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ARTICLE INFO ABSTRACT
Keywords: The practical utilization of TiO2 as a semiconductor in dye-sensitized solar cells (DSSCs) has been
Dye-sensitized solar cells set back by poor visible light absorption, high charge carrier recombination, and low electrical
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Ball milling time

conductivity, which reduce the power conversion efficiency (PCE) and sustainability of the de-
vice. In this respect, perovskites with excellent properties, such as large surface area, good optical
properties, high electrical conductivity, and superior electrochemical stability, have recently
emerged as promising alternatives capable of overcoming the drawbacks of TiO,. Herein,
Sro.7Smg 3Fep.4C00.602.65 (SSFC) perovskites were prepared via the ball milling method at various
milling times of 0, 5, and 10 h, and the obtained samples were denoted by SSFC-0, SSCF-5, and
SSCF-10, respectively. Increasing the ball milling time led to a significant reduction in nano-
particle size and agglomeration, which, in turn, increased the surface area and electrical con-
ductivity of the samples. As a consequence, the SSFC-10 perovskite exhibited the smallest average
particle sizes (18.9 nm) with the largest surface area (61.8 m? g~!) and minimum defects, which
allowed for efficient electron transport, resulting in the best electrical conductivity of 49.8 S
em™!. Ultimately, DSSCs fabricated using SSFC-10 semiconductor layers achieved an optimum
PCE of 6.01 %, which is an improvement of 8.67 %, 1.1 %, and 6.56 % for SSFC-0 (3.69 %), SSFC-
5 (4.96 %), and TiO3 (5.64 %), respectively. Thus, varying the ball milling time can be used as an
effective technique to tailor the physicochemical properties of SSFC to suit desired applications,
particularly the fabrication of highly efficient and sustainable DSSC semiconductor layers.

1. Introduction

Dye-sensitized solar cells (DSSCs) are emerging third-generation photovoltaic devices that have recently drawn the attention of
many researchers due to their low cost, environment-friendliness, facile fabrication procedures, and promising power conversion
efficiency (PCE) under indoor and outdoor light [1,2]. Although laboratory-scale DSSCs have so far exhibited a PCE of more than 16 %
[3,4], this PCE is still lower than that of commercially available silicon solar cells. In indoor photovoltaics (PVs), DSSCs have a
promising PCE of more than 34 % and long-term device stability at ambient temperature [4]. Ricoh (a Japanese electronics company)
has launched an indoor PV solid-state DSSC for integration with autonomous electronic devices and wireless sensors that use low
electricity to power these devices [5]. Inspired by this, ongoing research aims to improve the performance and sustainability of DSSCs
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further to compete with those of their silicon-based counterparts, thereby opening up the avenues for commercialization. If done, this
is also envisaged to broaden the potential applications of DSSCs, especially in powering electronic devices under indoor or outdoor
conditions.

A typical DSSC comprises three main components, namely, the photoanode, which is made up of a dye-coated semiconducting
oxide film on a transparent conducting electrode [6], an electrolyte [7], and a counter electrode [8]. When light illuminates a DSSC, it
passes through the transparent conducting oxide before being absorbed by the dye for exciton generation to occur. Ruthenium-based
dyes [9] and natural dyes [10] have shown outstanding performance in recent years due to their broad absorption spectra, including
the potential use of bio-based DSSCs [11]. The photoexcited electrons from the dye flow to the transparent conducting electrode
through the semiconducting oxide for onward transfer to the external circuit before being collected at the counter electrode [12]. The
counter electrode facilitates the rapid transfer of electrons from the external circuit to the electrolyte to catalyse the reduction of I3 to
I” for dye regeneration [13]. Pt has been commonly used as a counter electrode in DSSCs due to its high electrical conductivity and
excellent electrocatalytic activity [14]. However, Pt is a costly noble metal; hence, there is need of replacing it with low-cost alter-
natives, such as Al [15] or the introduction of iron phosphide catalyst as a counter electrode in DSSCs [16].

Among the DSSC components, the photoanode is considered one of the main device components where the needed photoabsorption
process occurs. In many cases, the photoanode is commonly made up of semiconductor metal oxide, usually TiOo, which has a wide
bandgap but is favourable due to its high photochemical stability, non-toxicity, abundance and low cost [17,18]. However, TiO2 has a
large band gap of ~3.2 eV, which allows for the absorption of ultraviolet (UV) light only, resulting in poor absorption of visible light,
which, in turn, compromises electron-hole pair generation, thereby reducing the device performance [11,19]. In addition, the presence
of many grain boundaries and defects in porous TiO; films restrict the efficient flow of photogenerated electrons from the dye to the
transparent conducting electrode, which causes high charge carrier recombination. Also, the TiO, mesoporous structure allows the
electrolyte to penetrate and reach the transparent conducting electrode, which causes the recombination of electrons on the trans-
parent conducting electrode and holes in the electrolyte, resulting in short electron lifetimes [20,21]. There has been a drive to obtain
suitable alternative anode semiconductors, including metal titania combined or doped with other metals such as Ag-Au@TiO; [22]
and Ni-doped TiO; [23].

