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Abstract

This study has succeeded in synthesizing and characterizing TiO,/CaTiO3 perovskite composites using calcium carbonate (CaCO3)
from shellfish waste (Pinctada maxima). Synthesis was carried out through the coprecipitation method with variations in the molar
ratio of CaCO5:TiO, and calcination temperatures (700°C, 800°C, and 900°C). Characterization was carried out using FTIR, DTA-TG,
XRD, SEM-EDS, BET and UV-Vis. The results of the analysis showed that the calcination temperature affected the powder color,
crystal structure, thermal properties and particle size. The DTA-TG analysis shows that increasing the calcination temperature up to
900°C significantly reduces mass loss to 51.88%, with minimal thermal events, indicating the formation of a thermally stable and
well-crystallized TiO,/CaTiO; structure. At a temperature of 900°C, a more perfect CaTiO5; was formed with the whitest powder
color, the anatase and brookite phases of TiO, were still detected, while the calcite phase was still found at a temperature of 700°C.
The morphology of the samples showed agglomeration with increasingly uniform particle sizes at higher calcination temperatures.
Complementary BET analysis confirms that the composite possesses a mesoporous structure with a specific surface area of 11.42
mZ/g and a pore size distribution of 3-5 nm, making it suitable for adsorption and photocatalytic applications. UV-Vis analysis showed
an increase in the band gap value along with the increase in the TiO, ratio. This is also confirmed by the presence of Urbach energy

which tends to increase with increasing TiO, ratio.
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1. INTRODUCTION

Research on the use of solar cells as an energy source contin-
ues to develop until now. This development is marked by the
presence of generations of solar cell technology ranging from
the first generation, second generation, to the third genera-
tion. The use of silica material as the basic structure of solar
cells is the first generation. Silica-based solar cells have the
advantage of producing high efliciency, but require high costs
(Thomas et al., 2025). While the second generation solar cells
are thin-layer-based solar cells. The technique of applying
this thin layer does not require high costs in the production
process. However, the cadnium content in the thin layer can
cause air pollution (Song et al., 2022). The weaknesses of
the two generations are overcome through the emergence of
third-generation solar cells. Renewable solar cells are classified

into organic solar cells which have an efficiency of 8%, DSSC
(Dye Sensitized Solar Cell) with an efliciency of ~11% and
Perovskite Solar Cell (PSC) which has an efficiency of ~19.8%
with cheaper fabrication costs compared to dye-sensitized solar
cells (Aftabuzzaman et al., 2020; Giannouli, 2021).

One of the parameters that affect the efficiency of solar
cells is the selection of active materials in solar cells. The ideal
material as an active material is a material that has optimal opti-
cal properties. Optimization of maximum photon absorbance
capability and a small energy band gap is highly desired. These
characteristics are usually possessed by semiconductor mate-
rials. The principle of semiconductor materials is to absorb
photon energy from sunlight. Then when the photon energy
is greater than the band gap energy, it will cause electrons to
be excited from the valence band to the conduction band (Ezat
etal,, 2021). Meanwhile, in terms of optical properties, per-
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ovskite materials have a stronger optical absorption mechanism
compared to the first and second generations because they have
direct band gap energy that affects the absorbance capacity.
Perovskite materials have many types, one of which is per-
ovskite material from calcium titanate (CaTiOg) (Attou et al.,
2022). CaTiOg can be obtained by synthesizing basic materials
in the form of calcium carbonate (CaCOg) with titanium oxide
(TiOy).

CaCOg is found in abundance in limestone, marine animal
shells, one of which is pearl shells. Pearl oyster cultivation is
quite developed on the island of Lombok, which has caused
the accumulation of pearl oyster shell waste. Based on the ex-
planation above, the use of waste as a source of smart material
for New and Renewable Energy (EBT) is very important. In
addition to the abundance of raw materials, the high demand
for this energy has encouraged the development of perovskite
smart materials on the island of Lombok. The manufacture
of perovskite materials has been carried out by previous re-
searchers.

