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Abstract

The generation of electricity using solar energy is an effective system to overcome the current global energy crisis. In this
regard, developing new semiconductor materials can be of great interest in overcoming the challenge of charge carrier recom-
bination and, hence, improving the power conversion efficiency (PCE) in photovoltaic devices, particularly dye-sensitized
solar cells (DSSCs). Here, reduced graphene oxide-Sr, ;Sm, ;Fe, 4Co, ,0; (RGO-SSFC) nanocomposites were synthesized
using the hydrothermal method and characterized with the aid of microscopic and spectroscopic techniques, as well as a
vibrating sample magnetometer, and further tested for application as photoanodes in DSSCs. Scanning electron microscopy
revealed the presence of RGO nanosheets that were fully decorated by irregular- and spherical-shaped SSFC nanoparticles.
Fourier-transform infrared spectroscopy confirmed the strong synergistic interaction of the RGO-SSFC nanocomposites.
The large surface area of RGO-SSFC nanocomposite photoanodes facilitated effective dye loading, high photon absorption,
and efficient electron transfer, resulting in better device performance. Compared to RGO-SSFC-0.1 and RGO-SSFC-1.0, the
RGO-SSFC-0.5 nanocomposite showed an enhanced open-circuit voltage (V,.) of 0.84 V, short-circuit current density (J,.)
of 14.02 mA cm™, and a PCE of 7.25%. Eosin B and MK-2 organic dyes used as photosensitizers coated on the RGO-SSFC
semiconductors resulted in low-cost DSSC photoanodes.
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Introduction

Different inorganic and organic semiconductors have
been mainly used as solar energy harvesters in hybrid
photovoltaics (PVs) due to their low-cost, facile fabrica-
tion processes and excellent power conversion efficiency
(PCE).'* Dye-sensitized solar cells (DSSCs) are part
of hybrid PVs with laboratory-scale devices that have
reached PCEs of ~ 14.0%.>° Metal oxide semiconductors,
such as titanium dioxide (TiO,) and zinc oxide (ZnO),
have been mostly used as photoanode materials in DSSCs
due to their excellent charge carrier transport proper-
ties.””'% However, these semiconductors have wide band
gaps, which lead to poor charge carrier transportation and
high charge carrier recombination, resulting in low PCE.!!
To mitigate these issues, carbon-based materials, such as
carbon nanotubes and graphene-based materials, have
been introduced as alternatives or additives to TiO,'? and
ZnO" to assist in transporting electrons to the transparent
conducting electrode. However, carbon-based DSSCs still
exhibit relatively low PCE due to ultra-fast charge carrier
recombination and restacking of the graphene sheets.'
Therefore, developing novel semiconductor nanocompos-
ites with improved charge separation and low charge car-
rier recombination can be a better option.

Graphene can be easily modified as an electron acceptor
to form a low band gap that is suitable for optoelectronic
applications.!> Graphene-based materials have shown
remarkable properties, such as high charge carrier mobil-
ity,'® enhanced surface area,'” suitable chemical proper-
ties,'® high optical transmittance in the visible region, and
high electrical conductivity.!*?° Graphene and its deriva-
tives can be synthesized using chemical functionalization,
i.e., covalent or non-covalent interactions, to form differ-
ent graphene-based materials with unique oxidation lev-
els.?!*? Functionalization normally leads to the disruption
of the carbon sp? lattice, which can change the physical,
chemical, and electronic properties, and, thus, enhance
the electrical conductivity and free charge densities.'®
Graphene derivatives, particularly graphene oxide (GO),
can be prepared using various starting materials, such
as polymers,’*?* biomass waste,?> or natural graphite.?®
GO sheets can be highly oxidized and characterized by
their main functional groups, such as alcohol, carboxylic
acid, and epoxides.?’ The presence of oxygenated func-
tional groups on GO makes the material hydrophilic in
nature, thus allowing it to be easily dispersed in water.
It is also easy to chemically functionalize GO to form a
semi-metallic state of reduced graphene oxide (RGO).?8
The remaining oxygen functional groups on RGO can be
used as an advantage to facilitate the interaction with poly-
mer or metal oxides.”” RGO can be used to support most
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nanoparticles since it has outstanding electrical conductiv-
ity, high specific surface area, and tremendous chemical
stability.>°

On the other hand, perovskite-type oxides with the
chemical form (ABO;) have attracted scientists' attention
due to their magnetic, electrical, and optical properties.?!*?
Within ABO;, the A-site is formed by a rare-earth or an
alkali-earth metal ion, and any transition metal ion can
form the B-site. In contrast, the oxygen stoichiometry can
be changed, and combining the three sites results in unu-
sual physical properties.®! In particular, ferrite perovskite
oxides are stimulating materials mainly because of their
unique features, such as ideal band gaps®® and controlla-
ble particle sizes.>* The presence of iron can strongly influ-
ence the perovskite material to absorb light in the visible
region.®® Researchers have focused on finding perovskite
oxides that are chemically stable, less expensive, and with
good catalytic properties.**=® Xie et al.*® demonstrated the
use of orthorhombic Sm;_,Sr,Fe,,Co, ;05 as a cathode in
solid oxide fuel cells. They observed an enhancement in
the electrical conductivity and thermal expansion coeffi-
cient upon increasing the content of Sm>*. Chima et al.*®
prepared Smy, ¢St ,Fe, ,Co,O; with smaller crystallite sizes
which improved the electrocatalytic activity, demonstrating
the suitability of Smy 4Sr, ,Fe, ,Co,O; for use in the oxygen
evolution reaction.

There is still a gap in developing graphene-based mate-
rials combined with complex perovskite oxides to form a
novel nanocomposite that can possess multipurpose solar
cell properties. Not much has been explored on the prepa-
ration of reduced graphene oxide-Sr;,Sm, ;Fe; ,Co, cO;
(RGO-SSFC) nanocomposites using hydrothermal synthesis.
Here, we report the synthesis of semiconductor materials of
SSFC that combine with RGO to form RGO-SSFC nano-
composites as photoanodes in a DSSC system. The study
of RGO-SSFC nanocomposites can be of great interest to
obtain exceptional properties that can be employed as semi-
conductors in DSSCs. This can be done by forming a strong
synergistic interaction between RGO and SSFC nanoparti-
cles to create more enhanced optical and electrical properties
suitable for application as semiconductors in photoanodes.*’
For comparison purposes, two dyes, Eosin B and MK-2,
were applied as light harvesters to investigate if a change of
the light harvester can be influenced by various synthesized
RGO-SSFC nanocomposites.