Therefore, for the anode component of the DSSCs, finding alternative suitable semiconductors with improved properties would
open up new possibilities for enhancing the performance of the device. In this respect, perovskites have been recently applied as DSSC
semiconductors with promising efficiency due to high electrical conductivity [24], resistance to photobleaching [24], and better
stability in acidic dye [1]. For example, Sheikh et al. [24] prepared AoLuTaOg (A = Ba, Sr, Ca) and used it as a highly conductive
semiconductor layer in DSSCs with a PCE of 0.45 % (when A = Sr) compared to A = Ba (0.32 %) and A = Ca (0.28 %). In a similar study,
Roy et al. [25] replaced TiO5 with the BnSnO3 perovskite and obtained DSSCs with a power conversion efficiency (PCE) of up to 6.86
%.

Perovskite oxides are generally formed from mixed oxides with the formula ABO3, where the A and B-site cations can be partially
substituted by rare and transition metal ions, respectively [26]. The strong bonding that takes place between the B-site cation and
oxygen determines the crucial character of perovskite oxides [27]. Also, the A-site cation contributes to thermal resistance, while the
B-site is responsible for catalytic activities [28-30]. Moreover, the introduction of cations, such as Sr and Fe, to AyA; x\BxB1xO3 can
form a novel structure with good optical properties, low charge carrier recombination, excellent electrical conductivity, superior
catalytic activity and high stability [31-33]. Lately, many mixed conducting oxides, such as Prg ¢Srg 4Feg gC00 203 [34], Ceg.¢Sro.4-
Fep.8C00 203 [35], Laj«SrxCo;.yFeyO3 [36] and SrySmi.FeyCy.103 [37], have been explored. Among them, SrySmi_,Fe,Cy.103 has
received tremendous attention because the partial substitution of the bivalent cation Sr?* can contribute to a low oxidation state, while
the trivalent cation Sm>" on the A-site can act as an electron acceptor to form oxygen vacancies [29]. This could further allow the
formation of B-site cations in a high valence state. The strong interaction of A and B-site cations can increase the surface area and
enhance the structural stability, subsequently improving conductivity, catalytic activity and sustainability [29,38].

Perovskites can be prepared using various methods, such as sol-gel [39], sonochemical [40], combustion [41], hydrothermal [42],
co-precipitation [43], and ball milling [44]. Among them, ball milling is more efficient in improving particle size and morphology
[45]. Ball milling is an advanced technique used to synthesize various functional materials with improved structure, shape, and
crystallinity [46]. It uses mechanical energy from the constant collisions between milling balls and powder particles. Mechanical
energy is created during milling at room temperature, promoting the phase reaction between compounds [45]. This method can
function at a low reaction temperature and provide high-yield final products. The ball milling process can be influenced by many
parameters, such as rotation speed, milling method, ball-to-powder ratio, and milling time [46]. Among these, milling time is
considered the vital parameter of action for improving the physicochemical properties of perovskites. In recent years, significant
developments have been made in ball milling by combining it with post-synthesis calcination at a moderate temperature level to avoid
obtaining smaller surface areas and less stable catalysts [46-48].

Although many studies have reported the preparation of perovskites using repeated ball milling and calcining [49-53], to the best
of our knowledge, there are limited studies on SrySmj xFeyCy.103 perovskites synthesized at various ball milling times for use as
semiconductor layers in DSSCs. Therefore, in this study, we report the synthesis of Srg7Smg sFeg 4Cog 60265 (SSFC) perovskites by
varying the ball milling time and their application as semiconductors in DSSCs.
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2. Experimental section
2.1. Synthesis of SSFC

Strontium (II) acetylacetonate (97 %, Sigma-Aldrich), samarium (III) acetylacetonate hydrate (99 %, Sigma-Aldrich), iron (III)
acetylacetonate (97 %, Sigma-Aldrich), and cobalt (III) acetylacetonate hydrate (97 %, Sigma-Aldrich) were used as purchased. The
SSFC perovskites were prepared as reported elsewhere [13], by adding 4 g of well-mixed acetylacetonate salt (strontium (II), samarium
(I1I), cobalt (III), and iron (III)) to a 250 ml stainless jar. Hardened stainless-steel balls of about 9 mm (ball-to-mass ratio of 12:1) were
also added to the stainless jar. For SSCF-5 and SSCF-10 sample preparation, ball milling was performed using a high-energy instrument,
the Retsch PM 400 MA planetary type, at 400 rpm for 5 and 10 h, respectively, under dry conditions. This was achieved by conducting
ball milling for 20 min in one direction, pausing for 5 min, and reversing to another direction for 20 min during the entire 5- and 10-h
periods, respectively. The ball-milled powders were calcined at 600 °C at a heating rate of 2 °C min~* for 10 h using the Sentro Tech
furnace. On the other hand, the SSFC-0 sample was prepared without ball milling by only mixing the powders using the mortar and
pestle, followed by calcining at 600 °C.

