter electrodes resulted in DSSCs with an enhanced PCE of 6.64% due to
the formation of excellent electron transfer pathways. This outperformed DSSCs based on
the Pt reference electrode with a PCE of 5.52%. Hence, N-RGO-SSFC nanocomposites can
be applied as a potential counter-electrode material in DSSCs.
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Dye-sensitized solar cells

1. Introduction

The current lower solar-to-electrical energy conversion efficiency and photovoltaic
performance stability have prevented dye-sensitized solar cells (DSSCs) from successfully
competing with the existing commercial photovoltaic (PV) technologies for bulk electricity
generation outdoors. What is not in doubt is the capability of DSSCs to be manufactured as
thin and lightweight flexible solar modules, projecting an ideal solution for portable
electronics. Their other main advantage is the ability to have a relatively good power
conversion efficiency (PCE) under dim light, outperforming traditional technologies in
typical indoor and outdoor conditions [1]. This is a suitable plugin for ambient energy
harvesting for the wireless sensors used in the Internet of Things (10T) devices [2]. However,
low-power 10T sensing applications need self-powered sensors. Hence, power management
of such self-powered sensors, in terms of the energy consumed, is critical to efficiency [3].
Other fronts have been investigated to overcome harvesting challenges. Tunability is
considered one of the main advantages of DSSCs over conventional Si-based solar cells. The

thickness of the active layer has been varied to enhance cell transparency. Whereas this has



a cost implication on cell efficiency, DSSCs, with tailored transparency, could be utilized in

photovoltaic window applications, where Si cells are barely suitable [4].

In addition, DSSCs are widely studied due to their low cost, facile preparation processes,
environmental friendliness, and a promising PCE that can be improved when compared to
other solar cells [2]. DSSCs consist of three main parts, viz., the mesoporous photoanode
film, which is sensitized using dye, an electrolyte with the iodide/triiodide (I~ /I5) redox
couple and a counter electrode [5]. The mesoporous titanium dioxide (TiOz2) has been mostly
used as the photoanode film to adsorb dye molecules [6]. The dye is the most crucial
component for DSSC device operation, which is covalently bonded to the mesoporous oxide
layer surface. The dye functions as a molecular electron pump that absorbs visible light to
generate electrons before transporting them into the semiconductor [7]. Ruthenium-based
dyes, such as N3 [8], N719 [9], and Z907 [8], have resulted in devices with promising PCEs
of up to 12.1% [10]. These harvesters have shown outstanding photovoltaic performances
due to their broad absorption spectra. Although ruthenium dyes showed advantageous
qualities of high efficiency, their usage can be limited by availability as well as high cost. To
circumvent these limitations, researchers have shifted focus on developing metal-free organic
dyes, such as D-pi-A structured organic dyes [11-14], due to their relatively lower cost,
excellent electrochemical properties, and good optical properties with an efficiency of more
than 14.2% [15,16]. Co-sensitization of metal-free organic dyes with porphyrin has enhanced
the PCE of DSSCs to 12.3%, due to the harvesting of light across the visible spectrum, which
allows for the generation of a large photocurrent [17]. On the other side, an electrolyte such
as iodine is accountable for the redox reaction to determine electrons that will reduce and

regenerate the oxidized dye [18,19].

The counter electrode plays a vital role in collecting electrons from the external circuit and
acts as an electrocatalyst to activate the reduction of I~ /I3 ions or any other oxidized redox
species [20,21]. Typically, platinum (Pt) is the most preferred DSSC counter electrode due
to its excellent catalytic activity [22] and excellent electrocatalytic activity [23,24], which
results in high PCEs. However, the usage of Pt has been set back by several issues, such as
its high cost and scarcity, which limit the large-scale production of DSSCs [25]. To mitigate
these issues, it would be in the best interest to use alternative materials that have excellent

catalytic activity for reducing I3 ions [26], at the same time, have the benefit of high electrical

3



conductivity, being environmentally friendly, and still having low cost relative to metals such

as Pt while producing DSSCs with superior performance.

In the last decade, carbon-based materials [27-31], such as carbon nanotubes (CNTs) [32],
Te-doped mesoporous carbon black (CB) [33,34], nitrogen-enriched nanocarbons [35], and
graphene [36-38], have emerged as potential substitutes for Pt counter electrodes in DSSCs
[39]. Among these, graphene has been most preferred due to its single-layer honeycomb
lattice with sp? hybridized carbon atoms, which can possess high specific surface area [40],
excellent chemical stability [41], superior mechanical flexibility [42], and unique catalytic
activity [43]. These various properties allow graphene to be easily used as the catalytic film
for the DSSC counter electrode [26]. Chu et al. [44] fabricated DSSCs with reduced graphene
oxide (RGO) as the counter electrode and obtained a PCE of 2.07%, which was comparable
to 3.64% for the Pt counter electrode-based device. However, using graphene as a counter
electrode in DSSCs can be limited by its wettability and inert nature, which affect charge
transfer at the graphene/electrolyte interface [45,46]. On the other side, graphene is
hydrophobic and can easily be restacked, which can restrict the interconnectivity of the
solvent on the material, thereby negatively affecting device performance [47]. It is essential
to create active catalytic sites on graphene to reduce I5 effectively and also to tune the
bandgap by altering the surface chemistry of graphene [48]. Introducing heteroatoms, such
as boron, phosphorus [39] and nitrogen [21,49], into graphene can cause electron modulation
[50], improving the electronic structure and catalytic activity [51,52]. These various
heteroatoms have similar sizes and atomic radii, which affect the electron chemistry through
the graphene framework to confer electrical properties with either p- or n-type conductivity
[49,53,54].

On the other hand, using heteroatom-doped graphene as support for perovskites can produce
synergistic coupling between the materials [55,56]. Generally, perovskite oxides are formed
from mixed oxides with the formula ABOs, where the A- and B-sites can be partially
substituted with larger alkali/rare earth metal ions and smaller transition metal ions,
respectively [57]. On ABOs, the A-site cations are positioned at the central body of the cubic
structure, and the B-site cations are placed at the cubic corner positions, whereas the oxide
anions are situated at the face-centred positions [57]. Perovskites (ABO3) have been used in
many applications due to their excellent properties, such as high electrochemical stability

[58], high electrical conductivity [59], and superior catalytic activity [60,61]. Researchers
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have tried different methods, such as hydrothermal [62,63], co-precipitation [64], sol-gel [65],
combustion [66], and ultra-sonication [67], to prepare perovskite oxide nanocomposites with
exceptional properties [59]. For example, Xiong et al. [68] synthesized Lao.65Sr0.3sMnQOs-
reduced graphene oxide (LCMO-RGO) nanocomposites using a solution combustion method
and used the LCMO-RGO nanocomposite as a counter electrode in DSSCs which exhibited
a high PCE of 6.57%. The strong synergistic effect between LCMO and RGO improved the
catalytic activity during I5 reduction. Yang et al. [69] prepared LCMO nitrogen-doped RGO
(LCMO-N-RGO) using the sol-gel method and employed the nanocomposite as a counter
electrode in DSSCs which displayed an optimum PCE of ~7.89%. This was attributed to the
high electrocatalytic activity and electrical conductivity, originating from high surface area
and excellent electrical properties obtained after the addition of LCMO onto N-RGO. Thus,
doped graphene-based materials as a support for perovskite oxide can function well as a
counter electrode and as a replacement for Pt.