Material and Methods
Materials

Strontium(II) acetylacetonate (97%), iron(IIl) acetylaceto-
nate (97%), samarium(III) acetylacetonate hydrate (99%),
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cobalt(IIl) acetylacetonate hydrate (97%), sulfuric acid
(98%), hydrogen peroxide (100%), potassium permanga-
nate (99.32%), guanidinium thiocyanate (99%), 1-methyl-
3-propylimidazolium iodide (98%), lithium iodide (99.9%),
4-tert-butylpyridine (96%), poly(vinyl acetate) (99.9%), ace-
tonitrile (> 99.9%), Eosin B (97%), MK-2 dye (95%), indium
tin oxide (ITO) (15 Q/sq, 30 X 30 X 0.7 mm), and graphite
powder (99.9%) were purchased from Sigma-Aldrich, and
no further purification was carried out on the commercial
metal acetylacetonates.

Preparation of SSFC

A well-mixed metal acetylacetonate powder (2 g) was trans-
ferred into a 250-mL stainless jar containing stainless-steel
balls, with the ball to mass ratio of 8:1. It was ball-milled
using a high-energy planetary ball mill (PM 400 MA;
Retsch), with eight balls for 5 h at 300 rpm, under air atmos-
phere. The obtained powder was calcined using a Sentro
Tech furnace at 600 °C for 10 h to form the perovskite oxide
product.

Preparation of GO

GO was prepared by means of oxidation and exfolia-
tion from natural graphite using the modified Hummers'
method.?**! Briefly, graphite powder (5 g) was added to a
mixture of sodium nitrate (2.5 g) and concentrated sulfu-
ric acid (115 mL) in a 1000-mL round-bottom flask while
being stirred in an ice bath (0 °C). Potassium permanganate
(15 g) was slowly added in small doses to allow the reaction
mixture to remain below 5 °C to avoid excessive heat and
to prevent an explosion. The reaction was heated at 35 °C
with stirring for 3 h and further treated with 300 mL of
3% hydrogen peroxide to produce a pronounced exothermal
effect at 98 °C, with further stirring for 30 min. The reac-
tion mixture was continuously washed with double-distilled
water to completely remove the acidity and to neutralize
the pH to 7. The product was washed and centrifuged using
distilled water and ethanol, and then dried in an oven over-
night at 70 °C.

Preparation of RGO and RGO-SSFC Nanocomposites

The RGO-SSFC nanocomposites were synthesized using
a hydrothermal reaction. Typically, in the synthesis, GO
(1.00 g) in 50 mL of absolute ethanol solution (reducing
agent) was sonicated for 1 h to form a homogeneous sus-
pension. Then, 0.1 wt.% of SSFC (0.001 g) was mixed with
the suspension and stirred for another 30 min. The resulting
black colloidal suspension was then added to a Teflon-lined
stainless-steel autoclave and kept inside the oven at 160 °C
for 10 h, after which the product was centrifuged with

ethanol and double-distilled water. The SSFC nanoparticles
anchored on the RGO nanosheets were dried overnight in a
vacuum oven at 50 °C. The SSFC concentration was varied
(0.1 wt.%, 0.5 wt.%, or 1.0 wt.%) on each synthesis. For
RGO preparation, a similar method was carried out with no
addition of SSFC. All the materials were further character-
ized using different techniques.

Light-harvesting Experiments

The RGO-SSFC nanocomposite (50 mg) was mixed with
absolute ethanol (0.15 mL), as reported elsewhere.*? The
mixture was sonicated in an ultrasonic water bath for 30 min.
Then, the dispersed mixture was deposited onto ITO-coated
glass through the doctor blade method.** The coated pho-
toanode was annealed at 80 °C for 20 min using a hot plate.
The film thickness (0.07 mm) was controlled using Scotch
tape, which was placed on the end sides of the ITO sub-
strate to prevent the flow of the gel electrolyte and to leave
the active area uncovered. Two separate dyes (Eosin B and
MK-2) were employed as light harvesters for comparison
purposes. The prepared photoanode was dipped with Eosin
B (or MK-2) dye (0.3 mM). The iodine-gel electrolyte was
prepared and applied as the redox material and added to the
active area.** Aluminum was used as the counter electrode.
The device was assembled using an ITO glass substrate, an
anode soaked with dye, followed by the gel electrolyte, and
sandwiched using an aluminum counter electrode, before 1
sun (100 mW cm™2) illumination. The DSSC photoactive
layer was 0.98 cm?.

Characterization

The microstructural features of the nanocomposites were
evaluated using transmission electron microscopy (TEM;
JEM-2100; JEOL). The surface morphologies of the
nanocomposites were determined by field-emission scan-
ning electron microscopy (FESEM; JSM-6100; JEOL),
equipped with energy-dispersive x-ray spectroscopy (EDX).
The phase characteristics were investigated using a pow-
der x-ray diffractometer (XRD; AXS D8 Advance; Bruker)
with a radiation source of high-intensity Cu Ko at a wave-
length of 0.154 nm. The crystallinity was studied with a
Raman spectrometer (Advantage 532™; DeltaNu) at the
wavelength of 515 nm, equipped with NuSpec™ software.
Different thermal stabilities of the nanocomposites were
measured using a using a Q600 series™ Thermal Analyzer
(Hitachi) at the rate of 10 °C min~! from 30 °C to 1000 °C.
A Micromeritics ASAP 2010 instrument was used to meas-
ure the textural properties. A Fourier-transform infrared
(FTIR) spectrometer (Spectrum 100; Perkin Elmer) was
used to examine different functional groups of the materi-
als by preparing RGO-SSFC:KBr (0.003:0.024 g) pellets.
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The chemical composition of the samples was examined
using an elemental analyzer (Analysensysteme; Elemen-
tar). The ultraviolet—visible (UV—Vis) absorption spectra
used for absorbance were determined using a spectropho-
tometer (UV-Vis NIR; Shimadzu). Photoluminescence
(PL) emission spectra for charge recombination analysis
were analyzed using a fluorescence spectrometer (LS35;
Perkin Elmer) at an excitation at 300 nm, excitation slit at
5 nm, spectrum range of 580-750 nm, and scan speed of
120 nm min~". A 7404 vibrating sample magnetometer was
used to study the magnetic properties of the nanocomposites.
A four-point probe source meter (2400 Keithley) was used
to measure the electrical conductivity of the various SSFC,
RGO, and RGO-SSFC. Cyclic voltammetry (CV) and elec-
trochemical impedance spectroscopy (EIS) were measured
using an electrochemical workstation (797 VA Compitrane;
Metrohm) in the potential range of — 0.6 V to 0.4 V at the
scan rate of 100 mV s~!. The counter electrode, reference
electrode, electrolyte, and working electrode were Pt, Ag/
AgCl, KOH (3 M), and the prepared samples, respectively.
The prepared samples were mixed with Nafion binder in the
presence of absolute ethanol and sonicated for 10 min and
then cast as the working electrode. The photovoltaic param-
eters were determined using a solar simulator (Keithley).
The solar simulator lamp was a short AKC 150-W (Xenon),
the air mass was 1.5 G, the frequency was 50-60 Hz, and the
voltage was 116-220 V, with a maximum power of 750 W.

