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Abstract: Dye-sensitized solar cells (DSSCs) have attracted renewed research interest as a potential
low-cost substitute for conventional silicon photovoltaics. This work aims to improve the photovoltaic
performance of the DSSCs by incorporating multi-walled carbon nanotubes (MWCNTs) into the
BaTiO3 photoelectrode. The pure BaTiO3 and BaTiO3/MWCNT nanocomposites were sensitized
with N719 dye and fabricated into solar cell devices for testing. The structural characterization
confirmed the successful formation of the nanocomposite with an optimal dispersion at 6% of
MWCNT incorporation, beyond which agglomeration effects manifested. The optical analysis
verified the modulation of defect states and bandgap engineering induced by the MWCNT network.
The morphological studies revealed irregular nanoparticle clusters with embedded nanotubes. Solar
cell testing under AM1.5G-simulated sunlight demonstrated a peak power conversion efficiency
of 4.044% for 6% of MWCNT doping, constituting a 6-fold increment versus pure BaTiO3 (0.693%).
It originated from the simultaneous enhancements in the open-circuit voltage and short-circuit
current enabled by the favorable band structure alterations and percolation-assisted charge transport.
However, further increasing MWCNT content deteriorated the device metrics, owing to emerging
limitations like trapping. The rational integration of multi-walled carbon nanotubes with lead-free
ferroelectric metal oxides can contribute to the development of emerging organic-inorganic hybrid
solar platforms.

Keywords: MWCNT; BaTiO3; composites and DSSCs

1. Introduction

The consumption of energy around the globe has been continuously climbing for
nearly half a century, and the global energy demand is estimated to reach 17 terawatts
(TW) by 2040 [1]. The combustion of fossil fuels, which can include coal, oil, and gas, is the
source of the great majority of this energy [2,3]. These fuels contribute to the emission of
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greenhouse gasses such as carbon dioxide and other gasses that trap heat in the atmosphere,
which in turn contributes to the global warming and climate change [4,5].

Renewable energy sources, such as solar, wind, hydro, and geothermal energy, provide
alternatives to fossil fuels that are both more environmentally friendly and more sustain-
able [6–8]. Solar energy, with its plentiful supply and relatively simple collection methods,
stands out as one of the most promising of these sources [9–11]. Solar cells, commonly
referred to as photovoltaic (PV) cells, can convert sunlight into electricity, which enables
the solar energy to be harvested and used. Currently, there are several types of solar cells
available, with some being more promising than others [12].

Photovoltaic technologies like perovskite and dye-sensitized solar cells (DSSCs) have
garnered substantial research attention in the recent years as viable alternatives to con-
ventional silicon-based devices [13]. Hybrid organic–inorganic lead halide perovskites
are particularly promising due to their exceptional light-harvesting capacity coupled with
low-cost solution-based fabrication methods, leading to photoconversion efficiencies ri-
valling commercial modules. Additionally, the tandem architectures integrating crystalline
silicon with perovskite layers have demonstrated efficiency increments by synergistically
combining the benefits of both systems [14].

However, concerns around lead toxicity, long-term operational stability, and sourcing
adequate ruthenium supplies for conventional dyes have shifted focus to sustainable lead-
free substitutes like dye-sensitized cells. By incorporating light-absorbing photosensitizers
and charge-transporting metal oxide layers, DSSCs provide an economical pathway to solar
energy conversion without demanding high-temperature processes. But the attainment of
commercially adequate efficiency and durability remains a key bottleneck. Optimizing the
nanostructured metal oxide photoelectrode component is, therefore, critical.

Titanium dioxide (TiO2) and zinc oxide (ZnO) have been extensively utilized as DSSC
photoanodes due to their strong UV light absorption and photon capture. However, chal-
lenges remain in improving their electron dynamics, operational lifetimes, and fabrication
scalability. Hence, alternative materials such as tin oxide [15], iron oxide [16], copper
oxide [17], and bismuth ferrite [18] have been explored.

Among these alternatives, barium titanate (BaTiO3) has recently elicited interest due
to several favorable attributes [19,20]. BaTiO3 offers a high dielectric constant and refrac-
tive index, enabling strong optical absorption and photon capture in the visible range,
surpassing the predominantly UV response of TiO2. The band energetics of BaTiO3 are
also suitable for effective dye sensitization and charge injection. Moreover, BaTiO3 exhibits
inherently suppressed electron-hole recombination rates upon photoexcitation, allowing
for more efficient charge carrier transport within the photoanode [21] and directly enabling
improvements in energy conversion efficiency [22]. In contrast, TiO2 suffers from higher
recombination losses, hindering its charge collection efficiency.

These characteristics are advantageous for achieving significant optical absorption
and effective photon capture in photoelectrodes [23,24]. Moreover, the bandgap energy
of BaTiO3 is very suitable for effective light absorption and efficient charge carrier dy-
namics when used as a photoelectrode in a dye-sensitized solar cell [25,26]. However, the
intrinsically low electron mobility and conductivity of BaTiO3 result in lower conversion
efficiencies compared to TiO2, necessitating strategies like conductive network incorpora-
tion to enhance its performance. TiO2 benefits from high electron mobility and efficient
charge injection from dye molecules, making it a widely used and established photoanode
material. Additionally, the noted stability and corrosion resistance of BaTiO3, even in acidic
conditions, helps maintain the structural integrity of the active layer over long-term device
operation [27], presenting advantages for durable high-efficiency dye-sensitized solar cells.