This study is the first report on the synthesis of N-RGO-Sro.7Smo.3Fe0.4C00.602.65s (SSFC)
nanocomposites using the thermal treatment method and their application as counter
electrodes in DSSCs. A comparison with DSSCs based on pristine GO, RGO, SSFC, RGO-
SSFC, and Pt counter electrodes is also included to justify the preparation of N-RGO-SSFC
nanocomposites. The introduction of SSFC and doping of RGO with N to form N-RGO-
SSFC resulted in a strong synergistic interaction, which enhanced the nanocomposite
physicochemical properties, such as surface area, optical properties, electrical properties, and
electrochemical properties. DSSCs with N-RGO-SSFC counter electrodes exhibited the best
PCE of 6.64%, which outperformed the devices based on pristine SSFC, GO, RGO, RGO-
SSFC, and Pt (reference).

2. Experimental sections

2.1.  Materials and instrumentation

Graphite powder (99.99%, trace metal basis), ammonium nitrate (97%), sodium nitrate (97%),
strontium(ll) acetylacetonate (97%), iron(lll) acetylacetonate (97%), samarium(lll)
acetylacetonate hydrate (99.99%) and cobalt(l11) acetylacetonate hydrate (97%), potassium
permanganate (99.32%), 1-methyl-propylimidazolium iodide (98%), guanidinium
thiocyanate (99%), lithium iodide (99.9%), poly(vinyl acetate) (99.9%), 4-tert-butylpyridine
(96%), Eosin B (97%), and indium tin oxide (ITO) (15 Q sg?, 30 x 45 x 0.7 mm) were all



purchased from Sigma-Aldrich (Johannesburg, South Africa). Sulfuric acid (98%) and
acetonitrile (99.9%) were purchased from LabChem, the lab supplies (Gauteng, South Africa).
Hydrogen peroxide (100%) and potassium permanganate (99.32%) were purchased from
Promark Chemicals (Johannesburg, South Africa). A 10% ultra-high hydrogen in argon (v/v)
was obtained from Afrox (Johannesburg, South Africa). The materials were weighed on the
Ohaus PA214 analytical balance. All the chemicals were of an analytical grade and used
without further purification.

2.2.  Preparation of GO

A modified Hummers method was used to prepare GO [70,71]. Briefly, graphite powder (2
g) was added to a prepared mixture of concentrated sulfuric acid (58 ml) and sodium nitrate
(2 g) in a 500 ml flask under an ice bath condition (0 °C) while stirring for 30 min. In small
doses, potassium permanganate (8 g) was added slowly to the reaction mixture to avoid
excessive heat. This was further stirred for 3 h. Then, hydrogen peroxide (3%) was added to
the reaction under stirring for 30 min to pronounce an exothermal effect (98 °C). Lastly, the
mixture was continuously washed with double distilled water to remove the excess acid and
obtain a pH of 7. The product obtained was dried in an oven overnight at 80 °C and

subsequently characterized.

2.3.  Preparation of SSFC

Firstly, a well-mixed metal acetylacetonate (i.e., strontium(ll), iron(l11), samarium(I11) and
cobalt(l11)) powder (3 g) was added into a stainless jar (250 ml), with stainless-steel balls at a
ball-to-mass ratio of 13:1. High energy Retsch PM 400 MA type plenary was used to ball-
mill the metal powders for 10 h at 300 rpm, using 13 balls under air conditions. The product
metal powder was added into a ceramic quartz boat and heated using the Sentro Tech furnace
at 600 °C for 10 h to form the SSFC perovskites.

2.4.  Preparation of N-RGO-SSFC nanocomposites

The N-RGO-SSFC nanocomposite was synthesized using the thermal treatment method. This
was done by adding GO (50 mg), ammonium nitrate (30 mg) as nitrogen dopant source, and
SSFC (20 mg) to deionized water (15 ml), followed by sonicating for 1 h at 25 °C to make a
colloidal suspension. Afterwards, the mixture was dried at 50 °C overnight to remove excess
water. The solid mixture was simultaneously reduced and heat-treated using a ceramic quartz

boat at 600 °C for 5 h. This was done under 10% hydrogen in argon (v/v) using the Sentro
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Tech furnace at a flow rate of 100 ml mint. RGO-SSFC (100 mg) was prepared using a
similar method and parameters as N-RGO-SSFC, except that no nitrogen dopant source was
introduced. In brief, RGO (100 mg) was placed on the ceramic quartz boat and reduced using
10% hydrogen in argon (v/v) using similar parameters. The prepared materials were further

characterized using various instrumentation.

2.5.  Preparation of the photoanode, counter electrode, and gel state electrolyte

For photoanode preparation, TiO2 (100 mg) was added to absolute ethanol (0.2 ml) and
sonicated for 10 min. For counter electrode preparation, SSFC (100 mg) was added to
absolute ethanol (0.2 ml), and the mixture was sonicated for 10 min. The TiO2 and SSFC
mixture was deposited onto an ITO and cathode glass substrates using the doctor blade
method. The prepared photoanodes and counter electrodes were annealed at 300 °C for 10
min using a hot plate. The counter electrodes were also prepared with GO, RGO, RGO-SSFC,
and N-RGO-SSFC using the same preparation method for comparison purposes. The liquid
electrolyte was prepared by the addition of iodine (0.0783 g), lithium iodide (0.0837 g), 4-
tert-butylpyridine (0.4225 g), 1-methyl-3-propylimidazolium iodide (0.9453 g), and
guanidium thiocyanate (0.0739 g) to a volumetric flask and filled with acetonitrile to the 25
ml mark. The liquid electrolyte (0.3121 g) was mixed with poly(vinyl acetate) (0.1506 g) and
further mixed using a glass rod to form a gel-state electrolyte. This was then stored in a fridge

until required for analysis.

2.6.  Assembly of DSSCs

The prepared TiO2 semiconductor layer on an ITO glass substrate was used as a photoanode,
which was further soaked by adding Eosin B dye (0.3 mM) using a micropipette. This was
followed by applying the gel-state electrolyte as the redox material. The counter electrode
prepared with Pt was used as a reference. Other counter electrodes were separately prepared
using SSFC, GO, RGO, RGO-SSFC, and N-RGO-SSFC. The device was assembled as
shown in Fig. 1.
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Fig. 1. (a) Schematic diagram of a DSSC, (b) N-RGO-SSFC prepared counter electrode, and

(c) the image of a complete fabricated device.

2.7.  Characterization

Different phase structures were characterized using a Rigaku Miniflex600 diffractometer, and
measurements were recorded in 26 steps from 20 to 90° using a Cu-Ka radiation source (A =
0.154 nm). The FullProf program software using the Rietveld refinement technique was used
as the software to analyze all the X-ray diffraction (XRD) patterns. The Rietveld method has
been used to extract structural details from powder diffraction data. Initially, the main
parameters, such as scale factors and background, were refined, followed by the refinement
of lattice and width parameters, profile shape, preferred orientation, isothermal parameters,
asymmetry, atomic coordinates, and site occupancies were all refined. The fitting quality of
various samples’ experimental data was assessed by computing the parameters viz., factors
(R), Bragg factor (Rs), profile factor (Rr), and crystallographic factor (Rr) and goodness of
fit (%) to obtain the best fit in the experimental diffraction data [72]. The microstructural
features of the samples were investigated using transmission electron microscopy (TEM
JEOL JEM-1010). About 1 mg of the sample was added to a vial and topped with ethanol
before sonication for 10 min to form a good dispersion prior to TEM analysis. Different
particle sizes of the samples were estimated using the Image J software. The surface
morphology was studied using field emission scanning electron microscopy (FE-SEM JEOL
JSM-6100, Carl Zeiss Ultra Plus) equipped with energy-dispersive X-ray spectroscopy.
Concisely, black carbon tape was glued on top of an aluminium stub sample holder. The

sample was coated on carbon tape and further gold-coated under a nitrogen trice before
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analysis. Different functional groups in the samples were examined using a Perkin Elmer
Spectrum 100 Fourier-transform infrared (FTIR) spectrometer. The crystalline nature of the
samples was studied using a DeltaNu Advantage 532™ Raman spectrometer at a wavelength
of 515 nm. Prior to analysis, the prepared sample was added into KBr (0.003:0.024 g) and
pressed to form a pellet for 5 min at a pressure of 15 Tons. Elemental analysis (CHNS/O)
was done using an LEO CHNS-932 elemental analyzer. The surface areas and the porosities
of GO, RGO, RGO-SSFC and N-RGO-SSFC were measured using a Micromeritics ASAP

2010 instrument.