Results and Discussion
Phase Composition

Powder XRD was used to identify the crystalline phases of
the SSFC, RGO, RGO-SSFC 0.1 wt.% (RGO-SSFC-0.1),
RGO-SSFC 0.5 wt.% (RGO-SSFC-0.5), and RGO-SSFC
1.0 wt.% (RGO-SSFC-1.0), as shown in Fig. 1. RGO was
noted to have a diffraction peak at ~ 28°, corresponding to
the (002) and (100) planes. Fu et al.® reported a similar
study. The diffraction pattern of SSFC revealed the per-
ovskite oxide structure to be cubic with the Pm3m space
group. The prominent peaks of SSFC at 20 = 25°, 32°,
35°,41°, 48°, 54°, 59°, and 69° correspond to the (100),
(110), (210), (211), (200), (211), (220), and (310) crystal
planes, respectively. The sharp peak at 32° (110) illustrates
the presence of SSFC, which appeared to overlap with
the RGO broad peak on the nanocomposites.*® The added
concentration of SSFC onto RGO was the most sufficient
for the signal to be notable. However, comparing SSFC to
other peaks (RGO and RGO-SSFC) they looked smaller,
which resulted in poor detection of SSFC peaks on the
nanocomposite. The primary phase structures obtained
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Fig.1 X-ray diffractograms of (a) SSFC, (b) RGO, (c) RGO-
SSFC-0.1, (d) RGO-SSFC-0.5, and (e) RGO-SSFC-1.0. The sym-
bols #, * and * denote Sr(Coy g,Fe( 19)7.75, STC00, g, and Fe, 05 phase
structures, respectively.

were St(Coy g, Fe 19)0, 75, Fe,05 and SrCo0, g, as indi-
cated by JCPD files, i.e., JCP2: 82-2445, JCP2: 33-0664,
and JCP2: 27-1084, respectively. The presence of primary
phase structures resulted in a severe decrease in the crys-
tallinity of the nanocomposites.

The crystal stability of SSFC was calculated using the
Goldschmidt tolerance factor (¢), as shown in Eq. 1:

_ 1 ry+r,
t_\/2<rB+ro> (1)
where ry, rg , and r,, are the ionic radii.*’ The ¢ value of
the perovskite structure generally ranges from 0.75 to 1.0.
When the ¢ value is close to 1, the perovskite oxide ideal
cubic structure can be formed. The ¢ value for SSFC has
been calculated and found to be 0.95, which indicates some

slight distortion in the structure. The crystallite sizes were
calculated using the Scherrer equation (Eq. 2):

kA
"~ Bcos6 @)

where k is the shape factor (0.9), 4 is the X-ray wavelength
(1.541 A), f is the full width at half-maximum, and @ is
the diffraction angle. The crystallite sizes were found to
be 24.3 nm, 23.6 nm, 23.9 nm, and 24.2 nm for SSFC,
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RGO-SSFC-0.1, RGO-SSFC-0.5, and RGO-SSFC-1.0,
respectively.

Microstructure and Morphology
TEM Analysis

The TEM images in Fig. 2a and b showed SSFC nanopar-
ticles and exfoliated RGO sheets, respectively. Figure 2c—e
reveal the RGO sheets fully decorated by SSFC nanoparti-
cles. A similar microstructure was observed by Li et al.*® in
their CoFe,O,-functionalized graphene sheets. The average
particle sizes of SSFC, RGO-SSFC-0.1, RGO-SSFC-0.5,
and RGO-SSFC-1.0 were calculated to be 24.3 nm, 23.7 nm,
23.9 nm, and 24.2 nm, respectively, which would contrib-
ute positively in enhancing the electrochemical proper-
ties. These results were comparable to the crystallite size
results obtained in powder XRD analysis (Sect. “Phase
Composition™).

SEM Analysis

SEM analysis was carried out to observe the surface mor-
phology, whereby Fig. 3a revealed the RGO nanosheets
with some wrinkles, due to the presence of some oxygen
functional groups.*® After the exfoliation and reduction of
GO, the remaining oxygen and OH- groups would be useful
in binding with some SSFC nanoparticles. The RGO-SSFC

T(E)-ssc <o Bheef”

x..,ﬁ"‘"‘* :

0.5

R By

nanocomposites, shown in Fig. 3b—d, represent the RGO
sheets decorated by SSFC nanoparticles. Hu et al. noted
similar findings.*’ These results agree with our findings
obtained from the TEM analysis, shown earlier in Fig. 2.
The SEM image of SSFC, shown in Fig. 4a, reveals a mix-
ture of irregular- and spherical-structured nanoparticles on
the SSFC surface. In Fig. 4b, RGO-SSFC-0.1 exhibited
more spherical-structured SSFC nanoparticles decorating
the RGO sheet. The EDX spectrum and elemental mapping,
shown in Fig. 4c and d, respectively, and Table I, indicate
the presence of Sr, Sm, Co, Fe, C, and O functional groups
on the nanocomposites. In the elemental mapping, the dis-
tribution of elements was noted to be varied throughout the
RGO sheet.