Taken together, these attributes make BaTiO3 a promising candidate to integrate into
the photoanode architecture for dye-sensitized solar cells. In pursuing low-cost and high-
efficiency photovoltaic materials, DSSCs have been fabricated using a range of synthesis
strategies for the metal oxide photoanode component. The reported approaches include
precipitation [28], hydrothermal [29], and sol–gel synthesis [30] to produce nanostructured
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morphologies. Furthermore, various techniques have aimed to optically and electronically
optimize DSSC photoanodes, whether through elemental doping [31,32], the addition of
quantum dots [33,34], or carbon nanotubes [35–37], the addition of co-catalysts, or other
routes [38]. These efforts attempt to maximize the light-harvesting capability, charge
transport kinetics, surface area, and stability in the resulting photoelectrode architecture.

The choice of photosensitizer dye also plays a crucial role in determining the overall
efficiency of DSSCs. The N719 dye (di-tetrabutylammonium cis-bis(isothiocyanato)bis(2,2-
bipyridyl-4,4-dicarboxylato)ruthenium(II)) has become a widely used benchmark owing to
its superior performance characteristics. N719 exhibits strong absorption across the visible
spectrum, enabling the effective harvesting of incident solar radiation. The carboxylate
groups in its molecular structure facilitate robust anchoring to the metal oxide surface,
ensuring high dye loading and stability against desorption. Furthermore, N719 enables
efficient electron injection into the photoanode, a key step in the energy conversion process.
The combination of a broad spectral response, excellent stability, and efficient charge
transfer has made N719 one of the most used dyes for evaluating novel DSSC materials
and architectures [39].

The present study aims to evaluate the impact of incorporating multi-walled carbon
nanotubes (MWCNT) into the BaTiO3 photoelectrode of DSSCs. MWCNTs can improve
the electrical conductivity of the photoanode, resulting in better electron transit to the
external circuit [35]. Moreover, MWCNTs can increase the surface area of the photoanode,
providing more sites for dye molecules to adsorb, thereby increasing the light absorption
capacity [40,41]. MWCNTs can also function as a barrier layer, preventing the diffusion of
electrolyte species into the photoanode, thereby enhancing the solar cell’s endurance and
performance [42,43].

In this work, we have synthesized pure BaTiO3 and BaTiO3/MWCNT composites
by the sol–gel method. The samples obtained were characterized by different techniques
such as DSC/TGA, XRD, FTIR, and UV–visible. This study focuses on evaluating the
impact of varying concentrations of MWCNTs on the optical, structural, morphological,
and photovoltaic characteristics of BaTiO3 photoelectrode-based solar cells.

2. Materials and Methods
2.1. Materials

Barium nitrate (99%), citric acid (99%), 2-propanol, tert-butanol, glacial acetic acid,
acetonitrile, acetylacetone, and triton X-100 were obtained from Merk (Merck Millipore,
Darmstadt, Germany), and used without any further purification. A multi-walled car-
bon nanotube (98%, 6–13 nm × 2.5–20 µm), chloroplatinic (8% H2O) and titanium (IV)
isopropoxide were supplied by Sigma-Aldrich (Sigma Aldrich, Burlington, MA, USA). Di-
tetrabutylammonium cis-bis(isothiocyanato)bis(2,2-bipyridyl-4,4dicarboxylato)ruthenium
(II) (N719 dye, 95%), platinum paste (Platisol T/SP) and iodolyte HI-30 were supplied
by Solaronix (Solaronix SA, Au-bonne, Switzerland). Indium tin oxide (ITO)-coated
glass was supplied by Kaivo Optoelectronics (ITO-P001, <10 Ω/sq, Kaivo Optoelectronic,
Zhuhai, China).

2.2. BaTiO3 Synthesis

For the synthesis of barium titanate particles, 6.536 g of barium nitrate was dissolved
in 40 milliliters of 2-propanol for 12 h. Subsequently, 1.253 g of citric acid was dissolved in
20 mL of 2-propanol for 30 min. The two solutions were then mixed and stirred for an addi-
tional 30 min. At this stage, 7.39 mL of titanium (IV) isopropoxide was promptly added to
the mixture, followed by the addition of 2.4 mL of ultrapure water. The mixture was stirred
for 10 min, then dried for 12 h at 60 ◦C. The obtained powder was ground and calcined at
700 ◦C for 2 h, with a heating rate of 5 ◦C/min. This calcination temperature was selected
based on the results of differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA) (Figure 1a). The obtained sample was labeled as BaTiO3.
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Figure 1. (a) Thermogravimetric analysis and differential scanning calorimetry of (a) pure BaTiO3

and (b,c) BaTiO3/MWCNT nanocomposites.

2.3. BaTiO3/MWCNT Synthesis

In order to synthesize BaTiO3/MWCNT nanocomposites, the surface of 0.3 g of
MWCNTs was modified through acid treatment. This involved immersing the MWCNTs
in a solution of ultrapure water and nitric acid (3:1, v/v), in an ultrasonic bath for 30 min.
The resulting sample was washed to achieve a neutral pH and dried at 50 ◦C for 12 h.
Next, 1.4 g of barium titanate was mixed with 9 mL of a 1:2 dilution of glacial acetic
acid and water, along with varying percentages of MWCNTs (3%, 6%, and 10% w/w).
The mixture was then stirred for 2 h, dried at 50 ◦C for 12 h, and calcined at 700 ◦C
for 2 h with a temperature increase of 5 ◦C/min. The obtained samples were labeled
as BaTiO3-3%MWCNT, BaTiO3-6%MWCNT and BaTiO3-10%MWCNT according to the
MWCNT content.