2.2. Solar cell fabrication

The SSFC perovskite (20 mg) was added to absolute ethanol (0.10 ml) and sonicated using an ultrasonic water bath for 15 min. The
dispersed mixture was deposited on the active area of an ITO glass substrate using the doctor blade method [54]. The film thickness
(0.07 mm) was controlled using Scotch tape. The prepared ITO-coated glass substrate was annealed at 100 °C using a hot top plate. The
prepared ITO-coated glass was loaded with eosin B dye (5, 50, and 100 mg 1™ 1). This took advantage of the high absorption of eosin B
dye in the visible range (390-520 nm). The iodine-gel electrolyte was prepared as reported elsewhere [55] and added on top of the
ITO-coated glass. Although gel-state electrolytes often render DSSCs with low PCEs due to their poor ionic conductivity, they
significantly help to overcome flammability, leakage and evaporation issues associated with commonly used ionic liquid and organic
solvent electrolytes. Device fabrication was completed by using an Al counter electrode. Despite being similar to the traditional Pt
counter electrode in terms of susceptibility to corrosion, Al was employed in the present study due to its ease of availability, which
renders it with a low-cost, in addition to its lightweight and competitive electrical conductivity.

2.3. Characterization

X-ray powder diffraction (XRD) of various SSFC samples was analysed using a Rigaku Miniflex600 diffractometer in the 20 scan
range from 20 to 90° with a step size of 0.02°. The Rietveld refinement technique was used to analyze and extract structural details
from the XRD patterns using the FullProf program software. The generator operated at 40 kV with a high-intensity Cu-K, radiation
source at a wavelength of 0.154 nm. Firstly, the main parameters, such as background and scale factors, were refined. After that,
further refinement of width parameters, lattice parameters, preferred orientation, profile shape, asymmetry, atomic coordinates, site
occupancies, and isothermal parameters were performed. The experimental data was fitted using computing parameters viz., Bragg
factor (Rp), crystallographic factor (Rg), profile factor (Rp), and goodness of fit (Xz) to attain the best fit using experimental diffraction
data [56]. A high-resolution transmission electron microscope (HRTEM, JEOL JEM-2100) was used to analyze the microstructural
characteristics of all samples at an accelerating voltage of 200 kV. A field emission scanning electron microscope (FESEM, JEOL
JSM-6100) coupled with energy-dispersive X-ray (EDX) spectroscopy was used to examine the elemental composition, morphology,
and size distribution of SSFC. The particle sizes of SSFC were estimated using the Image J software. Fourier transform infrared (FTIR)
spectroscopy was employed to analyze the spectra of different perovskites using a PerkinElmer spectrum 100 utilizing the Universal
ATR sampling accessory ranging from 450 to 4000 cm™~'. Raman analysis was used to study the crystallinity of SSFC using a DeltaNu
Advantage 532™ Raman spectrometer. Nitrogen adsorption-desorption was used to examine the surface areas of SSFC using the
Micromeritics Tristar II 3020 instrument. Thermogravimetric analysis (TGA) was done using the SDT-Q600 thermal analyzer at
25-1000 °C in air.

UV-visible (UV-Vis) absorption spectroscopy was used to examine the absorbance of SSFC using the Shimadzu UV-Vis NIR
spectrophotometer. Photoluminescence (PL) spectroscopy was used to study the charge recombination rate on SSFC using the Per-
kinElmer LS 55 spectrofluorometer at an excitation wavelength of 310 nm. The electrical conductivity of SSFC was determined using a
four-point collinear probe current-voltage (I-V) instrument and a source meter (Model 2450) SMU. Electrochemical analysis was
studied using electrochemical impedance spectroscopy (EIS) with a CHI E workstation and cyclic voltammetry (CV) with a Metrohm
797 VA Compitrance electrochemical workstation. EIS and CV measurements were performed using the same three-electrode system.
The reference electrode was Ag/AgCl, and the counter electrode was Pt. Firstly, 20 mg of SSFC samples were added into 2 ml of ethanol
and sonicated for 30 min to obtain a well-dispersed ink. The working electrode was prepared by casting SSFC powders using a Nafion
binder on the glassy carbon electrode with a 3 mm diameter and drying it with a UV lamp. The electrolyte was prepared using 3 M KOH
(85, Merck) and degassed under nitrogen for 5 min before analysis. Photovoltaic measurements were carried out at room temperature
using an Oriel Instruments LCS-100 solar simulator under light illumination (100 mW cm’z, AM 1.5 G) with maximum power (750 W),
Xenon short AKC lamp (150 W), voltage (116-220 V) and frequency (50-60 Hz) on an active area of 0.98 cm?. A standard solar cell
sample (high-quality silicon reference cell, Open RR-1002) was used to calibrate the solar system prior to taking the photovoltaic
measurements at a working distance of 8.10 cm.
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3. Results and discussion
3.1. Phase composition and structural properties

Powder XRD using the Rietveld method was used to analyze crystal structures and different phase compositions of SSFC ball-milled
at 0, 5, and 10 h. The XRD patterns of SSFC ball-milled at various times (Fig. 1) showed well-defined sharp and intense peaks,
demonstrating the high crystallinity of the samples. The intense peaks indicate the nucleation and full growth of the perovskite crystals
at 600 °C. Among the prepared samples, SSFC-5 and SSFC-10 had intense 26 peaks at 25, 33, 35, 40, 47, 58, 69, 79, and 90°, while
SSFC-0 exhibited the same peaks except for the absence of 20 peaks at 25 and 35°. The absence of 20 peaks at 25 and 35° for SSFC-
0 indicates the formation of more crystalline perovskites with no formation of secondary phases [57]. For SSFC-5 and SSFC-10, the
formation of secondary phases, such as SroFeO4. and SrsFe;Og 75, were identified, respectively. The impurities can be created by the
localized heating effect of the jar and ball collisions during milling, but it depends on time variation [58]. As the milling time increases,
the complete formation of SSFC-10 phases is noted. The development of new phases as the milling time increases was also observed by
Zuhailawati et al. [59]. For SSFC-0, the space group was I, while the space group of SSFC-5 and SSFC-10 was I4/m. All the SSFC samples
formed a tetragonal structure. This was consistent with a study by Zhang et al. [47], which also demonstrated that perovskites calcined
at 500-750 °C mainly form a tetragonal structure.