Elemental Analysis

The elemental composition of the samples is shown in
Table I. For SSFC, the elemental analysis revealed the pres-
ence of O without carbon and hydrogen. The remaining ele-
ments for SSFC, i.e., Sr, Sm, Fe and Co, were detected by
EDX analysis, as shown in Fig. 4c and d. The O content
of RGO was noted to significantly decrease from GO to
RGO, which indicates the reduction of oxygen-containing
functional groups, such as carboxyl, carbonyl, epoxide, and
hydroxyl, that occur on the sp? carbon basal plane. This indi-
cates that GO was successfully reduced using absolute etha-
nol during the hydrothermal treatment. The reduction of GO

' (C) RGO-SSFC-0.1

SSFC nanoparticles

Fig.2 TEM images of (a) SSFC, (b) RGO, (c) RGO-SSFC-0.1, (d) RGO-SSFC-0.5, and (e) RGO-SSFC-1.0.
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Fig.3 SEM images of (a) RGO, (b) RGO-SSFC-0.1, (c) RGO-SSFC-0.5, and (d) RGO-SSFC-1.0.

is vital because oxygen functional groups can cause struc-
tural inhomogeneity and reduce electron mobility which
would decrease the efficiency of solar cells.’" In the nano-
composites, the C content was noted to decrease as com-
pared to RGO because the interaction of RGO and perovskite
oxide normally occurs at the © — © of the C-C backbone.’!
In addition, the decrease in O as the concentration of SSFC
increases can be related to the SSFC nanoparticles binding
to the oxygenated functional groups of the RGO sheet. Thus,
introducing a high SSFC concentration to the RGO sheets
resulted in less O formed on the nanocomposites.

Structural Properties

The structural properties of the RGO-SSFC nanocomposites
were studied using Raman spectra, as shown in Fig. 5. In
Fig. 5a, the dominant peak of SSFC at around 700 cm™! cor-
responds to an asymmetric stretching mode of the M-O-M
bonds (M denotes the metal cations Co and Fe). This was
consistent with Sithole et al.,”> who observed similar find-
ings of an asymmetric stretching mode of FeCo-O-FeCo
bonds at ~ 700 cm™~!. The asymmetric stretching mode at
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700 cm™! was observed on all the nanocomposites, confirm-
ing that the SSFC nanoparticles were incorporated into the
RGO sheets. The Raman spectra of RGO and RGO-SSFC
(see Fig. 5b) exhibit two major peaks, which are typical
of the D-band (between 1353 cm™" and 1360 cm™!) and
G-band (between 1545 cm™" and 1552 cm™). The D-band
peak originates from the edge sp® defects or due to in-plane
disordered carbon, whereas the G-band can be associated
with the in-plane vibrations of the ordered sp?-hybridized
bonded carbon atoms.>® A higher I/l ratio correlates with
a higher degree of disorder of the sp?~hybridized C=C RGO
structure, which also reduces the graphitic nature of the
RGO nanocomposites. As the amounts of SSFC were added
to the nanocomposite, i.e., from RGO (without SSFC),
RGO-SSFC-0.1, RGO-SSFC-0.5, to RGO-SSFC-1.0, the
/1 ratios increased and were 0.82, 1.05, 1.32, and 1.50,
respectively (see Supplementary Table SI). The low I/
I ratio of RGO indicates that the defect decreases as the
reduction process of the oxygenated functional groups par-
tially restores the sp’> domain. The addition of SSFC onto
the RGO sheet had a higher Ip/I; , suggesting that more
defects were created due to the formation and increase in the
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Fig.4 SEM images of (a) SSFC, (b) RGO-SSFC-0.1, (c) EDX spectrum, and (d) elemental mapping of RGO-SSFC-0.1.
Table | Elemental and EDX analysis of the prepared materials
Samples Elemental analysis EDX analysis
Carbon (%) Hydrogen (%) Oxygen (%) Strontium (%) Samarium (%) Iron (%) Cobalt (%)
SSEC - - 24.93 31.85 22.88 11.61 8.73
GO 56.66 1.96 41.38 - - - -
RGO 74.02 1.92 24.06 - - - -
RGO-SSFC-0.1 45.90 1.20 15.50 15.81 11.91 5.67 4.01
RGO-SSFC-0.5 45.78 1.85 13.97 15.88 11.98 5.96 4.58
RGO-SSFC-1.0 45.98 1.81 12.86 15.98 12.49 5.97 491

sp? hybridization. Also, the I/ ratios of the RGO-SSFC
nanocomposites were noted to increase with the content of
SSFC, which showed the increase in structural defects upon
the addition of SSFC nanoparticles onto the RGO lattice.
This observation was consistent with the elemental analysis
results, which revealed a decrease in oxygen atoms upon
the deposition of SSFC nanoparticles onto the RGO sheets.
Thus, introducing SSFC nanoparticles creates more defect
sites on the RGO-SSFC nanocomposite surface, enabling
the application of the nanocomposite as an electrocatalyst.”

Functional Groups

FTIR analysis was used to examine different functional
groups of the SSFC, RGO, and RGO-SSFC nanocompos-
ites, as illustrated in Fig. 6. In Fig. 6a, the SSFC domi-
nant peaks can be seen observed at 480 cm™!, 570 em™!,
850 cm™', and 1500 cm™', representing the metal-oxygen
(M-O) of the Fe-O vibration in an octahedral environment,
the Co-O vibration occupying an octahedral environment,
asymmetric stretching modes of M-O-M (M denoted metal
cations Fe and Co), and the O-H bond of free water in the
SSFEC, respectively.’> The presence of the O-H bond was
also observed in the elemental analysis, as shown in Table I.
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However, the O-H bond can be useful in binding with SSFC
elements (Sr, Sm, Fe, and Co). The FTIR spectrum of GO
confirms the exfoliation and reduction of GO to RGO. GO
was noted to have peaks at around 1000 cm~!, 1450 cm™,
1630 cm™' | and 3200 cm™!, which signify the C-O, C=C
aromatic ring, C=0, and O-H stretching modes, respec-
tively.*® GO was reduced using absolute ethanol to form
RGO with fewer oxygen functional groups. This is consist-
ent with the elemental analysis results (see Table I), which
revealed a decrease in oxygen content from 41.38% for GO
to 24.06% for RGO. The remaining functional groups, such
as oxygen on the graphene sheets attached to the edge or
surface, can act as the nucleation sites of the SSFC nano-
particles.’® The characteristic peaks of RGO at 1730 cm™,
1500 cm™", and 1000 cm™' represent the functional groups
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of the C=O0 stretching band of the carbonyl, the C=C aro-
matic ring, and C-O, respectively.