2.4. Solar Cell Fabrication

The fabrication of a pure BaTiO3 working electrode and a BaTiO3/MWCNT composite
working electrode was performed according to the modified process described by Tibur-
cio et al. [18]. Initially, 1 cm2 ITO glasses were cleaned by being repeatedly washed with
ultrapure water and 2-propanol using an ultrasonic bath, and then with acetone. To deposit
the photoactive layer, pure BaTiO3 and BaTiO3/MWCNT composites were prepared by first
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mixing 60 mg of either the pure or composite sample with 0.2 mL of acetic acid to obtain a
homogeneous paste. Next, 0.1 mL of Triton X surfactant was added to the paste, followed
by the addition and mixing-in of 5 microliters of 2-propanol to further homogenize each
paste. These final pastes were then screen printed (250 µm polystyrene mesh) onto ITO
substrates and calcined at 400 ◦C for 30 min to produce the photoactive layers.

The ITO counter electrode was platinized by screen printing 10 microliters of platinum
paste (Platisol T/SP), followed by calcination at 400 ◦C for 30 min.

The resulting films were then immersed in a solution of 0.3 mM dye N719 in tert-
butanol and acetonitrile (1:1) for 24 h. The resulting photoelectrode and platinum counter
electrode were sandwiched together, and 10 microliters of electrolyte iodine were added
for testing.

2.5. Characterization of the Samples

Thermal analysis of the precursor powder was carried out using simultaneous dif-
ferential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) on a SDT
650 module (TA Instruments, New Castle, DE, USA). The sample was heated from ambient
temperature to 900 ◦C at 20 ◦C/min under nitrogen atmosphere, allowing for quantification
of both heat flow changes and mass loss as a function of temperature. X-ray diffraction
analysis of the pure BaTiO3 and BaTiO3/MWCNT composite samples was performed
with a PANalytical Aeris Research diffractometer (Malvern Panalytical Ltd., Almelo, The
Netherlands) equipped with a copper Kα radiation source and nickel filter. The structural
refinement and quantification of crystallite dimensions were carried out via the Rietveld
method using HighScore Plus software V4.9. The vibrational spectroscopy of the samples
was performed using a Maya 2000 Pro Raman microscope (Ocean Optics Inc., Orlando, FL,
USA) with a 532 nm excitation laser. Diffuse reflectance spectroscopy in the UV–visible
range utilized an Evolution 220 spectrometer (Thermo Scientific Co., New York, NY, USA).
Infrared transmission spectra were collected on a Bruker Invenio R Fourier transform
infrared (FTIR) spectrometer (Bruker, Ettlingen, Germany) equipped with an ATR (attenu-
ated total reflectance) system. Photoluminescence was measured using a FluoroMax Plus
spectrofluorometer system (Horiba Scientific, Irvine, CA, USA). Morphological analysis
was done via field emission scanning electron microscopy (FE-SEM) on a Thermo Scien-
tific Quattro S microscope (Thermo Fisher, Eindhoven, The Netherlands). Photovoltaic
testing of fabricated solar cells at room temperature utilized a Sciencetech INC system
(North York, ON, Canada) with a Keithley source meter under simulated solar illumination
from an AAA class simulator at 100 mW/cm2 calibrated versus a reference silicon device.
Current-voltage measurements were used to evaluate photovoltaic performance.

2.6. Photovoltaic Performance of DSSCs

The electrical properties of DSSCs were evaluated through the characterization of pho-
tocurrent density–voltage (J-V) under a simulated solar irradiance. Using the established
equations below, the fill factor (FF) and the total conversion efficiency (η) of the DSSCs
were calculated as follows:

FF =
Vmax·Jmax

VOC·JSC

η(%) =
VOC·JSC·FF

Pin

where, Vmax and Jmax correspond to the voltage and current density, respectively, at the
maximum power point of the DSSCs. The open-circuit voltage (VOC) and short-circuit
current density (JSC) were generated by the DSSC under illumination, while Pin denotes
the power of the incident light intensity (100 mW/cm2) from the solar simulator.
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3. Results
3.1. Thermal Analysis

The thermogravimetric analysis and differential scanning calorimetry results for the
prepared BaTiO3 powders, dried at 60 ◦C for 12 h, are shown in Figure 1a. The first
endothermic peak observed at 105 ◦C corresponds to the evaporation of physically adsorbed
water and volatile organic solvents, resulting in a 5% mass loss at the center of the peak
and 10% after the process was completed. Two exothermic reactions were located between
200 and 500 ◦C, which could be attributed to the evaporation of molecular trapped water
and the decomposition of nitrates, resulting in a mass loss of 17%. An exothermal peak
was observed at 579 ◦C, followed by an endothermal peak at 619 ◦C, which represents
the decomposition of citric acid and the decomposition of barium carbonate, respectively,
resulting in the production of CO2 and the formation of BaTiO3, leading to a 44% mass
loss at 680 ◦C when the crystallization process was completed. The formation enthalpy of
BaTiO3 was precisely determined through differential scanning calorimetry (DSC) analysis
using the TRIOS software version 5.1. The result showed a value of 426.24 J/g with a
start temperature of 585 ◦C, a finish temperature of 675 ◦C, and a peak temperature of
620 ◦C. This corresponds to the completion of the tetragonal phase crystallization process
of BaTiO3. The calcination temperature for complete crystallization was carefully selected
as 700 ◦C for all the synthesized samples.