The Shimadzu UV-Vis NIR spectrophotometer was used to study the absorbance of samples.
The photoluminescence spectra obtained from the PerkinElmer LS 55 spectrometer with a
solid format accessory were used to study the charge recombination rate of the samples. The
electric conductivity of the prepared samples was investigated using a Keithley 2400 four-
point probe source meter by first preparing pellets with a thickness of 0.1 mm from the
prepared sample (0.03 g). Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) were examined using the Metrohm 797 VA Compitrance electrochemical
workstation equipped with the ZSimpWin software, at a scan rate of 5 - 100 mV s in the
potential range from -0.6 to 0.4 V. The electrolyte, reference electrode, counter electrode,
and working electrode used herein were potassium hydroxide (KOH) (3 M), Ag/AgCl, Pt, and
a mixture of prepared samples, respectively. The working electrode was prepared by casting
a mixture of Nafion binder and samples dispersed in absolute ethanol. Photovoltaic
characteristics of the prepared DSSCs with an electrode active area (0.92 cm?) were
investigated with a solar simulator (model SS50AAA) using a Keithley HP2400 source meter
with a power intensity (100 mW cm2), operating at AM 1.5 G with a maximum power (750
W), Xenon short AKC lamp (150 W), frequency (50 — 60 Hz), and voltage (116 — 220 V).
Prior to the photovoltaic measurements, the working distance (8.90 cm) was calibrated using
a standard (high-quality silicon reference cell, Open RR-1002) solar cell sample by adjusting
the distance between the standard solar cell and the light source until the PCE of the standard
solar cell was determined. All the characterizations were prepared in an ambient laboratory

environment.



3 Results and discussion

3.1.  Phase composition and structure parameters

Different phase compositions and crystal structures of GO, RGO, SSFC, RGO-SSFC, and N-
RGO-SSFC were examined by powder XRD analysis using the Rietveld method (Fig. 2). A
strong diffraction peak of GO was observed at 14°, corresponding to the (002) crystal plane.
This indicates GO formation from a graphite powder after oxidation using strong acids in
Section 2.2. The formation of RGO has been confirmed by the change of crystal planes from
(002) for GO to (004) for RGO. However, for RGO-SSFC and N-RGO-SSFC, the peak at
14° was devoured, and this might be related to the removal of oxygen functional groups during
thermal treatment. RGO exhibits a strong diffraction peak at 35°, corresponding to the (004)
plane. The SSFC nanoparticles had a body-centred tetragonal structure with the 14/mmm
space group. The XRD spectrum of SSFC nanoparticles revealed the formation of good
crystalline peaks, which indicate the nucleation and growth of the perovskite structure at 600
°C. SSFC, RGO-SSFC, and N-RGO-SSFC exhibited dominant 26 peaks at 26, 34, 38, 42,
47,59 and 73°, corresponding to the (100), (110), (111), (200), (211), (220) and (300) crystal
planes, respectively, with different primary phases formed as Fe203, SrFe0O2.97and SrCoOz.so.
The characteristic diffraction peaks of SSFC, RGO-SSFC, and N-RGO-SSFC were sharp,
indicating that SSFC has high crystallization and purity. The imperfect nature of peaks in N-
RGO-SSFC could be attributed to the dislocations and defects induced on the crystal lattice
when doping with nitrogen compared to RGO-SSFC. In addition, the formation of tiny peaks
on N-RGO-SSFC could be due to some poor phase separation or distortion that occurred on

the crystal lattice during synthesis.
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Fig. 2. X-ray diffractograms of (a) GO, (b) RGO, (¢) SSFC, (d) RGO-SSFC, and (e) N-RGO-
SSFC. (f) Rietveld refined XRD pattern for SSFC. Symbolise denote + Fe203, # SrFeO2.97
and * SrCo02.s0.

Table 1. The 26, interlayer spacing (d), crystallite sizes (D), and site occupancies values for
the samples. D and D* denote the crystallite sizes obtained by the Rietveld method and the

Scherrer equation, respectively.

20 d D* D* Element site occupancies
Samples .
) (m) (m)  (m) g gy Fe Co o)
GO 139 1.15 - - - - - - -
RGO 33.0 0.80 - - - - - - -
SSFC 328 225 238 245 0.701 0.299 0400 0.600 2.652

RGO-SSFC 328 023 215 241 0704 029 0.399 0.601 2.650
N-RGO-SSFC 328 020 210 239 0.703 0.297 0400 0.600 2.651

The Rietveld method from the powder XRD analysis (Section 2.7) was used to confirm the
stoichiometries of SSFC, RGO-SSFC, and N-RGO-SSFC, illustrated in Fig. 2. (f). During

refinement, the Oz positions (x =y = z) were set as free parameters; however, all other atomic
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fractional positions were fixed. In addition, isothermal parameters, lattice constants, scale
factors, shape parameters, and occupancies were taken as free parameters [73]. Initially, the
C-file for our structure was SrCoOs (COD-1551939), which was modified by including
additional Sm (in the A-site) and Fe (in the B-site) elements. The obtained structural
parameters (see Table 1 and supplementary data Fig. S1), i.e., side occupancy multiplied by
multiplicity, were used to elucidate the structural formula as Sro.7Smo.3Fe0.4C00.602.65 (SSFC).
A similar structural formula was also obtained in RGO-SSFC and N-RGO-SSFC to confirm
the presence of SSFC in the nanocomposites. Similar findings were also observed by Sithole
etal. [74].

In Table 1, interlayer spacing (d) was calculated using 26 angles, and the crystallite sizes (D)
were calculated using the Scherrer equation (Equation 1) and Rietveld method (Equation 2)
[72]:

kA
b= B cos 6 (1)

where k, 4, £, and @ denote the shape factor (0.9), X-ray wavelength (1.541 A), full width at
half maximum (FWHM), and the diffraction angle, respectively.