When comparing RGO-SSFC to RGO, new sharp
peaks were observed around 480 cm™! due to the metal
and oxygen bonds (Fe-O) stretching mode. Also, SSFC
and RGO-SSFC have bands around 570 cm™!, representing
the Co—O bands,’® while the bands at 850 cm™! signify the
M-O-M resonance. Similar findings were also observed
by Raman analysis, which signifies the formation of the
M-O-M peak at around 700 cm~!. The formation of new
peaks on the RGO-SSFC nanocomposites was observed
at ~ 1100 cm™!, which signifies the C-O-M bond (M sym-
bolizes the metal ion of either Sr, Sm, Fe, or Co).55 The
peak at 1200 cm™! signifies the C-OH bond. The bands at
1600 cm™' represent the C=C aromatic ring on the surface
of the graphene sheet. From the FTIR in Fig. 6b, we can
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conclude that there was some strong synergistic interac-
tion between RGO and SSFC due to the formation of new
covalent bonds between the two materials.

Surface Area

Different surface areas and pore size distributions of RGO-
SSFC were studied using the Brunauer—-Emmett—Teller
technique, and the results are presented in Table II. SSFC
had the lowest surface area of 27 m” g~!, while RGO exhib-
ited the highest of 105 m* g~!. The addition of SSFC onto
the RGO sheet as the support significantly increased the sur-
face area of the RGO-SSFC. The surface area increased from
27 m? g~! for SSFC to above 85 m* g~! for the RGO-SSFC
nanocomposites. A similar trend was observed by Li et al.”’
in their BiFeO,/graphene nanocomposites, which showed
an increase in surface area from 21.3 m? g'1 (BiFeO;) to
553m?g! (BiFeOj/graphene). The relatively lower surface
area for RGO-SSFC compared to RGO was attributed to
SSFC, which tended to close most of the RGO sheet pores,
as revealed by TEM images in Fig. 2. The large surface
area obtained for RGO-SSFC would be beneficial for effec-
tive dye loading, which subsequently leads to more light

Table Il Surface areas and porosities of RGO, SSFC, and RGO-SSFC

Samples Surface area  Pore volume  Pore size (nm)
(m*g™h (em’ g™")
SSFC 27 0.197 13.02
RGO 105 0.230 1.80
RGO-SSFC-0.1 91 0.298 4.50
RGO-SSFC-0.5 96 0.291 4.20
RGO-SSFC-1.0 85 0.275 4.24
(a)
100 -
80+ ——SSFC

~ ——RGO

N ——RGO-SSFC 0.1 wt.%

+= 601 ——RGO-SSFC 0.5 wt.%

ko) ——RGO-SSFC 1.0 wt.%

()

= 40

20 &
~._______
0 T T T T
200 400 600 800 1000

Temperature (°C)

harvesting in solar cells.”®* All the prepared samples exhib-
ited pore sizes below 20 nm, which belong to mesoporous
materials, as reported by Ngidi et al.*°

The nitrogen adsorption—desorption isotherms of the
samples are shown in Supplementary Fig. S1. SSFC, in
Supplementary Fig. S1a, exhibited type IV adsorption—des-
orption isotherms with the H1 hysteresis loop in the range
from 0.8 P/P, to 1.0 P/P_ , having regular spherical-shaped
pores, which have the advantage of increasing the surface
area of adsorption and desorption of the ions. RGO and
RGO-SSFC, in Supplementary Fig. S1(b-e), also exhibited
type IV adsorption—desorption isotherms but with H3-type
hysteresis loops, having plate-like particles in the range from
0.55 P/P, to 1.0 P/P_.®" Compared to SSFC, RGO reveals a
larger hysteresis loop due to the formation of a larger surface
area. Interestingly, the addition of RGO onto SSFC increased
the surface area of the RGO-SSFC nanocomposites, which
is beneficial for improving the insertion and de-insertion of
ions during the charging and discharging processes, resulting
in enhanced electrochemical properties.

Thermal Stability

The decomposition behavior of the various prepared sam-
ples was analyzed using thermogravimetric (TGA) analysis,
shown in Fig. 7. All the samples exhibited weight losses
between 0 °C and 150 °C due to water or adsorbed moisture
removal. The decomposition of the oxygenated functional
groups (carbonyl, epoxide, and hydroxyl), amorphous car-
bon groups, and CO, species (carbon dioxide and carbon
monoxide) was observed between 200 °C and 400 °C.%?
When comparing RGO to RGO-SSFC, RGO was noted to
be more thermally stable with a decomposition temperature
of 500 °C and residual content of 9%. However, with the

(b)
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£
~
X .15
—
<
R
2
o 3.0 ——SSFC
2 ——RGO
¢ ——RGO-SSFC 0.1 wt.%
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Fig. 7 Thermograms of (a) the prepared samples and (b) their first-derivative plots. * denotes exothermic peaks.
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addition of SSFC, the nanocomposites became less ther-
mally stable with decomposition temperatures of 410 °C,
390 °C, and 380 °C for RGO-SSFC-0.1, RGO-SSFC-0.5,
and RGO-SSFC-1.0, respectively. Park et al.®* reported a
similar TGA thermogram of RGO. This was supported by
Raman analysis (Fig. 5), which revealed that an increase in
defect sites on the RGO lattice reduces the crystallinity as
the I/l ratio increases upon adding more SSFC onto RGO.
The residual amounts of RGO-SSFC-0.1, RGO-SSFC-0.5,
and RGO-SSFC-1.0 were 16%, 38%, and 45%, respectively,
which could be attributed to remnant SSFC that remains
trapped inside the nanocomposites. Exothermic peaks,
which indicate the exothermic reactions of graphene in air,
were also observed.