The thermogravimetric profiling of the sequentially synthesized BaTiO3/MWCNT
nanocomposites (Figure 1b) verifies higher weight loss with decreasing MWCNT content.
The initial mass decline is attributed to the elimination of acid treatment residues, which
induces MWCNT oxidation and the grafting of carboxyl/hydroxyl groups, as previously
reported. The subsequent loss corresponds to the removal of the acetates adsorbed during
acetic acid processing on both nanotube and inorganic constituents. The minimal decom-
position after 400 ◦C signifies the production of thermally robust composites, following the
deliberate extraction of introduced surface moieties.

The as-prepared BaTiO3-10%MWCNT sample exhibited a total 8.2% loss by 900 ◦C,
contrasting with 10.5% for the BaTiO3-3%MWCNT counterpart. This connects to height-
ened surface elaborations and associated impurities enabled by the dedicated MWCNT
functionalization steps prior to integration with BaTiO3. The two-phase synthesis facilitates
composites with thermal stability spanning 400–900 ◦C, underscoring their suitability for
demanding electronic applications involving oxides.

Conversely, exothermal values from differential scanning calorimetry (Figure 1c) sig-
nify the progressive suppression of the tetragonal–cubic transition upon heating with
more incorporated MWCNT fillers [44]. This implies the MWCNTs increasingly hin-
der TiO6 octahedral rearrangements that disable the ferroelectric phase change. Inter-
facial effects between the BaTiO3 grains and MWCNTs are credited for this structure-
stabilizing impact.

The opposing trends verify a sequential nanocomposite formation mechanism—tailored
surface chemistry produces highly functionalized MWCNTs that first anchor to the BaTiO3
structure before burning off residues at elevated temperatures.

3.2. X-ray Diffraction Results

Figure 2a depicts the X-ray diffraction results of pure multi-walled carbon nanotubes
(MWCNT), pure barium titanate (BaTiO3), and BaTiO3/MWCNT composite with varying
concentrations. The diffraction patterns (represented by the black line) display good
agreement with standard data for MWCNT (JCPDS N◦ 41-1487) with peaks located at 26.14◦

and 43.04◦, which correspond to the (002) and (100) reflection planes, respectively. These
peaks are attributed to the hexagonal graphite structure of MWCNT [45,46]. In contrast,
the results for pure BaTiO3 and BaTiO3/MWCNT composites do not exhibit peaks related
to MWCNT. However, the effect of adding MWCNT in the synthesis process is reflected
in the structural parameters and crystallite size, as seen in Table 1. The observed peaks
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correspond to BaTiO3 (JCPDS N◦ 01-075-2121), which has a tetragonal crystal structure and
P4/mmm (number 123) space group.
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Table 1. Structural parameters obtained from Rietveld refinements of XRD analysis of pure BaTiO3

and BaTiO3/MWCNT nanocomposite.

Structural
Parameter

Sample

BaTiO3
BaTiO3-3%
MWCNT

BaTiO3-6%
MWCNT

BaTiO3-10%
MWCNT

Crystal system Tetragonal Tetragonal Tetragonal Tetragonal
Crystal structure P4/mmm P4/mmm P4/mmm P4/mmm

a = b (nm) 4.0134 4.0034 4.0014 4.0024
c (nm) 3.9988 4.0214 4.0197 4.0204

α = β = γ (◦) 90 90 90 90
ρ (g/cm3) 5.76 5.56 5.59 5.56

D (nm) 83.27 57.71 73.1 78.26
Rexp (%) 6.6046 6.7825 6.0865 5.9684
Rp (%) 5.1818 5.2599 5.0969 5.1128

Rwp (%) 8.1624 7.3866 7.7366 7.7661
GOF 1.23 1.09 1.27 1.30

Eg (eV) 3.023 3.032 3.029 2.997

The Rietveld refinement results indicate that the addition of 3% of MWCNT reduces
the crystallite size of BaTiO3 from 83.27 to 57.71 nm, compared to pure BaTiO3. However,
increasing the amount of MWCNT increases the crystallite size of BaTiO3 from 73.1 to
78.26 nm for 6 and 10% MWCNT, respectively. This effect can be appreciated in Figure 2b
with the shift of the BaTiO3 peak from the center to the right side with the addition of 3% of
MWCNT, and to the left side with increasing amounts of MWCNT. This result also shows
that the peak located at 45.5◦ is composed of two peaks corresponding to the (002) and
(200) reflection planes, which are indicative of the tetragonal crystal system [47].
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Furthermore, the XRD patterns of pure BaTiO3 and BaTiO3/MWCNT nanocomposites
showed a weak peak (labeled with “*”) at 24.16◦ and 24.61◦ that can be attributed to (111)
and (102) reflection planes of BaCO3 (JCPDS N◦ 00-041-0373). This formation is associated
with the result of a chemical reaction between barium from the starting reagent and citric
acid during the combustion process [48].