1G
cos2 6

FWHM? = (U + DZ)(tanf) + V(tan?0) + W + 2)

where U, V, and W denote the peak shape parameters, Dst measures the coefficient related to
strain, and IG is the isotropic size effect. The interlayer spacing of N-RGO-SSFC was
calculated and found to be 0.20 nm, which is smaller than the calculated 1.15 nm for GO. The
decrease in interlayer spacing was attributed to the reduction of oxygen functional groups,
such as hydroxyl, epoxy, and carboxyl, as revealed in Fig. 2, by the change from the (001) to
the (004) crystal plane. SSFC, RGO-SSFC, and N-RGO-SSFC crystallite sizes were
calculated using the Scherrer equation as 24.4, 24.6, and 23.9 nm, respectively. On the other
hand, the crystallite sizes of SSFC, RGO-SSFC, and N-RGO-SSFC calculated using the
Rietveld method were found to be 23.8, 21.5, and 21.0 nm, respectively. The crystallite sizes
determined using the Rietveld method were noted to be smaller than those obtained using the
Scherrer equation by ~1 to 2% due to the correction of peak broadening, taking into account
all various instrumental factors found in the Rietveld method. The small crystallite sizes
obtained for N-RGO-SSFC by both methods could be beneficial in forming a high surface

area, which is vital for creating more catalytic active sites.
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3.2.  Microstructure and surface morphology

The microstructure and surface morphology of GO, RGO, SSFC, RGO-SSFC, and N-RGO-
SSFC were investigated using TEM and FESEM images, as shown in Fig. 3 and 4,
respectively. In Fig. 3 (a), the image of GO shows a wrinkled structure, which reveals the
edges to be folded and scrolled slightly due to the presence of oxygen functional groups. Fig.
3 (b) reveals the exfoliated sheets of RGO. Fig. 3 (c) shows the distribution of agglomerated
SSFC nanoparticles. Fig. 3 (d) reveals the RGO decorated by SSFC nanoparticles. The N-
RGO-SSFC image in Fig. 3 (e) shows a more wrinkled structure due to the reduction of GO,
doping with nitrogen dopants, and the introduction of SSFC nanoparticles. The wrinkles
formation could be caused by the stimulation of defects, such as cavities, holes, and pores,
that occur during doping with nitrogen [75]. In Fig. 3 (e), the uniform distribution of spherical
particles and an irregular net-like structure of SSFC with less agglomeration were observed
to be anchored on the N-RGO basal plane. When SSFC was deposited on the RGO surface,
the resulting N-RGO-SSFC exhibited morphologies corresponding to the SSFC nanoparticles
and N-RGO sheets, as shown in Fig. 3 (d). After reduction, the SSFC nanoparticles might
have interacted with the sheet surface through the remaining carbon atoms and the carboxyl
and hydroxyl groups, which can be attributed to self-assembly growth to form the covalent
bond [76]. The average particle sizes of SSFC, RGO-SSFC, and N-RGO-SSFC were
calculated to be 24.2, 24.7, and 23.4 nm, which was comparable to the XRD results obtained
in Table 1.

o,

‘1;;
SSFC nanoparticles
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Fig. 3. TEM images of (a) GO, (b) RGO, (c¢) SSFC, (d) RGO-SSFC, and (¢) N-RGO-SSFC

nanocomposite.

The SEM image in Fig. 4 (a) shows GO formation with wrinkles due to oxygenated functional
groups. Fig. 4 (b) shows the exfoliated RGO sheets, which reveals the successful reduction
of GO. Fig 4. (c) reveals the distribution of SSFC nanoparticles. Fig. 4 (d) and (e) show the
SSFC nanoparticles distributed on RGO and N-RGO sheets with less agglomeration and few
layers, which could contribute to efficient electron transport and light harvesting. All SEM
images (Fig. 4 (a - e)) strongly agree with the findings obtained in Fig. 3. EDX analysis
coupled with FESEM was used for qualitative analysis to measure the elemental compositions
of various prepared samples. EDX spectrum and elemental mapping analyses of the N-RGO-
SSFC nanocomposite are presented in Fig. 4 (f). The corresponding elements, viz., C, Sr, Sm,
Fe, Co, and O, present on the nanocomposite, were uniformly distributed throughout the
sample on the SEM mapping image. However, the nitrogen content was poorly detected by
EDX mapping; hence, it was further analyzed using elemental analysis.
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Fig. 4. SEM images of (a) GO, (b) RGO, (c) SSFC, (d) RGO-SSFC, and (e) N-RGO-SSFC.
(F) EDX spectrum of the N-RGO-SSFC nanocomposite. Inset denotes elemental mapping.

3.3.  Carbon, hydrogen, nitrogen, and oxygen (CHNO) content

Elemental analysis (CHNO) was employed to study the elemental composition of the samples,
and the results are shown in Table 2. The elemental analysis of SSFC reveals the presence of
O, without H and C. The amount of O was not much because the remaining percentages were
for metals (Sr, Sm, Fe, or Co), which indicates that SSFC was formed. The other metal
elements, such as Sr, Sm, Fe, and Co, were identified using the EDX spectrum in Fig. 4. GO
revealed the presence of C, H, and O. This showed high content of oxygenated groups that
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were present after oxidation, which correlates with the findings for XRD in Fig. 2. The
presence of oxygen moieties, such as -OH, -COOH and -C-O-C, on GO could be attributed
to the oxidation of graphite done using a strong oxidizing agent, such as concentrated H2SO4
used in Section 2.2. RGO reveals a decrease in oxygenated functional groups from 40.52%
for GO to 25.06% for RGO, indicating the successful reduction of oxygenated functional
groups. The introduction of SSFC onto RGO was noted to decrease the content of oxygen
from 25.06% for RGO to 10.26 % for RGO-SSFC, probably due to the binding of SSFC
nanoparticles (Sr?*, Sm**, Fe** or Co®") onto the remaining oxygen functional groups after
reducing GO to form RGO. The N-RGO-SSFC revealed the presence of C, H, O, and N
elements. The presence of N on NRGO-SSFC could be attributed to the nitrogen-containing
functional groups that occur during nitrogen-doping.

Table 2. Elemental and EDX analysis of GO, RGO, SSFC, RGO-SSF, and N-RGO-SSFC.

Samples Elemental analysis

C (%) H (%) O (%) N (%)
GO 58.6 £ 0.06 0.86 £ 0.05 40.52 £ 0.08 -
RGO 74.5 £ 0.07 0.43 £0.08 25.06 = 0.07 -
SSFC - - 20.62 +0.06 -
RGO-SSFC 48.9 £ 0.06 1.09 +0.03 10.26 £ 0.04 -
N-RGO-SSFC  37.4+0.03 0.96 £ 0.05 11.68 £ 0.07 10.06 £ 0.02

EDX analysis

Sr (%) Sm (%) Fe (%) Co (%)
GO - - - -
RGO - - - -
SSFC 28.69 + 4.96 21.80 £5.03 10.93£4.52 17.91 £2.96
RGO-SSFC 14.85 =+ 5.06 10.97 £ 3.75 5.42 +2.46 8.56 £ 3.16
N-RGO-SSFC  14.61 +5.42 11.26 £ 3.12 5.56 +2.87 8.39+4.12

3.4.  Surface functional groups

The formation of SSFC perovskite and the introduction of SSFC onto RGO was confirmed
using FTIR analysis. Different functional groups present in GO, RGO, SSFC, RGO-SSFC,
and N-RGO-SSFC are shown on the FTIR spectra in Fig. 5. In Fig. 5 (a), GO shows the
presence of different functional groups, such as -OH, C=0, aromatic C=C, and C-0O, at 3400,
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1640, 1490 and 1080 cm* stretching, respectively. In Fig. 5 (b), the RGO spectrum reveals a
decrease in the number of oxygenated function groups due to the reduction of GO to RGO, as
supported by elemental analysis in Table 2. The remaining oxygen functional groups, such
as -OH, might facilitate the self-assembly of nitrogen atoms and bind with metals (Sr, Sm, Fe,
and Co) to possibly form a covalent bond with RGO sheets [76,77]. The SSFC spectrum
revealed the formation of perovskite dominant peaks, such as Fe-O, Co-O, Sr-O-Sm, and O-
H, at about 500, 590, 800, and 1450 cm™, respectively. SSFC peaks were also noted on the
RGO-SSFC and N-RGO-SSFC spectra, probably due to the binding of SSFC metals onto
RGO sheets. RGO-SSFC and N-RGO-SFFC reveal the formation of a new C-O-M peak
(where M symbolizes Sr, Sm, Fe, or Co) at 1094 cm™. The new peak could have originated
from the strong synergistic effect between SSFC nanoparticles and RGO sheets, which
signifies the incorporation of SSFC onto RGO or N-RGO layers. Furthermore, the N-RGO-
SSFC peak at 1296 cm™ represented the C=N bending vibration, which reveals the doping of
nitrogen dopants onto RGO-SSFC [78]. This could be observed through peak overlapping
hybridization between nitrogen and carbon atoms, which does not allow changes in the dipole

moment.
(q) N-RGO-SSFC

= M- metal cations, Sr, Sm, <
ey o Fe or Co o
= &
o) & RGO-SSFC
o <
: 5

= C-O-M
2 § SSFC
= & 2 )
5 ' & 2 =9
5 c=C = 300
— RGO O_H > l.?.)