The Rietveld refined method via XRD analysis was used to verify the stoichiometries of SSFC, as shown in Table 1. The oxygen
positions were kept as free parameters during refinement, while other atomic fractional positions were fixed. In addition, other pa-
rameters, such as scale factors, lattice constants, shape parameters, occupancies and isothermal parameters, were taken as free [60].
The C-file used for our structure was SrCoO3 (COD-1551939), which was modified by adding Sm in the A-site and Fe in the B-site atoms
[13].

The structural parameters (see Supplementary Fig. S1 and Fig. S2), with the side occupancy multiplied by multiplicity, were used to
calculate the crystal structure stoichiometries as Sro 7Smg sFep.4C0¢ 602.65 (SSFC). Similar observations were obtained by Ndlovu et al.
[13]. The average crystallite sizes (D) of SSFC were estimated using the Scherrer equation (Equation (1)) via the Gaussian curve fitted
on the Origin software [61]:

092
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where 4 is the X-ray wavelength (1.5406 A, B stands for full-width at half maximum (FWHM) of the diffraction line, and 0 is the Bragg
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Fig. 1. X-ray diffractograms of (a) SSFC-0, (b) SSFC-5, and (c) SSFC-10. The symbols * and+denote SroFeO4.x and SrsFe;Og 75, respectively.
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Table 1
The mean crystallite size, interlayer spacing, and element site occupancies for SSFC.
Milling time (h) Mean crystallite size (nm) Interlayer spacing (A) Element site occupancies
Sr Sm Fe Co (0]
0 40.9 1.952 0.702 0.298 0.399 0.601 2.652
5 23.7 2.256 0.700 0.300 0.398 0.602 2.623
10 19.7 2.263 0.704 0.296 0.400 0.600 2.650

diffraction angle. The calculated mean crystallite sizes of SSFC were 40.9, 23.7, and 19.7 nm for SSFC-0, SSFC-5, and SSFC-10,
respectively. The observed decrease in mean crystallite sizes highly depends on the strong collision impact between the perovskite
powder and the balls, significantly reducing crystallite sizes. Also, increased milling time allows the effective breaking of the large
particles to form smaller particles due to cold welding and excessive thermal energy accumulation during milling [58]. The lattice
parameters were found to be 1.952, 2.256, and 2.263 A for SSFC-0, SSFC-5, and SSFC-10, respectively, as calculated using Equation (2)
[62].

a:%xsinﬁx\/h2+k2+12 2)

where A represents the X-ray wavelength, 0 is the (20 value/2), and (h, k, and 1) are Miller indices of the crystal lattice. Increasing the
milling time to 5 and 10 h led to the creation of atomic defects, which affected the lattice [63], resulting in the observed lattice
expansion. This trend was associated with the milling treatment, which leads to vacancy and grain boundary defects as the result of
internal tensile strain that causes weak atomic arrangement on the structures [64]. This was comparable to Bolokang et al. [65], who
also observed lattice expansion during milling. The change in lattice parameters can also be associated with oxygen nonstoichiometric
vacancies [37,66].

3.2. Microstructure and morphology

3.2.1. HR-TEM analysis

The HR-TEM and selected area diffraction (SAED) images are shown in Fig. 2. The SAED patterns shown in Fig. 2(a—c) were used to
study the crystalline structures of the samples. The SAED patterns revealed diffraction rings that were associated with the (100), (110),
(111), (200), (211), and (420) planes, which was consistent with XRD analysis. On the other hand, the HR-TEM images shown in Fig. 2
(d-f) were used to examine the microstructure of the samples. An increase in milling time was noted to reduce the particle sizes from
40.2 nm for SSFC-0 to 23.1 and 18.9 nm for SSFC-5 and SSFC-10, respectively, due to the impact of collisions between the balls and the
powder [67]. Therefore, ball milling can be used as an effective technique to reduce particle sizes, which is beneficial for increasing the

SSFC-0

&

i1
| 100 nm

100 nm

Fig. 2. SAED patterns of (a) SSFC-0, (b) SSFC-5, and (c) SSFC-10. HR-TEM images of (d) SSFC-0, (e) SSFC-5, and (f) SSFC-10.
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surface area of materials.

3.2.2. FESEM analysis

The surface morphology of prepared samples was investigated using FESEM. The FESEM images in Fig. 3(a—c) showed that the
particles were spherical and irregularly shaped with a uniform particle size distribution. A similar trend was observed by Janbutrach
et al. [68]. Interestingly, an increase in ball milling time led to a significant reduction in nanoparticle agglomeration. This is because
the kinetic energy due to colliding particles can affect the compound by exerting forces in different directions based on the accu-
mulated thermal energy, which strongly reduces the agglomeration of particles [58]. In addition, the EDX spectrum and elemental
mapping shown in Fig. 3 (d) and (e) for SSFC-10 revealed the presence of homogenously distributed Sr, Sm, Fe, Co, and O elements.