3.3. Raman Spectroscopy

Figure 3 displays Raman spectra of pure BaTiO3 and BaTiO3/MWCNT composites.
The obtained spectra from all the samples show similar quantities and positions of peaks.
Figure 3 shows the commonly observed Raman peaks in the tetragonal BaTiO3 structure
are the peaks located at 142 cm−1, which correspond to the symmetric stretching mode
of the TiO6 octahedra, the peak at 191 cm−1, which corresponds to the antisymmetric
stretching mode of the TiO6 octahedra, the peak at around 262 cm−1, which corresponds
to the symmetric bending mode of the TiO6 octahedra, and the peak at around 717 cm−1,
which corresponds to the antisymmetric stretching mode of the Ba atoms [49,50]. The
results also display additional Raman peaks that were not shown in X-ray diffraction
results, corresponding to the hexagonal structure of BaTiO3 located at 433 cm−1, which
corresponds to the symmetric bending mode of the TiO6 octahedra, and 632 cm−1, which
corresponds to the symmetric stretching mode of the Ba atom [51,52]. This effect can be
attributed to a “core–shell” model, where submicron or nanosized crystals of BaTiO3 consist
of a core with a hexagonal structure and a tetragonal phase shell [53]. This model has been
similarly described by previous studies where a model with a cubic shell and tetragonal
core was described [50,54,55]. The reduction in the intensity of the Raman spectra of the
samples that contain MWCNTs is attributed to a reduction in the crystallinity and grain
size of the samples [56].
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3.4. FTIR Spectroscopy

Figure 4 illustrates the FTIR spectra of pure BaTiO3 and BaTiO3/MWCNT nanocom-
posites. The observed spectral features include a characteristic band at around 492 cm−1,
which is indicative of the Ti-O vibration mode. These spectral characteristics align with
previous literature reports, thus affirming the crystal structure of BaTiO3 in the analyzed
samples [57]. Additionally, a peak located at 865 cm−1 is observed, which corresponds
to the in-plane and out-of-plane bending of CO2−

3 from BaCO3 [58]. The peak located at
1440 cm−1 corresponds to COO− groups [59,60]. Furthermore, the peaks located at 2332
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and 2360 cm−1 are related to the CO and CO2 groups [61], which may be attributed to
adsorbed gasses on the sample surface during the synthesis process.

Crystals 2024, 14, x FOR PEER REVIEW 9 of 19 
 

 

 
Figure 3. Raman spectra of pure BaTiO3 and BaTiO3/MWCNT composite. 

3.4. FTIR Spectroscopy 
Figure 4 illustrates the FTIR spectra of pure BaTiO3 and BaTiO3/MWCNT nanocom-

posites. The observed spectral features include a characteristic band at around 492 cm−1, 
which is indicative of the Ti-O vibration mode. These spectral characteristics align with 
previous literature reports, thus affirming the crystal structure of BaTiO3 in the analyzed 
samples [57]. Additionally, a peak located at 865 cm−1 is observed, which corresponds to 
the in-plane and out-of-plane bending of COଷଶି from BaCO3 [58]. The peak located at 1440 
cm−1 corresponds to COO− groups [59,60]. Furthermore, the peaks located at 2332 and 2360 
cm−1 are related to the CO and CO2 groups [61], which may be attributed to adsorbed 
gasses on the sample surface during the synthesis process. 

 
Figure 4. FTIR Spectra of pure BaTiO3 and BaTiO3/MWCNT nanocomposite. 

100 200 300 400 500 600 700
0

3,000

6,000

9,000

12,000

15,000

18,000

21,000

24,000

In
te

ns
ity

 (a
.u

.)

Raman Shift (cm─1)

 BaTiO3

 BaTiO3 - 3% MWCNT
 BaTiO3 - 6% MWCNT
 BaTiO3 - 10% MWCNT

142

191

236

262

306

433

521

717632

4000 3500 3000 2500 2000 1500 1000 500

Tr
an

sm
ita

nc
e 

(%
)

Wavenumber (cm─1)

BaTiO3 - 10% MWCNT

BaTiO3 - 6% MWCNT

BaTiO3

BaTiO3 - 3% MWCNT

492 cm─1

856 cm─1
1440 cm─12332 cm─12360 cm─1

Figure 4. FTIR Spectra of pure BaTiO3 and BaTiO3/MWCNT nanocomposite.

3.5. UV–Vis Spectroscopy

The optical absorption of the samples is displayed in Figure 5a. The results show that
the absorption of light in the visible region increases proportionally with the amount of
MWCNT, while there is no significant increase in absorption in the UV region. Furthermore,
the collected data were used to analyze the optical bandgap energy (Eg) using the Tauc
relation [62–64]:

αhv = A
(
hv − Eg

)n

Crystals 2024, 14, x FOR PEER REVIEW 10 of 19 
 

 

3.5. UV–Vis Spectroscopy 
The optical absorption of the samples is displayed in Figure 5a. The results show that 

the absorption of light in the visible region increases proportionally with the amount of 
MWCNT, while there is no significant increase in absorption in the UV region. Further-
more, the collected data were used to analyze the optical bandgap energy (Eg) using the 
Tauc relation [62–64]: 𝛼ℎ𝑣 = 𝐴(ℎ𝑣 − 𝐸௚)௡ 

The absorption coefficient (α) was calculated utilizing the well-established relation α 
= 4πk/λ [65,66], where k represents the extinction coefficient and λ denotes the wavelength 
of light, v is the transition frequency, A is a proportionality constant, hv is the photon 
energy, Eg refers to the optical bandgap, and n depends on the type of transition (n = 1/2 
for direct allowed and n = 2 for indirect transitions). The optical bandgap of the samples 
was calculated by extrapolating the plot on the energy axis [hv versus (αhv)2] and obtain-
ing the intercept of the energy axis, as shown in Figure 5b. The calculated optical bandgap 
of the samples is displayed in Table 1. The results indicate that the energy gap increases 
from 3.023 to 3.032 eV when 3% of MWCNT is added. However, this value decreases to 
3.029 and 2.997 eV when the concentration of MWCNT is increased. This trend may be re-
lated to the corresponding decrease and increase in the crystallite size, as observed in the X-
ray diffraction results. These changes in the crystallite size can alter the band structure of 
the material, leading to a corresponding change in the optical bandgap energy [18,67,68]. 