c=0 o
c=0
T T T T T T T

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm')

T T T T
4000 3500 3000 2500 2000

1500

Wavenumber (cm-')

1000

T
500

Fig. 5. FTIR spectra of (a) GO and (b) RGO, SSFC, RGO-SSFC and N-RGO-SSFC.

3.5.
Raman analysis was used to investigate the electronic properties and structural information,
such as the defect state and graphitic nature of GO, RGO, RGO-SSFC, and N-RGO-SSFC. It
was further used to investigate the extent of disorders created by N-doping onto RGO-SSFC.

Defects on the graphitic structure

The formation of SSFC perovskites was confirmed by the presence of the dominant peak at
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around 800 cm?, Fig. 6 (a), which signifies the asymmetric stretching of M-O-M, where M
symbolizes Sr, Sm, Co, or Fe. A similar peak at 800 cm™* was also observed for RGO-SSFC
and N-RGO-SSFC, confirming SSFC perovskites on the nanocomposite. In this way,
perovskite metals viz., Sr¥*, Sm®", Fe*, or Co®", probably would interact with the highly
electronegative exfoliated GO during thermal treatment, while GO is reduced to RGO, which

is hydrophobic due to the weakening of n-x interactions in the RGO sheets.
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Fig. 6. Raman spectra of (a) SSFC, RGO-SSFC, and N-RGO-SSFC and (b) GO and RGO.

Fig. 6 (a) and (b) show two dominant peaks for the D- and G-bands that appeared at 1350 and
1550 cm?, respectively. The D band peak is associated with disorder and defects, whereas
the G band is associated with the stretching vibration of the E2g mode on the sp? carbon lattice
[79,80]. The Io/lc ratio of the materials was calculated and presented in Table 3. The Io/lc
ratio of GO was 0.90, which indicates the formation of high sp>-hybridized C-C domains on
the layer. The Ip/lc ratio of RGO was 0.72, which indicates the removal of oxygenated
functional groups on RGO sheets and the regaining of sp?-hybridized C-C bonds. However,
the Io/lc ratio of RGO-SSFC (1.04) was higher than that of GO due to the decrease in sp?-
hybridized C-C domains and the introduction of SSFC nanoparticles onto RGO sheets on the
radicalized RGO sites, which introduces defect active sites on RGO sheets. The highest I/l
ratio of N-RGO-SSFC (1.20) indicates the presence of residual oxygen, which binds the
introduced SSFC nanoparticles, resulting in structural defects on the RGO sheet upon doping
with nitrogen. A similar observation was reported by Yang et al. [69], whereby

Lao.7Cao3sMnOs nanoparticles anchored on the surface of N-doped graphene, and the
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introduction of SSFC and nitrogen doping caused structural aberration. Thus, nitrogen doping
for RGO could induce structural defects due to the variation in bond distance between C-N
and C-C. The defect-active sites are beneficial for catalysis, stabilizing nanoparticles, and

molecular attachments.

Table 3. Raman data of GO, RGO, RGO-SSFC, and N-RGO-SSFC.

D-band G-band
Samples Io/ls
(cm™) (cm™)
GO 1350 1593 0.90
RGO 1348 1600 0.72
SSFC - - -
RGO-SSFC 1346 1601 1.04
N-RGO-SSFC 1345 1603 1.20

3.6.  Surface area and porosity

The nitrogen adsorption-desorption isotherms used to measure the surface area and porosity
of SSFC, GO, RGO, RGO-SSFC, and N-RGO-SSFC were obtained from Brunauer-Emmett-
Teller (BET) analysis, and are shown in Fig. 7. In Table 4, all synthesized samples exhibited
different surface areas, pore volumes, and sizes. SSFC was observed to have a surface area
of 52.4 m? gt. GO exhibited the lowest surface area of 48.1 m? g1, which could be correlated
to strong hydrogen bonds forming agglomerated sheets, as observed in Fig. 4 (a). The
obtained surface area of GO is consistent with the one reported in the literature [81]. RGO
exhibited a higher surface area of 95.6 m? gt when compared with GO, due to the reduction
of oxygenated functional groups, as correlated with FTIR in Fig. 5. Similar findings for RGO
were observed by Chakrabarty et al. [82].
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Fig. 7. Nitrogen adsorption-desorption isotherms of (a) GO, (b) RGO, (c) SSFC, (d) RGO-
SSFC, and (e) N-RGO-SSFC.

The surface areas of RGO-SSFC and N-RGO-SSFC were noted to be 140.3 and 178.0 m? g
! respectively. This was influenced by the presence of SSFC on RGO, which induced the
restacking, disorientation, and corrugation of graphitic basal planes. The increase in surface
area and pore volume of N-RGO-SSFC leads to the creation of more active sites due to the
presence of defects, as shown in Table 3. This facilitates faster dye regeneration due to
elevated electron transport, thus resulting in superior electrochemical properties and electrical
conductivity. Fig. 7 reveals the type IV isotherms with the possibility of an H3 hysteresis
loop due to capillary condensation. Compared to RGO-SSFC, N-RGO-SSFC reveals a larger
hysteresis loop, indicating a larger surface area and pore volume formation. The pore size
distribution was found to be in the range of 2 - 10 nm, which indicates the mesoporous
structure of the prepared samples [83]. The formation of mesopores is beneficial for inserting
and deinsertion

ions during charging and discharging processes, improving the

electrochemical properties.

Table 4. Surface area and porosity of the GO, RGO, SSFC, RGO-SSFC, and N-RGO-SSFC.

Surface area Pore volume  Pore size

Samples
P (m2 ")

(cm®g™) (nm)
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SSFC
GO
RGO

52.4
48.1
95.6

RGO-SSFC 144.6
N-RGO-SSFC  179.8

0.332
0.065
0.869
1.028
1.865

2.82
3.69
5.40
7.96
9.28

3.7.  Optoelectronic transition studies

Ultraviolet-visible (UV-Vis) spectroscopy was used to study the optical properties and energy
bandgaps of GO, RGO, SSFC, RGO-SSFC, and N-RGO-SSFC, as shown in Fig. 8. The SSFC
was strongly absorbing in the wavelength range of 250 - 310 nm, as revealed in Fig. 8 (a).
This implies that SSFC absorbs at the ultraviolet region. The GO, RGO, RGO-SSFC, and N-
RGO-SSFC were absorbed in the 300 - 500 nm wavelength range due to the m1 — =n*
transitions, as shown in Fig. 8 (b). This indicates that GO, RGO, RGO-SSFC, and N-RGO-

SSFC absorb light in the visible range.