Magnetic Properties

The magnetization (M) hysteresis loop taken at room tem-
perature is shown in Supplementary Fig. S2. The hyster-
esis loops for SSFC are ferromagnetic (see Supplementary
Fig. S2(a)), while GO and RGO-SSFC (see Supplementary
Fig. S2(b) and (c)) are observed as paramagnetic. Differ-
ent M, parameters, such as saturation M, coercivity (H,),
and squareness (R), are given in Table III. These param-
eters mainly depend on the preparation technique, nanopar-
ticle sizes, and the existence of cations. Both Fe and Co
atoms are the primary sources for generating the magnetic
moment from SSFC, which was found to have the highest
M, compared to RGO and RGO-SSFC. This could be linked
to the ferromagnetic behavior, which has a canted internal
spin and a large fraction of the uncompensated spin on the
perovskite surface sample.’®%* Generally, GO is an electri-
cal insulator; however, its magnetization can be attributed
to the Hubbard type.®> The presence of different functional
groups on the graphene skeleton can disrupt the sp>-bonded
hexagonal carbon sheet, and, in addition, can lead to isolated
dangling bonds, which carry local moments that contribute
to the paramagnetic moment nature of RGO and RGO-SSFC
nanocomposites.

The variation of SSFC content in the RGO sheet was
noted to change the magnetic properties of the nanocom-
posites. The M of the nanocomposites increased with R

Table lll Magnetic parameters of SSFC, RGO and RGO-SSFC

Samples Ms (emu/g) H, (Oe) R

+0.1 +0.1 +0.001
SSFC 374 144.3 0.273
RGO 1.3 27.6 0.003
RGO-SSFC-0.1 1.8 81.5 0.003
RGO-SSFC-0.5 2.0 50.4 0.006
RGO-SSFC-1.0 2.8 33.2 0.007
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and decreased with H, as the particle sizes decreased. The
increase in M, could be related to the formation of smaller
particle sizes (see Sect. 3.2.1), which leads to lower surface
distortion based on the interaction between the RGO sheet
and transition metal ions (SSFC) on the spinel lattice of oxy-
gen atoms.® Also, M, was noted to increase with the content
of SSFC on RGO, and this trend could be related to the
super-exchange interaction on the oxygen vacancies based
on the perovskite oxide that disturbs the antiparallel spin-
ordering as Fe**-0?~-Fe*" and Fe*™-O-Fe’*.°’ In this case,
an external field of the magnetic particle is proportional to
the particle sizes.

Optical Properties
UV-Vis Analysis

The UV-Vis absorption spectra used to investigate the
optical absorption and band gap properties of SSFC, RGO,
and RGO-SSFC are shown in Fig. 8. The SSFC samples in
Fig. 8a strongly absorb between 240 nm and 300 nm in the
UV region, and have an energy band gap of 3.8 eV, as shown
in Fig. 8c. RGO and RGO-SSFC, in Fig. 8b, revealed an
absorption band in the 239-335 nm and 271-400 nm wave-
length ranges, respectively. This could be associated with
the intrinsic band gap transition, which is associated with
the © — m* transition based on the C-C aromatic bonds on
the RGO sheet.®® The presence of SSFC in the RGO-SSFC
nanocomposites led to the appearance of small absorption
bands between the wavelengths of 240 nm and 298 nm. The
RGO and RGO-SSFC nanocomposites reveal small peaks
at around 730 nm. A possible explanation could be that the
photoluminescence emissions of molecules under UV-Vis
irradiation may originate from a near-band-edge (NBE)
emission level in the UV (or closer to the region), and as a
result of deep-level defect emission often in a region beyond
the first emission line (often in the visible region), possibly
leading to observance of two emission peaks. The emission
is a result of the recombination of the excited electrons at
levels below or near the conduction band to the valence
holes,” although, the emission intensity of the NBE emis-
sion and that of the deep-level emission varies. Generally,
it is known that low emission (fluorescence) intensity indi-
cates less charge recombination and high separation rates,
which is often the intrinsic property sought in photoactive
materials.”® Furthermore, crystal defects could serve as a
trap to enable electrons to capture one or more compositing
materials or as a point source of recombination for charges,
and this might increase the emission (fluorescence) inten-
sity.”1’? Note that a deep-level defect emission signifies the
existence of intrinsic defects in the material nanostructures,
which probably explains the second emission intensity at
about 730 nm.
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Fig.8 UV-Vis (a) spectrum of SSFC and (b) spectra of RGO and RGO-SSFC nanocomposites. Energy band gap of (c) SSFC and (d) RGO and

RGO-SSFC nanocomposites.

Thus, the fabrication of SSFC and RGO to form nano-
composites significantly reduced the energy band gaps com-
pared to pristine RGO. There was a reduction of energy band
gaps with more incorporation of SSFC nanoparticles, i.e.,
the band gaps of RGO, RGO-SSFC-0.1, RGO-SSFC-0.5,
and RGO-SSFC-1.0 were determined to be 3.9 eV, 2.7 eV,
2.6 eV, and 2.4 eV, respectively, as shown in Fig. 8d. A simi-
lar trend was noted by Li et al.**, where BiFeO; was com-
bined with RGO, resulting in a reduction of the energy band
gap relative to pristine RGO. The reduction in the energy
band gap for RGO-SSFC would be beneficial for electron
transportation in solar cells.

Electron-hole Transition

The charge recombination rate of various nanocomposites
was investigated using the PL spectra, as shown in Fig. 9a
and b. The PL spectra for SSFC, RGO, RGO-SSFC-0.1,
RGO-SSFC-0.5, and RGO-SSFC-1.0 were obtained at
an excitation wavelength of 300 nm. SSFC displayed a

distinct peak in the 570-625 nm range with a maximum
of 608 nm. RGO and RGO-SSFC exhibited distinct peaks
in the range of 650-710 nm range, with a maximum of
682 nm. From the spectra in Fig. 9a, there is no spec-
tral overlap and hence the variability in terms of intensi-
ties can only be observed in the RGO and RGO-SSFC
nanocomposites as a result of the changes in the ratios of
RGO-SSFC in Fig. 9b. SSFC was noted to have the high-
est intensity of about 735 a.u.; thus, it can lead to high
charge recombination. On the other hand, RGO had a low
intensity of about 83 a.u., indicating a low charge recombi-
nation rate. RGO sheets can absorb photons, generate exci-
tons, and separate electrons and holes, but the issue with
RGO is that it can immediately allow charges to recombine
quickly, which results in RGO being combined with the
SSEC elements (Sr, Sm, Co, and Fe).”>”* The integration
of RGO with SSFC was found to quench the PL, symbol-
izing a decrease in the charge recombination rate, allowing
them to be better RGO-SSFC semiconductors’
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Fig.9 Photoluminescence spectra of (a) SSFC and RGO-SSFC nanocomposites and (b) RGO-SSFC nanocomposites in a closer view.