3.3. Functional groups

The different functional groups present in SSFC were confirmed using FTIR analysis, as shown on the spectra in Fig. 4. All samples
showed the same strong vibrational bands at 439, 550, 853, and 1444 cm ™! [50]. The B-site cations (Fe and Co) on the ABOj3 formula

EHT =20.00kV 100 nm EHT = 20.00kV
Signal A= SE2 — Mag = 5000 KX

Mag= 5000 KX
i WD = 7.0mm

(c) SSFC-10 A (d) SSFC-10

WD = 7.0 mm

100 nm — EHT = 2000k
i ASER WO= 76mm

e) ¥

Signal A = SE2

Counts (a.u.)

Energy (KeV)

Fig. 3. FESEM images of (a) SSFC-0, (b) SSFC-5, and (c) SSFC-10. (d) SSFC-10 elemental mapping and (e) EDX spectrum.
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Fig. 4. FTIR spectra of SSFC-0, SSFC-5, and SSFC-10 perovskites.

occupied an octahedral environment [69]. The hematite or magnetite form of iron (Fe-O vibration) had IR bands in the 400 to 600
cm ™! range, depending on the annealing temperature. For instance, the 439 and 550 cm ™! bands represented metal-oxygen bonding, i.
e., Co-0O and Fe-O, respectively [35]. Moreover, the band at 853 cm ™! was associated with the symmetric stretching modes of the
M-O-M (Sr/Sm-0) intermediate or resonance structure [35]. The broad peak at 1444 cm~ ! was assigned to the stretching and bending
vibration of absorbed water molecules on the surface of SSFC [37]. Thus, this peak can further indicate the carboxylic acid band formed
by coupling the C-O stretching and O-H deformation vibrations [70]. Additionally, the peak at 1444 cm™! was noted to decrease with
an increase in milling time due to the removal of water molecules adsorbed on the perovskite samples. At around 3500 cm ™, there was
no water present or moisture absorbed by SSFC.

3.4. Structural properties

Raman analysis was used to examine the structural information and electronic properties of various SSFC samples, as shown in
Fig. 5. All samples exhibited a tetragonal crystal structure. As predicted by the group theory, the I4/m structure has nine Raman-active
modes denoted as M = 3Aq + 3By + 3Eg Ref. [71]. Much stronger bands could overlap some weak bands. Moreover, some symmetric
modes were smaller than expected due to the accidental degeneracy of different modes [71], and some weak bands were observed at
300, 495, 1400, and 2455 cm ™ *. Perovskites with strontium introduced as the A-site cation had an additional band at around 150 - 350
cm_l, which reveals the formation of a low symmetry structure due to the smaller Sr ions [72]. The obtained Raman spectra did not
have similar intensities, indicating that the SSFC compounds did not crystallize with the same symmetry when milling time was varied.
The crystallinity of SSFC perovskites was noted to decrease with increasing milling time. This could be due to the increase in defects
created on the perovskite structure that act as active sites to enhance electrochemical properties. Also, the defects on perovskite
particles might affect oxygen vacancy concentration, which can result in less electron-rich oxygen species [73].
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Fig. 5. Raman spectra of SSFC-0, SSFC-5, and SSFC-10 perovskites.
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3.5. Surface area and porosity

The nitrogen adsorption-desorption isotherms were used to measure the surface area and porosity of SSFC perovskites using the
Brunauer-Emmett-Teller (BET) technique. The BET surface areas and porosities of SSFC are shown in Table 2. The surface area values
ranged between 26.2 and 61.8 m? g™, with SSFC-10 having the highest surface area. Thus, the surface area increased with milling
time, which was associated with the observed decrease in SSFC particle sizes with some defects responsible for providing more active
sites.

When the balls collide with the powder in the jar for a longer time during milling, smaller nanoparticles with smaller pores will be
formed. In previous studies [74,75], ball milling has produced powders with large surface areas of up to 100 m? g*, depending on the
synthesis parameters. In this study, the nitrogen adsorption-desorption isotherms (Fig. 6) were type IV with H3 hysteresis loops, as
specified by the IUPAC scale [76], which reveals that the prepared materials are mesoporous. The width of the hysteresis loop became
narrow with increasing milling time, which indicated an increase in surface area and a decrease in pore volume. The small particle
sizes, high surface areas and small pore sizes are desirable for improving the electrochemical properties of materials.

3.6. Thermal stability

The decomposition behaviour and derivative plots of SSFC are shown in Fig. 7 (a) and (b), respectively. The heating rate was 10 °C
min~! in air, and the weight derivatives showed the presence of exothermic reactions in Fig. 6 (b). A calcining temperature of 600 °C
was chosen because calcining at very high temperatures can lower the surface area [77]. For SSFC prepared at 0 h, only the weight loss
of absorbed water was observed, as supported by FTIR in Fig. 4. There was no weight loss after 200 °C for SSFC-0, which indicates that
the perovskite crystallized fully and became more thermally stable than the ball-milled perovskites. For ball-milled SSFC, the weight
loss at 0—200 °C, which can be associated with the evaporation or removal of absorbed water on the perovskite surface, was also noted.
In addition, the second weight loss noted at 200-300 °C could have resulted from the removal of residual organics. Moreover, the
weight loss at 300-400 °C can be associated with the slight oxidation of the oxide and the release of oxygen [78]. The weight loss at
500-700 °C can also be linked to the phase transformation of secondary phases. Thus, the increase in defect sites with ball milling time
(revealed earlier by XRD analysis) led to the formation of less thermally stable SSFC perovskites.