(a) (b) —GO
——RGO
——RGO-SSFC
= ——N-RGO-SSFC
2 —
ke ——SSEC 2
o el
5 0
9 C
2 o]
o 2
wy
0 [e]
< 8
<
T T T T T T T T T T T
250 300 350 400 450 500 550 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)
(c) (d) o
-— SSFC RGO
P ——RGO-SSFC
B 5 —— N-RGO-SSFC
e} e}
3 2
= >
Z ey
<
S el
- i
P 1
- I/
= Fx/]
L) L] T T T
2 3 4 5 0 1 2 3 4
Energy (eV) Energy (eV)

21



Fig. 8. UV-Vis absorption spectra of (a) SSFC and (b) GO, RGO, RGO-SSFC, and N-RGO-
SSFC. Tauc plots for (c) SSFC, and (d) RGO, RGO-SSFC, and N-RGO-SSFC.

The energy bandgaps of the prepared samples were obtained from the Tauc plots, shown in
Fig. 8 (c) and (d). The calculated energy bandgaps for SSFC, RGO, RGO-SSFC, and N-
RGO-SSFC were found to be 3.9, 0.4, 2.5, 2.4, and 2.3 eV, respectively. Among these, GO
exhibited the smallest energy bandgap of 0.4 eV since GO is known to possess a zero energy
bandgap due to its conduction band, which allows contact with the Dirac point at the valence
band, thereby allowing GO to function as a semimetal [84]. These findings correlate with the
work of Ngidi et al. [85], who obtained graphene-based materials with energy bandgaps in
the 1.3 — 3.4 eV range. The N-RGO-SSFC energy bandgap was found to be 2.3 eV, due to
the reduction in oxygenated functional groups. Also, introducing nitrogen atoms onto RGO-
SSFC allows the Fermi level to move near the Dirac point to suppress the nearby density of
states [86]. This results in a band opening and shift between the conduction and valence
bands. The lower bandgap could be beneficial for transporting and collecting electrons in

solar energy harvesting.

3.8.  Electron-hole transition studies

The recombination rate between photoinduced electrons and photogenerated holes of the
prepared samples was investigated using photoluminescence spectroscopy (PL). Fig. 9 (a).
reveals the major charge transport and transfer processes in a DSSC device. The arrows 2, 5,
6, and 7 involve electron transfer, and arrows 3, 4, and 8 show the lost reactions [87]. Upon
illumination, the dye/harvester molecules absorb light, the dye gets excited (arrow 1), and the
ultrafast electrons are injected into the TiO2 conduction band (arrow 2). On the DSSC device,
two major backreactions normally occur: the recombination of an oxidized dye molecule with
TiO2 conduction band electrons (arrow 3) and the recombination of TiO2 conduction band
electrons with an iodine electrolyte (arrow 4) [87]. The direct recombination (arrow 8) of the
excited dye is reflected by an excited state lifetime. Hence, the electrons are transported into
the TiO2 semiconductor to the back contact (arrow 5). The reduction rate of an oxidized dye
(D*) occurs very fast, which can compete with the backreaction (arrow 3) to allow the
collection of photoelectrons by the back contact. Furthermore, I~ is regenerated (arrow 6) in

turn by the reduction of I3 electrons that pass through the external circuit.
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Fig. 9 (b) and (c) show the PL spectra of various prepared materials. The SSFC spectrum
exhibits a peak in the 590 — 630 nm range with the highest intensity of 0 - 780 a.u., which
symbolizes a high charge recombination rate, as shown in Fig. 9 (a). The RGO-SSFC and N-
RGO-SSFC spectra show a peak in the 660 — 710 nm range with an intensity of 0 — 100 a.u.
The RGO-SSFC and N-RGO-SSFC nanocomposites reveal quenching of the PL intensity
when compared to GO and RGO. This allows for better electron transportation and collection
due to low charge recombination at the counter electrode. This could be attributed to the
introduction of energy states/extra traps within the CB and VB of the nanocomposites,
resulting in reduced charge carrier recombination, thereby increasing the performance of the
device. Thus, N-RGO-SSFC can assist in minimizing recombination reactions during

electron transfer between the electrolyte and counter electrode [88].
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3.9. |-V characteristics

Four-point probe measurements were used to investigate the electrical resistivity and
conductivity of GO, RGO, SSFC, RGO-SSFC, and N-RGO-SSFC. The electrical
conductivity parameters and current-voltage (I-V) curves of SSFC, GO, RGO, RGO-SSFC,
and N-RGO-SSFC are illustrated in Table 5 and Fig. 10, respectively. The electrical
conductivity of the prepared samples was investigated using a Keithley 2400 four-point probe
source meter by first preparing pellets with a thickness of 0.1 mm from the prepared sample

(0.03 g). The resistivity (p) of the prepared samples was calculated using Equation 3:

= ()0 @

where V, |, and t are the voltage, current, and sheet thickness, respectively. The I-V curve of
GO reveals a small slope that is close to zero with an electrical conductivity of 1.24 x 10°S
cm®. The poor electrical conductivity could be attributed to GO since it is an insulator due
to the structural disorder caused by the C-O bonds on sp3, which ultimately disrupts its
conductive n-network and disrupts the flow of charge carriers and the sp? bond network [89].
The disruption can result in low electrical conductivity of GO, which can be improved by
reducing GO to form RGO to reduce the presence of the oxygenated functional group. RGO
was noted to have a better electrical conductivity of 5.10 S cm™ when compared with 1.24
x10° S cm for GO.

Table 5. Electrical conductivity parameters of various prepared samples.

Resistivity Conductivity
Samples

(Q cm) (Scm™)
GO 80257 1.24 x 10°
SSFC 0.4525 2.21
RGO 0.1958 5.10
RGO-SSFC 0.1320 7.57
N-RGO-SSFC  0.0768 13.02
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Fig. 10. I-V curves of SSFC, GO, RGO, RGO-SSFC, and N-RGO-SSFC.

SSFC displays a curved I-V graph, revealing its relatively improved resistance. RGO-SSFC
and N-RGO-SSFC exhibited nearly linear 1-V curves due to their superior electrical
resistances. The enhancement of electrical conductivity of the nanocomposites could have
originated from the strong synergistic interaction between SSFC and RGO sheet, as observed
in Fig. 5. In this way, SSFC nanoparticles can play a huge role by preventing the
agglomeration and restacking of RGO sheets, due to van der Waals interactions [90]. Thus,
it allows SSFC nanoparticles to act as agents while forming an interconnected conductive
porous structure, enhancing electrical conductivity. The improved electrical conductivity of
the nanocomposites could also be associated with the strong interaction produced by the
coexistence of four metals, such as Sr?*, Sm*', Fe®* and Co®', on the perovskite and RGO,

which can transfer charges easily between the electrolyte and counter electrode in DSSC.