  
(a) (b) 

Figure 5. (a) UV–visible absorption spectra of pure BaTiO3 and BaTiO3/MWCNT composites, (b) 
the Tauc plot to calculate the indirect bandgap energy. 

3.6. Photoluminescence Spectroscopy 
The photoluminescence emission spectra spanning 300–700 nm for pure BaTiO3 na-

noparticles and multi-walled carbon nanotube-reinforced BaTiO3 nanocomposites under 
254 nm excitation are presented in Figure 6. 

All the samples exhibit similar emission profiles, characterized by the presence of 
multiple peaks and shoulders, indicating that the incorporation of MWCNTs does not sig-
nificantly alter the overall shape of the emission spectrum. The intrinsic visible lumines-
cence in pure BaTiO3 originates from self-trapped excitons involving electron transfer be-
tween oxygen vacancies and adjacent Ti4+ sites [69]. The emission spectrum of pure BaTiO3 

displays characteristic shoulders at 396 and 404 nm, which can be attributed to the pres-
ence of surface defect states [70]. The main emission peak at 416 nm is associated with the 
radiative recombination of self-trapped excitons [71]. Additional peaks are observed at 

200 250 300 350 400 450 500 550 600 650 700
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

A
bs

or
ba

nc
e 

(a
.u

.)

Wavelength (nm)

 BaTiO3

 BaTiO3- 3% MWCNT
 BaTiO3- 6% MWCNT
 BaTiO3- 10% MWCNT

2.1 2.4 2.7 3.0 3.3 3.6 3.9
0.0

0.1

0.2

0.3

0.4

(α
hn

)2

Energy (eV)

 BaTiO3

 BaTiO3- 3% MWCNT
 BaTiO3- 6% MWCNT
 BaTiO3- 10% MWCNT

Figure 5. (a) UV–visible absorption spectra of pure BaTiO3 and BaTiO3/MWCNT composites, (b) the
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The absorption coefficient (α) was calculated utilizing the well-established relation α

= 4πk/λ [65,66], where k represents the extinction coefficient and λ denotes the wavelength
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of light, v is the transition frequency, A is a proportionality constant, hv is the photon
energy, Eg refers to the optical bandgap, and n depends on the type of transition (n = 1/2
for direct allowed and n = 2 for indirect transitions). The optical bandgap of the samples
was calculated by extrapolating the plot on the energy axis [hv versus (αhv)2] and obtaining
the intercept of the energy axis, as shown in Figure 5b. The calculated optical bandgap of
the samples is displayed in Table 1. The results indicate that the energy gap increases from
3.023 to 3.032 eV when 3% of MWCNT is added. However, this value decreases to 3.029
and 2.997 eV when the concentration of MWCNT is increased. This trend may be related
to the corresponding decrease and increase in the crystallite size, as observed in the X-ray
diffraction results. These changes in the crystallite size can alter the band structure of the
material, leading to a corresponding change in the optical bandgap energy [18,67,68].

3.6. Photoluminescence Spectroscopy

The photoluminescence emission spectra spanning 300–700 nm for pure BaTiO3
nanoparticles and multi-walled carbon nanotube-reinforced BaTiO3 nanocomposites under
254 nm excitation are presented in Figure 6.
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Figure 6. Photoluminescence spectra of pure BaTiO3 and BaTiO3/MWCNT nanocomposites.

All the samples exhibit similar emission profiles, characterized by the presence of
multiple peaks and shoulders, indicating that the incorporation of MWCNTs does not
significantly alter the overall shape of the emission spectrum. The intrinsic visible lumi-
nescence in pure BaTiO3 originates from self-trapped excitons involving electron transfer
between oxygen vacancies and adjacent Ti4+ sites [69]. The emission spectrum of pure
BaTiO3 displays characteristic shoulders at 396 and 404 nm, which can be attributed to the
presence of surface defect states [70]. The main emission peak at 416 nm is associated with
the radiative recombination of self-trapped excitons [71]. Additional peaks are observed at
434, 447, 461, 465, 478, 489, and 542 nm, along with shoulders at 470 and 613 nm. These
features may arise from the presence of different types of defects, such as oxygen vacancies
and titanium interstitials, as well as the formation of a heterojunction between BaTiO3 and
MWCNTs [72].

The most prominent effect of MWCNT incorporation on the photoluminescence be-
havior of BaTiO3 is the progressive quenching of the emission intensity with increasing
MWCNT content. As the MWCNT loading increases from 0% to 10%, a significant decrease
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in the intensity of all the peaks and shoulders is observed, while their positions remain
relatively unchanged. This quenching effect can be attributed to the efficient transfer of
photogenerated electrons from BaTiO3 to MWCNTs, which act as electron acceptors and
provide non-radiative relaxation channels [73,74]. The decrease in emission intensity be-
comes more pronounced with higher MWCNT content, suggesting a greater degree of
charge transfer and a stronger interaction between the two components.