3.7. Optoelectronic transition studies

The electronic structure and energy bandgap characteristics were explored using UV-Vis spectroscopy. The UV-VIS spectra of SSFC-
0, SSFC-5, and SSFC-10 shown in Fig. 8 (a) revealed strong UV absorption at 250-380 nm. There was no significant change in the
absorbance band of various SSFCs. However, with the increase in milling time (5-10 h), some redshift in the absorption edge was
observed, corresponding with the decrease in energy bandgap. Ball milling for a long period has also been reported to reduce the
oxygen partial pressure, resulting in some small redshift in the absorption edge [79]. Tauc plots were used to determine the energy
bandgap of SSFC in Fig. 8 (b). Generally, the Tauc plot can be obtained from the plot of photon energy (hv) vs (ahv)*/" where o denotes
the absorption coefficient, and n is the intrinsic type of band transition [80]. ABO3 structured perovskites have a wide bandgap of
above 3.0 eV. The wide energy bandgap can be created by a large difference between the electron negativity of the B-site cation and the
oxygen anion [81]. SSFC-0 and SSFC-5 had a bandgap of 3.6 eV, while SSFC-10 exhibited a bandgap of 3.1 eV. The decrease in energy
bandgap from 3.6 to 3.1 eV can be related to oxygen vacancies, which allow the formation of impurities in energy levels, as supported
by XRD analysis in Fig. 1. A similar observation was also made by Chen et al. [82].

3.8. Electron-hole transition studies

PL spectroscopy is a technique used to study the efficiency of charge carrier migration in materials [83,84]. Fig. 9 (a) shows the
basic charge transport and transfer processes, where the orange arrows 3, 4, and 8 reveal the charge lost reactions, while the purple
arrows 1, 2, 5, 6, and 7 represent electron transfer [13]. Upon illumination, the dye molecules absorb sunlight and get excited from the
ground state to a higher energy state (1). The excited dye molecules are then oxidized, injecting electrons into the conduction band of
SSFC (arrow 2). As illustrated by arrow 5, electrons move freely on the semiconductor since it is conductive at this energy level. This
leads to the transfer of electrons to the transparent conducting electrode, where they are further transported to an external circuit to
power a connected load. Consequently, as illustrated by arrow 6, an iodine electrolyte is regenerated by reducing triiodide at the
counter electrode. On the other hand, upon transportation to the conduction band, a back reaction can occur, e.g., the recombination of
SSFC conduction band electrons with an oxidized dye molecule (3), as well as the recombination of SSFC electrons with an iodine
electrolyte (4), which lowers the efficiency of DSSCs [13]. The PL spectra of SSFC samples exhibited a broad-spectrum width (670-730

Table 2
Surface areas and porosities of SSFC-0, SSFC-5, and SSFC-10.
Milling time (h) Surface area (m? g’l) Pore volume (cm® g’l) Pore size (nm)
0 26.2 0.193 2.61
5 45.5 0.222 2.02
10 61.8 0.320 1.14
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nm), which varied with the SSFC milling time, in good agreement with Yamada et al. [85]. SSFC-0 exhibited the highest intensity,
which is an indication of a high charge carrier recombination rate. In contrast, SSFC-10 displayed the lowest intensity, indicating a
relatively significant lower charge carrier recombination rate. The reduction in charge carrier recombination allows for the efficient
transportation of photogenerated electrons in DSSCs [86]. This is related to the smaller particle sizes and high surface area, which
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Fig. 9. (a) The basic charge transport and transfer processes. (b) PL spectra of SSFC-0, SSFC-5, and SSFC-10 perovskites.
contributed to the effective separation of photogenerated charges, thereby enhancing the efficiency of DSSCs.

3.9. Current-voltage characteristics

The electrical characterization of SSFC was conducted using a four-probe current-voltage (I-V measurement) instrument to
investigate the electrical resistivity and conductivity. The resistivity (p) of SSFC samples was calculated using Equation (3):

()

where V, I, and t are the voltage, current, and sheet thickness, respectively, and the obtained values are shown in Table 3. In addition,
the effect of varying milling time on electrical resistivity and conductivity is shown in Fig. 10.