The electrical conductivity of the prepared samples was found to increase with the increase
in the surface area (see Table 4). The lowest conductivity of GO resulted in a decrease in
surface area (see Table 4), probably due to the -7 interaction that resulted in the agglomerated
layer. On the other side, the recovery of n-m conjugated structure on the RGO, RGO-SSFC,
and N-RGO-SSFC did increase the surface area. Also, the doping of N onto RGO-SSFC
might contribute to the formation of more electrons or holes with respect to the valence band
of the RGO sheet, which would increase the charge carrier concentration through distortion

caused by the nitrogen atom, resulting in the highest electrical conductivity.
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3.10. Electrode potential characteristics

The electrochemical properties of GO, RGO, SSFC, RGO-SSFC, and N-RGO-SSFC were
investigated using cyclic voltammograms (CV) obtained at a potential window of -0.6 to 0.4
V and a scan rate of 100 mV s? as shown in Fig. 11. The CV curve, Fig. 11 (a), SSFC
exhibited pseudocapacitive characteristics related to Faradaic reactions that occur at the
electrode surface [91]. GO, RGO, RGO-SSFC, and N-RGO-SSFC, Fig. 11 (b) to (e), revealed
the quasi-rectangular curve. This indicates the redox behaviour with some portion of
capacitance. GO showed a smaller quasi-rectangular curve when compared to N-RGO-SSFC,
due to the presence of oxygenated functional groups that lower the graphitisation degree of
GO, leading to poor electrical conductivity. The reduction of oxygenated functional groups
from GO to RGO using thermal treatment, Section 2.2, might contribute to the reduction of
surface wetting between electrolyte and electrode by improving the electrical conductivity
and capacitance.
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Fig. 11. Cyclic voltammograms of (a) SSFC and (b) GO, RGO, RGO-SSFC and N-RGO-
SSFC.
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The N-RGO-SSFC nanocomposite exhibited a larger quasi-rectangular curve (Fig. 11 (e))
than other prepared samples due to the SSFC nanoparticles anchored on the N-RGO sheets.
This resulted in improving charge response characteristics to facilitate the redox reaction. The
chemical coupling between N-RGO and SSFC prevents the aggregation of SSFC
nanoparticles on the N-RGO sheet surface and increases charge response, thus leading to a
larger contact area with the electrolyte. N-RGO-SSFC showed superior performance,
probably due to the higher forms of active ions that lead to faster charge transportation as well
as better storage capability. The significant decrease in the resistivity of the N-RGO-SSFC

electrode did contribute to the increase of electrical conductivity and charge transfer rate.

3.11. Interfacial charge transfer characteristics

Electrochemical impedance spectroscopy (EIS) is a valuable instrument to elucidate the
electrochemical properties of the prepared samples. Electrochemical behaviour was used to
examine the prepared samples’ charge transfer rate and series resistance when used as
electrodes, as shown on the Nyquist plots in Fig. 12. GO electrodes showed a semicircle in
the high-frequency region, indicating the electron transfer limiting process, while at the low
frequency, the linear part shows the diffusion-controlled process [92]. RGO revealed a
smaller semicircle than GO due to the less charge transfer (Rct) from 40.9 to 28.5 Q,
respectively, which improves an electron transfer from the RGO electrode to the interface of
the electrolyte. RGO-SSFC and N-RGO-SSFC exhibited a straight line with Rct values of
19.7 and 10.6 Q, respectively, which signifies an ideal capacitive performance with superior
electrical conductivity, Fig. 10, due to high charge transportation characteristics. The Rt
values were obtained in decreasing order as 40.9, 28.5, 19.7, and 10.6 Q for GO, RGO, RGO-
SSFC, and N-RGO-SSFC, respectively, signifying the superior electrocatalytic activity of
electrolyte when N-RGO-SSFC used as the electrode. The presence of SSFC nanoparticles
with Rct of 32.4 Q onto RGO would play a significant role by preventing the aggregation and
restacking of RGO sheets due to van der Waals interactions and enhancing the acceleration
of ion transport within the electrode. In addition, the interconnected conductive SSFC
network provided an electron transfer channel on the RGO sheet, which significantly
enhanced the electrochemical properties [91]. Compared to RGO-SSFC, N-RGO-SSFC as
an electrode facilitates the efficient transportation of electrolyte ions throughout the inner

surface of the electrode due to lower Rct. The doping of N onto RGO-SSFC can produce local
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strains on the hexagonal carbon lattice, which would cause structural deformations by

bringing additional lone pair electrons to the sp? hybridized carbon framework, thus

enhancing electron-transfer ability.
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Fig. 12. Nyquist plots for (a) GO, (b) RGO, (c) SSFC, (d) Pt, (e) RGO-SSFC, and (f) N-RGO-
SSFC.

3.12.

The photovoltaic performance of various prepared samples was studied using the current-

Photovoltaic performance of the fabricated DSSCs

voltage characteristics measurements.
SSFC, RGO-SSFC, and N-RGO-SSFC, were used to fabricate the counter electrode, and the

corresponding photocurrent density-voltage (J-V) curves for the resulting DSSCs are

Differently prepared samples, viz., Pt, GO, RGO,

presented in Fig. 13. The photovoltaic parameters, such as open-circuit voltage (Voc), short-
circuit current density (Jsc), fill factor (FF) and PCE, for DSSCs using various counter
electrodes are summarised in Table 6. The PCE parameters were calculated using Equation
4:

PCE — VOC]SCFF

(4)
Whereby Pin symbolizes the incident light power. Three experimental data (see Table S1 and
Fig. S2) of DSSC devices were prepared, and the best data was selected and presented in
Table 6. The cost-effectiveness of the prepared samples was estimated using various raw

materials used during the synthesis (see supplementary materials Section S2.1). The costs of

28



the fully prepared DSSC devices were only differentiated using SSFC, RGO-SSFC, and N-
RGO-SSFC. The costs of the prepared samples were estimated as R335.43, R5,586.03,
R5,836.03, and R16,515.94 for SSFC, RGO-SSFC, N-RGO-SSFC, and Pt, respectively. The
use of graphene-based materials in the DSSCs fabrication was considered cost-effective in

this study.

The GO counter electrode displays the lowest device performance (PCE = 2.20%), which can
be attributed to the lowest Jsc (8.79 mA cm) caused by poor diffusion characteristics at the
electrolyte-electrode interface and poor electron transfer. This indicates that when GO is
applied as a counter electrode, it will form an insufficient electrocatalytic activity due to the
low electrical conductivity of GO (Table 5), which results in high back electron transfer and
low electron injection rate, thus leading to a low Voc (0.61 V). The lower PCE could also be
attributed to the insulating nature of GO owing to the absence of percolating pathways at the
sp2-hybridized C-C bonding cluster to facilitate charge carrier transport due to the presence
of polar oxygen functional groups with a strong hydrophilic nature. However, RGO improves
the device performance (PCE = 3.29%) when compared to GO. The use of RGO as an
electrode would contribute to less back electron transfer and improved electron injection rate,
due to the removal of oxygenated functional group. However, this lowers the hydrophilic
nature of GO, thereby negatively contributing to the deterioration of the electrolyte/electrode

interface.
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Fig. 13. Photocurrent density-voltage of GO, RGO, SSFC, Pt, RGO-SSFC, and N-RGO-
SSFC as electrodes of DSSC devices.

The SSFC counter electrode was observed to have a low Voc (0.73 V) due to the higher
aggregation of nanoparticles in SSFC (Fig. 3 (c)) than in RGO-SSFC when used as counter
electrodes owing to high charge recombination, which delays dye regeneration. Some
aggregated or agglomerated SSFC nanoparticles may affect the electrocatalytic activity on the
contact area toward the reduction of /5 /I~ electrolyte and result in a low electron injection
rate. The DSSCs assembled with SSFC counter electrodes produced a PCE of 4.06%, which
was lower than the Pt counter electrode (PCE = 5.52%) as reference. However, the
aggregation was reduced upon introducing SSFC nanoparticles to the N-RGO sheets to
optimize the surface of SSFC and reduce recombination, thereby increasing the Vo, FF, and
PCE.