Table IV Electrical conductivity parameters of SSFC, RGO and
RGO-SSFC

Samples Resistivity (Q cm) Conductivity
(Sem™)

SSFC 0.496 2.02

RGO 0.258 3.88

RGO-SSFC-0.1 0.162 6.17

RGO-SSFC-0.5 0.151 6.62

RGO-SSFC-1.0 0.159 6.29

Electrical Conductivity

The electrical conductivity characteristics and I-V curves
of SSFC, RGO, RGO-SSFC-0.1, RGO-SSFC-0.5, and
RGO-SSFC-1.0 are shown in Supplementary Fig. S3 and
Table IV, respectively. SSFC exhibited a curved -V slope,
which was associated with its high electrical resistivity. On
the other hand, RGO displayed a linear I-V slope, which
was attributed to the high electrical conductivity of RGO
due to the reduction in oxygenated functional groups.
SSFC and RGO exhibited electrical conductivities of 2.02
S cm~! and 3.88 S cm™!, respectively. The addition of
SSFC onto RGO sheets led to an improvement in electrical
conductivity to 6.17 S em™,6.62Scem™!, and 6.29 S cm™!
for RGO-SSFC-0.1, RGO-SSFC-0.5, and RGO-SSFC-1.0,
respectively. The improvement in electrical conductivity
of RGO-SSFC nanocomposites compared to SSFC and
RGO could be attributed to the strong synergistic interac-
tion between the RGO sheets and SSFC elements (Sr, Sm,

@ Springer

Co, and Fe), which allows for the easy transfer of charge
carriers between the dye and the semiconductor material.

Electrochemical Properties

The CV of SSFC, RGO, and RGO-SSFC are shown in
Fig. 10a—e, where all the prepared samples were obtained at
the scan rate of 100 mV s~ in the potential rate of — 0.6 V
to 0.4 V. The CV curve of SSFC and RGO reveals Faradaic
redox behavior. The presence of oxygen functional groups in
SSFC would decrease the electrical conductivity, which can
easily deteriorate in the aqueous electrolyte. Some distor-
tion on the RGO can hinder the cation diffusion and charge
collection on the electrode.”® The CV curves for RGO-
SSFC nanocomposites exhibited the electric double-layer
capacitive behavior. The addition of SSFC onto RGO would
enhance the electrochemical activity due to the introduction
of SSFC, which creates defects on RGO on the electrode
surface, thus resulting in the acceleration of charge transfer
across the electrode. The addition of SSFC onto RGO to
form the RGO-SSFC enhanced the electrical conductivity
and wettability with a typical pseudo-capacitance material
by lowering the charge transfer resistance, which can lead
to excellent electrochemical performance, consequently
improving the capacitance.”” The prepared samples were
further investigated using EIS.

Furthermore, the EIS of the prepared samples was investi-
gated using Nyquist plots, as shown in Fig. 10f. The Nyquist
plots of SSFC and RGO show the impedance behavior as a
straight line in the low-frequency range and as a semicircle
in the high-frequency range, indicating Faradaic reactions.”
The EIS plot of the RGO-SSFC nanocomposites showed a



Tuning the Properties of Reduced Graphene Oxide-Sr, ;Sm ;Fe, ,Coy 0. ..

5855

——SSFC (b) __rco

()

Current (A)
Current (A)

(c)

——RGO-SSFC-0.1

Current (A)

06 -04 -02 00 0.2 04 06 04

02 00 0.2 04 - 06 -04 -02 00 0.2 0.4
Potential (V) Potential (V) Potential (V)
5000
e
(@) ——RGO-SSFC-0.5 (¢) —RGO-SSFC-1.0 (M sspe
{ —RGO
— S ——RGO-SSFC-0.1
< < ——RGO-SSFC05
= = 1 —RGO-SSFC-1.0
5 5
e c
=) D
O @]
0.6 04 0.2 0.0 0.2 04 -0.6 -0.4 -0.2 0.0 0.2 0.4 0 1000 2000 3000 4000 5000
Potential (V) Potential (V) Z' (Ohm)

Fig. 10 Cyclic voltammograms of (a) SSFC, (b) RGO, (c) RGO-SSFC-0.1, (d) RGO-SSFC-0.5, (¢) RGO-SSFC-1.0, and (f) Nyquist plots.

small semicircle compared to SSFC and RGO due to the low
Faradaic reactions, which led to a small charge transfer resist-
ance (R,) at the electrode—electrolyte interface, thus improv-
ing the electrical conductivity.”” The R,, was calculated from
the EIS data. The R, of SSFC, RGO, RGO-SSFC-0.1, RGO-
SSFC-0.5, and RGO-SSFC-1.0 are 178.2 Q, 32.3 Q, 23.7
Q, and 26.1 Q, respectively. Compared to the RGO-SSFC
nanocomposites, the R values for SSFC and RGO were
relatively high due to superior interfacial resistance, which
would slow the charge transfer within the electrode. This indi-
cates that the addition of SSFC onto RGO allowed for the
efficient separation of photogenerated charges (electron—hole
pairs), which resulted in faster charge transfer and enhanced
catalytic activities. As a result, RGO-SSFC-0.5 exhibited the
lowest R, compared to the other nanocomposites due to its
high surface area, which improved the contact between it and
the electrolyte by exposing more active sites to increase the
conductivity, whereas the pores in RGO-SSFC-0.5 would pro-
mote electrolyte diffusion to facilitate electron transfer.® Thus,
RGO-SSFC-0.5 displayed the best electrochemical properties.