SSFC-0 was noted to have the lowest electrical conductivity due to the high level of absorbed water, which promotes ionic
diffusivity [78]. This observation agrees with the high peak band of water presence in Figs. 4 and 7. Correspondingly, the presence of
poor oxygen vacancies could have made an impact by increasing the resistivity [87]. The observed low electrical conductivity for

Table 3
Electrical resistivity and conductivity of SSFC-0, SSFC-5, and SSFC-10.
Milling time (h) Resistivity (Q cm) Electrical conductivity (S cm™!)
0 0.0525 19.0
5 0.0265 47.7
10 0.0203 49.8
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SSFC-0 was also associated with the high charge carrier recombination rate revealed earlier by PL analysis. However, the resistivity
decreased from 0.0525 to 0.0203 Q cm with increasing ball milling time from 0 to 10 h, which, in turn, increased the conductivity from
19.0 to 49.8 S cm ™', The improvement in electrical conductivities after milling could be attributed to the formation of smaller particle
sizes, which rendered SSFC with a larger surface area for the efficient transfer of charge carriers. This was also ascribed to the reduction
in charge carrier recombination upon milling (revealed earlier by PL analysis), which led to an increase in electrical conductivity with
milling time.
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Fig. 11. (a) Cyclic voltammograms obtained at 100 mV s~ ! for SSFC perovskites; (b) typical Nyquist plots and (c) zoom plots of SSFC perovskites.
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3.10. Electrochemical properties

Cyclic voltammetry (CV) is an electrochemical technique used to study the redox potential of a reversible system [88], as shown in
Fig. 11 (a). The changes in the shape of voltammograms symbolize the current change, which varies with electrode potential. The
shape of voltammograms for the SSFC perovskites showed an excellent reversible Faradaic reaction after increasing the milling time.
SSFC-0 displayed the smallest voltammogram shape, indicating poor charge transfer on the electrode, resulting in low electrical
conductivity, as observed in Table 2. The presence of highly absorbed water on the SSFC-0 sample can increase ionic diffusivity, which
ends up affecting charge transfer on the electrode. By contrast, ball-milled SSFC (5 and 10 h) displayed voltammograms with better
capacitive behaviour due to enhanced surface areas. This can increase the electrolyte ion accessibility based on the active sites created
by defects during milling, resulting in enhancing diffusion channels [89]. These defects on the nanoparticles can act as active sites for
redox reactions while also shortening the diffusion path of ions through the electrolyte, hence causing the electrode to store more
charges [78]. The improvement in capacitance upon ball milling can also be associated with the reduction in particle agglomeration
observed earlier by FESEM analysis.

Complementary to CV, EIS was used to study the diffusion characteristics related to the electrochemical frequency behaviour of
samples prepared at various milling times. The Nyquist plots of various SSFC perovskites are shown in Fig. 11 (b). A relatively large
semicircle appeared in the Nyquist plot of the SSFC-0 electrode in the medium-high frequency region, which was attributed to the
relatively high charge transfer resistance (R.¢) of the sample (121.5 Q) [90,91]. On the other hand, the Nyquist plots of SSFC-5 and
SSFC-10 displayed relatively small semicircles in the medium-high frequency region, indicating the presence of relatively low R, i.e.,
78.6 and 32.7 Q, respectively. Low R promotes effective charge transfer at the SSFC electrode/electrolyte interface, ultimately
increasing the electrical conductivity and improving the DSSC performance. In addition, the relatively large slopes observed for the
inclined lines in the low-frequency region upon ball milling revealed the presence of a low Warburg impedance, which is desirable for
the efficient diffusion of ions within the SSFC electrode.

3.11. Photovoltaic characteristics of the fabricated DSSCs

DSSCs were fabricated using SSFC perovskites as semiconductor layers. Various photovoltaic characteristics, such as open-circuit
voltage (V,o), fill factor (FF), short-circuit current density (Jsc) and PCE, were obtained, and are listed in Table 4, together with the J-V
curves presented in Fig. 12. The variation of dye loading concentration can strongly affect the photocurrent density of DSSCs. Three
photovoltaic devices were tested for each one of the SSFC samples (0/5/10), and the best data was reported. The dye loading con-
centrations of 5, 50, and 100 mg 17! were tested in DSSCs, as revealed in Table S1 and Fig. S3. Both 5 and 50 mg 1~! dye loading
revealed the presence of low light absorption, low charge carrier generation, and poor charge transportation and collection in the
devices. However, when 100 mg 17! of eosin B dye was loaded onto the semiconductor layer, there was a significant improvement in
Jse, FF, and PCE mainly due to superior light absorption, which, in turn, allowed for efficient charge carrier generation and trans-
portation. Therefore, this work focused on using the optimum dye loading concentration of 100 mg 1! to obtain optimum efficiency in
the devices.

The V. value can be affected by the difference between the redox potential (electrolyte) and the Fermi level of the SSFC perovskite
(photoanode). The slightly low V. in SSFC-0 could be attributed to a mismatch of band structure with eosin B dye as well as poor
electron transportation from excited dye to SSFC [24]. SSFC-0 exhibited low J and FF values due to poor light absorption, resulting in
less excited electrons and reduced electron injection rate into the SSFC-0 conduction band. Consequently, DSSCs with SSFC-0 semi-
conductor layers displayed lower PCE values than those with ball-milled SSFC (SSFC-5 and SSFC-10) semiconductor layers. Thus, the
large surface areas of ball-milled samples facilitated effective dye loading, which enabled the harvesting of more incoming light for
efficient charge carrier generation. This, in addition to low electrical resistivity, Rt and back recombination, helped to improve the V.,
FF, Js, and PCE.