The introduction of SSFC onto the RGO framework to form RGO-SSFC did alter the basal
and edges of GO. It resulted in enhanced electrochemical properties, enriching the RGO-
SSFC with high activity. The RGO-SSFC counter electrode reveals the improved device
performance (PCE = 5.94%) due to the strong synergistic effect between SSFC and RGO
observed in Fig. 5, which enhances a photogenerated charge carriers transportation and
collection for redox reaction, resulting in higher Jsc (16.04 mA cm2). The increase in Jsc could
be attributed to higher optical absorption wavelength (Fig. 8 (b)), resulting in more
photogenerated charge carriers. Therefore, RGO-SSFC formation would effectively allow
the transportation and collection of electrons from the circuit through the electrochemical site
surface due to improved electrical conductivity, as shown in Table 4. On the other side, the
created defect active sites during the formation of RGO-SSFC would act as the catalytic sites

during the reduction of triiodide, resulting in high energy conversion efficiency on the I3 /1~.

Table 6. Photovoltaic parameters of DSSCs based on various prepared materials counter

electrodes.
Cathode Voc Jsc FF PCE Rse RsH
samples V) (mAcm?) (%) (%) (Qcm? (Qcm?
Pt (ref) 0.73 14.50 64 552+001 869  311.67
GO 0.61 8.79 34 2.20 £ 0.02 22.02 38.78
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RGO 0.64 10.38 49 3.29+0.02 1259 70.28

SSFC 0.73 12.44 40 4.06+0.04 10.84 118.10
RGO-SSFC 0.81 16.04 66 594+001 845 389.40
N-RGO-SSFC 0.88 18.63 69 6.64+0.01 3.53 455.56

The doping of N onto RGO-SSFC results in superior device performance (PCE = 6.64%)
when used in counter electrode/electrolyte interface, due to high interfacial active sites, high
electron mobility, and low Rct. The high Voc of 0.88 V for N-RGO-SSFC was attributed to
the decrease in photoinjected electron recombination rate of TiO2 as the semiconductor with
eosin B molecules, which resulted in the improvement in band alignment between the
semiconductor TiOz2 interface and the harvester. On the other side, the hydrophobic moieties
on the organic dye can improve Voc by shielding photoelectrons in the TiO2 film to prevent
recombination with oxidized iodide liquid electrolyte species [93]. TiO2 was used to prepare
our semiconductor layer. A similar observation was also noted in our previous study [94].
Moreover, using N-RGO-SSFC would enhance the redox kinetic ability of the
electrode/electrolyte interface and enrich dye molecule regeneration, as shown in Fig. 11 (e),
thus enhancing the Jscand PCE. N-RGO-SSFC was noted to have the highest Jsc of 18.63 mA
cm compared to other prepared materials. The enhancement in Jsc can be related to the
largest surface area, and electrical conductivity of N-RGO-SSFC observed in Tables 4 and 5,
respectively, which positively affect charge transfer at the counter electrode. This indicates
the existence of excellent electron transport pathways between the N-RGO sheets and SSFC
nanoparticles, which increase the contact area between the counter electrode and the
electrolyte. The presence of SSFC nanoparticles on N-RGO sheets produced an efficient
catalytic network that maximizes active edge sites during the reduction of triiodide to enhance
the efficiency of DSSCs. The FF was reported to have a strong relationship with the counter
electrode conductivity, whereby a higher conductivity results in a more considerable FF value.
The relatively low FF on the pristine SSFC-based device indicates the existence of high
charge carrier recombination (as observed in Fig. 9) and leakage current arising from the
aggregation of SSFC nanoparticles, as observed in Fig. 2 (SEM image). However, the FF
increased upon forming N-RGO-SSFC, indicating reduced charge carrier recombination and
leakage current on the device. Conversely, the good dispersion of SSFC onto N-RGO would

be expected to increase the FF.
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From the J-V plots in Fig. 13, it can be deduced that the addition of RGO onto SSFC and the
doping of N did exhibit a smaller series resistance (Rse) and larger shunt resistance (Rsn),
Table 6, which contribute to an improvement of FF, when compared to GO, RGO and SSFC

cathode samples. The Rse and Rsn were calculated as [95]:

Rsg = dV/d] J=0 (4)

Rsy = dV/d] V =0 ©)
The shunt and series resistances have negligible influence on Vo, while both these resistances
influence the Jsc value. The introduction of SSFC onto RGO did reveal the smaller Rse, which
could be related to the high conductivity (i.e. lower sheet resistance) of RGO-SSFC and N-
RGO-SSFC obtained. Conversely, the higher Rsn observed on RGO-SSFC and N-RGO-
SSFC could be attributed to improved power loss of DSSC devices. In addition, the decrease
in Rse and increase of Rsn of RGO-SSFC and N-RGO-SSFC were attributed to the enhanced

FF, thus resulting in higher efficiencies.

N-RGOS-SSFC reveals an enhanced device performance due to relatively excellent
electrocatalytic activity that would positively contribute to reducing iodine electrolytes. The
high PCE of the N-RGO-SSFC-based device could be due to the presence of metal ions on
perovskites with mixed valences, which can afford the electron hopping between Fe®*" and
Co®* to Fe** and Co**, allowing the N-RGO-SSFC to be the ideal catalyst to reduce electrolyte
and effective collect electrons from the external circuit [96]. A similar observation was noted
by Yang et al. [69] when doping Lao.7Cao.3sMnOs onto N-RGO to form a bifunctional catalyst.
Also, the high surface area of N-RGO-SSFC can lead to an increase in the active sites due to
the strong chemical coupling between SSFC and N-RGO, which prevents the agglomeration
of SSFC on the N-RGO sheets. This results in larger contact with the electrolyte and more
active sites for the triiodide reduction. The strong interaction between mixed valent
perovskite oxide SSFC and N-RGO sheets can enhance the performance of the device. On
the other side, N would stimulate the electrocatalytic activity of RGO-SSFC. Using N-RGO-
SSFC as a counter electrode is less expensive when compared to platinum, allowing N-RGO-

SSFC to be a potential counter-electrode candidate for replacing platinum in DSSCs.
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4. Conclusion

In summary, the effect of using SSFC, GO, RGO, RGO-SSFC, and N-RGO-SSFC counter
electrodes on DSSC performance was demonstrated. The XRD, FTIR, Raman, and XRD
analysis confirmed the SSFC, GO, RGO, RGO-SSFC, and N-RGO-SSFC structural
formation. A body-centred tetragonal structure of SSFC was successfully introduced to RGO
while doping with N. The SEM and elemental analysis revealed the SSFC nanoparticles were
uniformly distributed on the RGO and N-RGO sheets. IR revealed a decrease in oxygenated
functional groups from GO to RGO. The remaining oxygen functional groups were used to
anchor the SSFC nanoparticles to form more defects and active sites on the RGO and N-RGO
sheets, which assisted in reducing the electrolyte. The strong interaction between SSFC
nanoparticles and N-RGO sheets improved the electrochemical properties as a result of a
larger surface area and enhanced electrical conductivity. The DSSCs equipped with N-RGO-
SSFC as a counter electrode exhibited the best PCE of 6.64%, which exceeded 5.52% for the
Pt-based reference devices, demonstrating the suitability of N-RGO-SSFC as a potential
candidate for counter electrode fabrication in DSSCs.
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Highlights
e SSFC did form a tetragonal structure with 14/mmm space group.
e SSFC nanoparticles with the crystallite size of 21.0 nm fully decorated N-RGO sheets.
e N-RGO-SSFC formation revealed increased surface area, high electrical conductivity,
and enhanced optical and electrochemical properties.
e N-RGO-SSFC, as the counter electrode, exhibited a PCE of 6.64%, which
outperformed the Pt PCE of 5.52%.
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