The preservation of the peak and shoulder positions in the emission spectra of the
BaTiO3/MWCNT nanocomposites indicates that the incorporation of MWCNTs does not
lead to a substantial modification of the BaTiO3 band structure. Instead, the MWCNTs
primarily influence the charge carrier dynamics and recombination processes within the
nanocomposites. The efficient transfer of photogenerated electrons from BaTiO3 to MWCNTs
reduces the probability of radiative recombination, resulting in the observed quenching of the
emission intensity. This non-radiative charge transfer pathway competes with the intrinsic
radiative recombination processes in BaTiO3, leading to the suppression of luminescence.

3.7. Scanning Electron Microscopy

The morphology and elemental composition of pure BaTiO3 and BaTiO3/MWCNT
composites were analyzed through FE-SEM (Figure 7a–d) and energy-dispersive X-ray
spectroscopy (EDS). The images of pure BaTiO3 show particles with an irregular and
cubic shape, with an average size of 313.17 ± 97.18 nm. The addition of MWCNT and
the post-thermal treatment had a significant impact on the morphology of the particles.
The resulting images reveal irregular shapes, with the MWCNTs being fully covered, as
reported previously [75]. It was also observed that an increase in the concentration of
MWCNT led to its agglomeration [48].

The EDS analysis was performed to further investigate the elemental composition
of the synthesized powder. Table 2 displays the results of the EDS analysis, where the
atomic ratio of Ba:Ti in all the samples is close to 1:1, confirming the formation of BaTiO3.
The presence of carbon in the samples was also observed, which is consistent with the
concentration of MWCNT.

Table 2. Elemental composition of pure BaTiO3 and BaTiO3/MWCNT nanocomposites.

Element
Sample

BaTiO3
BaTiO3- BaTiO3- BaTiO3-

3% MWCNT 6% MWCNT 10% MWCNT

Ba (Atom %) 16.73 15.30 13.68 10.93
Ti (Atom %) 18.46 15.77 15.07 10.07
O (Atom %) 64.74 64.73 64.50 67.73
C (Atom %) 0.07 4.20 6.75 11.27

Total 100 100 100 100

The energy-dispersive X-ray spectroscopy elemental mapping images (Figure S1)
reveal the distribution of carbon in the BaTiO3/MWCNT nanocomposite samples with
varying MWCNT contents. The pure BaTiO3 sample (Figure S1a) exhibits a low car-
bon content, which is consistent with the elemental composition data in Table 2. As the
MWCNT content increases in the BaTiO3-3%MWCNT and BaTiO3-6%MWCNT samples
(Figure S1b,c), the carbon content becomes well-distributed, with a higher frequency of
carbon signals. However, the BaTiO3-10%MWCNT sample (Figure S1d) displays visible
accumulations of carbon in certain regions, indicating MWCNT agglomeration. These
carbon-rich areas suggest that, at higher MWCNT contents, the nanotubes tend to cluster
together, potentially impacting the overall performance of the nanocomposite.
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3.8. Solar Cell Evaluation

The incorporation of varying multi-walled carbon nanotube (MWCNT) weight frac-
tions into BaTiO3-based dye-sensitized solar cells (DSSCs) under simulated AM1.5G illumi-
nation yields valuable photo-response signatures outlining the complex interplay between
nanoscale interface engineering and bulk properties in modulating photoconversion. The
introduction of MWCNTs is observed to considerably enhance power conversion efficiency
(Figure 8a, Table 3), peaking at 4.044% for an optimal loading of 6 wt.%—nearly 6 times
higher than pure BaTiO3 (0.693%). This stems from simultaneous improvements in the open-
circuit voltage (VOC) and short-circuit current (JSC) enabled by favorable band structure
alterations and accelerated charge kinetics, respectively [76,77]. However, further increas-
ing MWCNT content to 10 wt.% reverses output metrics due to concentration-dependent
limitations. Excess nanotubes impose a trapping effect via agglomerates, which agrees
with the results obtained in scanning electron microscopy that hinder transport while
also modifying interface recombination dynamics [78–80]. The recent reports also suggest
that extensive carbon addition could downshift conduction bands in the nanocomposite
matrix, marginally reducing VOC. Besides impeded light-harvesting due to competitive
dye absorption, deteriorated JSC likely arises from additional recombination pathways
stemming from non-optimal MWCNT dispersion [81].
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Figure 8. (a) Current density–voltage curves of pure BaTiO3 and BaTiO3/MWCNT nanocomposites
and (b) schematic energy level diagram.

Table 3. Photovoltaic parameters of pure BaTiO3 and BaTiO3/MWCNT nanocomposites.