Based on the J-V plots in Fig. 12, it has been noted that an increase in milling time led to a reduction in the series resistance (Rgg)
and an increase in the shunt resistance (Rsy), as determined using Equations (4) and (5) [92]:

RSE:dV/dJ (J: 0) (€]

The observed decrease in Rgg at longer milling times is desirable for suppressing resistive losses, while the increase in Rgy is
beneficial for minimizing leakage current [14]. This, in turn, led to an increase in Rgy/Rsg, Voc, Jsc and FF with milling time (Table 4).
Therefore, the SSFC-10-based device exhibited the largest Rg/Rsg (124.96), Vo (0.71 V), Jc (13.64 mA cm?), and FF (67.7 %) when
compared to SSFC-0, SSFC-5 and TiOs. This was consistent with a previous study by Altinkaya et al. [93]. SSFC-0-based DSSCs, on the
other hand, exhibited the lowest Rgy/Rsg, Voc, Jsc and FF when compared to their SSFC-5-, SSFC-10- and TiO,-based counterparts. This
could have been caused by the low electrical conductivity and high charge carrier recombination of SSFC-0, which was revealed earlier
by the I-V and PL analysis. As a result, DSSCs based on SSFC-10 semiconductor layers displayed the best PCE of 6.01 %, which
outperformed the PCEs of devices fabricated with an improvement of 8.67 %, 1.1 %, and 6.56 %, for SSFC-0 (3.69 %), SSFC-5 (4.96 %),
and TiO; (5.64 %), respectively. This was comparable to some of the recently reported perovskite oxide-based DSSCs [50,94-101]
summarized in Table 5, demonstrating that similar perovskite optimization approaches, including the nanocomposites fabrication [50,
94-99] and elemental doping [100-103], tailoring of the deposition parameters, e.g., ball milling time, also has the potential to
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Table 4
Photovoltaic characteristics of various prepared SSFC perovskites.
Semiconductor Rsg (Q cm?) Rsy (Q cm?) Rsu/Rsg Voe (V) Jse (A cm™2) FF (%) PCE (%)
TiO; (ref) 8.24 352.74 42.81 0.69 11.61 62.8 5.64 + 0.18
SSFC-0 13.16 78.96 6.00 0.61 8.81 41.3 3.69 £ 0.28
SSFC-5 11.02 124.60 11.31 0.63 10.40 59.5 4.96 + 0.22
SSFC-10 3.89 486.10 124.96 0.71 13.64 67.7 6.01 +0.14
15
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Fig. 12. The J-V characteristics of SSFC-0, SSFC-5, and SSFC-10.

Table 5
Comparison of photovoltaic parameters for recently reported DSSCs based on different perovskite oxide semiconducting layers.

Semiconducting layer Dye Voo (V) Jse (MA cm™2) FF PCE (%) Ref.
RGO/Srg 7Smy sFep 4C00 603 Eosin B 0.84 14.02 0.77 7.25 [50]
TiO3/SmFeO3 N719 0.77 17.37 0.53 7.06 [94]
TiOy/Lag 681 4C003 N719 0.75 17.32 0.46 6.04 [95]
TiO2/Lag 6Sr9.4C003/Ag N719 0.72 21.23 0.48 7.34 [95]
TiO5/SmTiO3 N719 0.74 15.07 0.47 5.31 [96]
TiO5/SmTiO3/Gd,03 N719 0.78 18.03 0.58 8.08 [96]
TiO2/AlMog 503 N719 0.76 10.96 0.64 5.30 [97]
NiMnO3 N3 0.81 2.13 0.35 0.60 [98]
FeMnOg3 N3 1.02 1.39 0.50 0.71 [98]
Nig.2Feq sMnO; N3 0.95 1.48 0.56 0.79 [98]
BaSnO3 N719 0.67 11.77 0.50 3.94 [99]
BaSnO3 N719 0.60 1.62 0.67 0.65 [100]
Y-BaSnOg3 N719 0.80 2.08 0.71 1.17 [100]
Co-BaSnO3 N719 0.84 16.85 0.58 8.22 [101]
Ag;0-BiFeO3 N719 0.73 0.75 0.76 4.25 [102]
Fe-doped SrLaInO4 N719 0.80 11.08 0.52 4.64 [103]
Srp.7Smg 3Fep 4C00.602.65 Eosin B 0.71 13.64 0.68 6.01 This study

advance DSSC performance. Thus, tuning of the deposition parameters can be employed systematically in combination with other
approaches, such as chemical doping and preparation of nanocomposites, to take advantage of resulting synergistic effects further to
improve the efficiency and sustainability of the device. This subsequently helps bridge the gap between DSSCs and commercially
available silicon solar cells, paving the way for commercialization.

4. Conclusion

SSFC perovskites were successfully synthesized using the high-energy ball milling technique, and the effect of varying the milling
time on the physicochemical properties of the prepared samples was investigated. The formation of various functional groups was
noted using FTIR spectroscopy. Increasing the milling time from 0 to 10 h reduced the particle sizes, resulting in high surface areas with
poor crystallinity due to the presence of high defect active sites for redox reactions, favourably improving the electrochemical
properties. As a result, the SSFC-10 sample exhibited the highest surface area (61.8 m? g'1) and best electrical conductivity (49.8 S
cm 1), which subsequently led to the fabrication of SSFC-10 photoanode-based DSSCs with an enhanced PCE of 6.01 % owing to the
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improvement in eosin B dye loading, light absorption, charge carrier generation and charge carrier transport within the device.
Therefore, varying the milling time during the synthesis can modify several properties of SSFC perovskites to allow these materials to
be useful as photoanode materials in DSSCs.
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