Application of RGO-SSFC Nanocomposites in DSSCs
Devices

All the prepared samples were applied as semiconductor
layers in DSSCs. The photovoltaic characteristics studied
using a solar simulator are shown in Fig. 11. The PCE was
calculated using®!:

PCE = %“FF 3)

m
where V_ is the open-circuit voltage, J is the short-circuit
current, FF is the fill factor, and P;, is the incident light
power.®? Three experiments were prepared per device, and
the best data were selected. The experimental data of various
devices are presented in Table V. For comparison purposes,
two dyes, i.e., Eosin B and MK-2, were used to investigate
the effect of changing the light harvester (dye) on the photo-
voltaic parameters of DSSCs. Eosin B and MK-2 dyes were
chosen based on their remarkable properties, such as eas-
ily tunable optoelectronic properties, high molar extinction
coefficients, and enhanced environmental compatibility.>%*
The performance of the DSSC was highly dependent on the
amount of RGO-SSFC used. SSFC did not exhibit any V,
J,., FF, and PCE values on either device tested by Eosin or

sc?
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Fig. 11 J-V characteristics of various RGO-SSFC measured using (a) Eosin B and (b) MK-2.

Table V Photovoltaic parameters of RGO-SSFC tested using organic
dyes as solar harvesters

Samples Dye type V.. (V) J, (mA cm™) FF (%) PCE (%)
+0.01 +£0.20 +2 +0.10

RGO Eosin-B  0.72 5.81 43 3.80

SSFC Eosin-B - - - -

RGO- Eosin-B  0.75 8.25 52 6.10
SSFC-0.1

RGO- Eosin-B  0.84 14.02 77 7.25
SSFC-0.5

RGO- Eosin-B  0.78 9.31 58 6.34
SSFC-1.0

RGO MK-2 0.62 8.17 51 3.98

SSFC MK-2 - - - -

RGO- MK-2 0.64 9.73 53 6.42
SSFC-0.1

RGO- MK-2 0.64 12.90 60 6.97
SSFC-0.5

RGO- MK-2 0.74 13.15 59 7.01
SSFC-1.0

MK-2 dyes. This could be due to the high energy band gap of
3.8 eV shown in Fig. §, resulting from the poor band align-
ment, low electron mobility, and high recombination rate
observed in Fig. 9, making it challenging to transfer elec-
trons from the semiconductor to the collecting electrode.®
The low PCE of RGO, when tested using both dyes, can
be linked to the ultra-fast charge carrier recombination that
normally occurs on the sheet and the poor light absorption
when applied to the photoanode interface.®®

As revealed earlier by Raman analysis, the introduction of
SSFC nanoparticles onto RGO sheets created many defects
in the RGO lattice, resulting in the formation of more active
sites for better Eosin B or MK-2 dye adsorption. This, in
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turn, increased light absorption, and hence improved charge
carrier photogeneration, resulting in relatively high J . , FF,
and PCE. Also, an increase in J, FF, and PCE can be attrib-
uted to the improvement in optical properties, such as the
energy band gap level reduction from 3.8 eV to 2.5 eV for
SSFC to RGO-SSFC, which would result in the reduction
in charge recombination on RGO-SSFC, as shown in Fig. 9.
So, the enhanced optical properties can improve electron
transportation on the semiconductors once excited by the
dye using a solar simulator. The low V. on RGO-SSFC-0.1
probably increased the photo-injected electrons recombina-
tion rate with Eosin B/MK-2 dye molecules due to poor band
alignment between the dye and the semiconductor inter-
face.® This trend was supported by the high charge recom-
bination rate obtained in PL analysis, as shown in Fig. 9.
RGO-SSFC-0.5 and RGO-SSFC-1.0 showed an increase in
V.. due to increased surface areas, which would enhance dye
loading to harvest more light energy, as revealed in Table V.
The enhanced surface area can result in more effective dis-
tribution of the dye molecules with less agglomeration on
the semiconductor layer.

The relatively low FF could have mainly resulted from the
leakage current, which arises from the agglomeration of the
dye on the RGO-SSFC-0.1 semiconductor layer when using
the MK-2 dye.” Also, the weak interaction of the electro-
lyte with the photoanode can lower the FF, which leads to
a leakage current. On the other hand, the decrease in J, for
the RGO-SSFC-0.1 and RGO-SSFC-0.5 devices prepared
with MK-2 can be related to the poor electron transport and
higher charge recombination rate between the RGO-SSFC
semiconductor layer and the MK-2 dye molecules due to
the agglomeration of the dye on the semiconductor layer.®’
Lee et al.®® noted a similar finding. The Eosin B dye-based
DSSCs outperformed their MK-2-based counterparts, of
which the RGO-SSFC-0.5-based DSSCs with the Eosin B
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dye exhibited the highest J ., and hence the highest PCE
of 7.25%. This was attributed to the larger surface area of
RGO-SSFC-0.5 and excellent electrical conductivity, which
facilitated the effective adsorption and loading of dye mol-
ecules, as well as the efficient transfer of electrons, resulting
in enhanced efficiency. Also, since the electron injection rate
greatly depends on the conduction band of the RGO-SSFC
and lowest unoccupied molecular orbital level of the har-
vester, a perfect match of these two can enhance electron
transfer and suppress charge carrier recombination, thereby
improving device performance.

Conclusions

RGO-SSFC nanocomposites were successfully synthesized
using a hydrothermal technique. SEM images revealed the
RGO sheet to be densely decorated by irregular- and spheri-
cally-shaped SSFC nanoparticles. XRD revealed the forma-
tion of primary phase structures in the RGO-SSFC samples,
which lowered the crystalline nature of the nanocomposites.
The addition of SSFC onto the RGO sheet promoted the
formation of defects or disorders on the RGO sheet. FTIR
confirmed the formation of different functional groups due
to the synergistic interaction between SSFC and RGO. Add-
ing SSFC of smaller particle sizes onto RGO increased the
surface area. The addition of SSFC onto the RGO sheet also
improved the optical properties of the nanocomposites, as
well as reduced the charge recombination rate. The mag-
netic hysteresis of SSFC and RGO-SSFC were ferromag-
netic and paramagnetic, respectively. The increase in M, of
the RGO-SSFC nanocomposites was affected by the forma-
tion of smaller particle sizes and the improvement in the
surface area. Using cheaper and greener organic dyes, such
as Eosin B and MK-2, on the RGO-SSFC semiconductors
can improve their environmental compatibility and reduce
the cost and environmental impact of DSSCs. Our findings
demonstrate that RGO-SSFC-0.5 loaded with Eosin B is a
potential photoanode material for DSSCs, suitable for fur-
ther investigation and for optimizing device performance.
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