Sample VOC (V) JSC (A/cm2) FF Efficiency (%) Incident Light Reference

BaTiO3 0.589 2.98 × 10−3 0.395 0.693 100 mW/cm2 AM1.5G This Work
BaTiO3-3%MWCNT 0.629 7.87 × 10−3 0.488 2.412 100 mW/cm2 AM1.5G This Work
BaTiO3-6%MWCNT 0.773 8.92 × 10−3 0.586 4.044 100 mW/cm2 AM1.5G This Work
BaTiO3-10%MWCNT 0.779 8.63 × 10−3 0.479 3.277 100 mW/cm2 AM1.5G This Work

TiO2/BaTiO3 0.550 0.98 × 10−3 0.340 0.18 100 mW/cm2 [82]
TiO2/BaTiO3 0.524 50.6 × 10−6 0.430 100 mW/cm2 AM1.5G [19]

TiO2/BaTi1–0.05Mn0.05O3 0.717 0.87 × 10−3 0.390 0.245 100 mW/cm2 AM1.5G [83]
BiFeO3/BaTiO3 1.806 17.7 × 10−6 0.053 405 nm Laser [84]

BaTiO3 0.58 4.7 × 10−4 [85]
BaTiO3/CS/PVA film 0.38 1.42 × 10−3 0.650 0.36 [86]

SrTiO3 0.29 3.6 × 10−4 0.240 0.033 85 mW/cm2 AM1.5G [87]
SrTiO3 0.44 1.74 × 10−3 0.274 0.21 100 mW/cm2 AM1.5G [88]
BaTiO3 0.65 1.27 × 10−4 0.433 0.0359 100 mW/cm2 AM1.5G [89]

ZnCNT-0.5-0.05% 0.67 12.82 ×
10−3 0.630 5.39 100 mW/cm2 AM1.5G [78]

ZnO/MWCNT −0.197 0.250 ×
10−3 0.157 0.646 100 mW/cm2 AM1.5G [79]

CoSe2/MWCNTs-3 0.75 16.61 ×
10−3 0.700 8.72 100 mW/cm2 AM1.5G [80]

The fill factor (FF) is another critical parameter that influences the overall performance
of DSSCs. As shown in Table 3, the FF values of the BaTiO3/MWCNT nanocomposite-
based DSSCs are generally higher than that of the pure BaTiO3-based device. The BaTiO3-
6%MWCNT nanocomposite exhibits the highest FF of 0.586, indicating an improved charge-
collection efficiency and reduced recombination losses compared to the other samples. This
enhancement in FF can be attributed to the optimal MWCNT loading, which facilitates effi-
cient charge transport and suppresses recombination at the electrode–electrolyte interface.
However, at higher MWCNT concentrations (10 wt.%), the FF decreases, likely due to the
agglomeration effects and increased interfacial resistance, as discussed earlier.

To better understand the charge transfer processes in the BaTiO3/MWCNT nano-
composite-based DSSCs, it is essential to consider the energy levels of all the components,
including the iodide/tri-iodide electrolyte and the Pt counter electrode. As shown in
Figure 8b, the conduction band (CB) and valence band (VB) of BaTiO3 are located at
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−3.82 eV and −6.84 eV, respectively, while the work function of MWCNTs is approximately
−5.1 eV. The N719 dye has a HOMO level of −5.34 eV and a LUMO level of −3.43 eV.
Upon photoexcitation, electrons from the LUMO of the N719 dye are injected into the CB
of BaTiO3, while the MWCNTs act as efficient electron transport pathways, facilitating the
collection of electrons at the photoanode. The oxidized dye molecules are regenerated by
the iodide/tri-iodide electrolyte, which has a redox potential of approximately −4.9 eV. The
electrons collected at the Pt counter electrode, with a work function of −5.1 eV, reduce the
tri-iodide ions back to iodide, completing the regenerative cycle. The well-aligned energy
levels of BaTiO3 and MWCNTs with respect to the N719 dye, along with the properly
positioned redox potential of the electrolyte and the work function of the Pt counter
electrode, enable effective charge separation, transport, and regeneration, contributing to
the enhanced photovoltaic performance of the nanocomposite-based DSSCs.

The obtained results show a significant improvement compared to the previous re-
search displayed in Table 3.

4. Conclusions

Incorporating multi-walled carbon nanotubes (MWCNTs) into BaTiO3-based dye-
sensitized solar cells is demonstrated to markedly boost power conversion efficiency by
up to 6 times (4.044%) over the pure BaTiO3 sample (0.693%) under AM1.5G conditions.
Fundamentally, it originated from the simultaneous enhancements in open-circuit volt-
age and short-circuit current density enabled via tailored band structure and accelerated
charge kinetics, respectively, upon the optimal MWCNT addition. A loading of 6 wt.%
of MWCNTs introduced donor states to favorably shift band edges for increasing voltage
while also providing percolation pathways to improve the charge collection and photocur-
rent. However, the higher nanotube fractions prompt emerging limitations that reverse
performance metrics. The concentration-dependent trade-offs that dominated at elevated
MWCNT incorporation manifested as transport impediments from agglomeration along
with worsened recombination through interfacial trap states. An extensive MWCNT filling
could additionally downshift the conduction bands, marginally lowering photovoltage via
the density of states modulation while also introducing competitive light absorption that
lowers photocurrents. A precise balance between augmented interfacial area for transfer
events and preserved percolation for efficient collection is imperative to maximize effi-
ciency. The results outline design heuristics for organic–inorganic lead-free ferroelectric
solar platforms that synergistically coalesce the intrinsic properties of the constituents
towards addressing critical performance bottlenecks.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cryst14060489/s1, Figure S1: EDS Elemental mapping of (a) BaTiO3,
(b) BaTiO3-3% MWCNT, (c) BaTiO3-6% MWCNT and (b) BaTiO3-10% MWCNT.
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