Although research on the manufacture of perovskite mate-
rials, especially CaTiOg, has been carried out previously, most
of these studies are still focused on the use of synthetic raw ma-
terials or limited mineral sources (Ceron-Urbano et al., 2023;
Lalan et al., 2022; Singh et al., 2024). Research that relies on
organic waste, such as pearl oyster shells, as a source of calcium
carbonate for perovskite synthesis is relatively small (Beuvier
et al., 2022; Dassouki et al., 2023). This opens up opportu-
nities to explore the potential of abundant pearl oyster waste
on the island of Lombok as an alternative raw material that is
more environmentally friendly and economical. In addition,
although various applications of renewable energy have been
widely explored, the integration of locally sourced perovskite
materials such as these is still rarely discussed in the context of
eflicient and sustainable use of renewable energy (Handayana
et al., 2022; Kurniawidi et al., 2022; Widiastuti et al., 2023).

However, one of the main challenges in the synthesis of
perovskite materials, especially TiOg/CaliOg composites, is
the production process which still requires high temperatures,
strict morphology control, and the use of pure chemicals at
relatively expensive costs (Hamzah and Nababan, 2011; Kur-
niawidi et al., 2022). This complexity is an obstacle in the
commercialization and widespread application of perovskite
materials, especially in areas with limited access to synthetic
materials. In this context, pearl oyster shell waste (Pinctada
maxima) which is abundantly available on Lombok Island with
an estimated 600 tons per year offers the potential as an alterna-
tive source of CaCOyg that is economical and environmentally
friendly (Kurniawidi et al., 2024). Previous studies in other
countries have also shown the use of marine biominerals, such
as oyster shells in China and the Philippines, as a basic calcium
material for energy and environmental applications (Chilakala
et al., 2019; Hamzah and Nababan, 2011).

These results indicate that local biominerals can be pro-
cessed through calcination to produce CaO suitable for use in
the synthesis of CaTiOjg. By utilizing local natural resources,
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this study aims to develop more economical and sustainable
materials for large-scale applications. Therefore, the devel-
opment of perovskite research from pearl oyster shells needs
to be explored more deeply to support the renewable energy
sector of West Nusa Tenggara, especially Lombok Island.

2. EXPERIMENTAL SECTION
2.1 Materials

The materials used in this study include Pearl oyster shell waste
(Pinctada maxima) which has been mechanically ground to pro-
duce CaCOg powder with a mesh of 100. The details of the
procedure are explained in the next sub-chapter. The next
materials are TiOg Pa 98% powder, Aquades, Phenolphthalein
(PP) indicator, NaOH 0.25 M, HCI 0.50 M, 70% Alcohol,
Ethanol P.a 98%, and EtOH 99% with the Merck brand, India.

2.2 Preparation of Calcium Carbonate (CaCOg3) Powder
The process of making CaCOg from pearl oyster shells consists
of three main stages, namely cleaning, size modification, and
testing the CaCOg content following the Kandiah et al. (2023)
procedure. First, cleaning is done by washing the shells using
a brush, rinsing with alcohol, then drying them in direct sun-
light. Second, size modification is done by breaking the shells
to make them smaller, then calcining them in a furnace at a
temperature of 500°C for 2 hours. The calcination results are
ground using a mortar and sieved with a size of 100 mesh to
obtain a homogeneous powder. Testing the CaCO8 content
is done by acid-base titration. A total of 5 grams of CaCOg
powder is dissolved in 50 mL of 0.50 M HCI, then heated
for 10 minutes with a blank solution (50 mL of 0.50 M HCI).
After cooling, the solution is filtered, then the filtrate and blank
are diluted to 100 mL. Each solution is taken 10 mL, added 2
drops of PP indicator, then titrated with 0.25 M NaOH until
the color changes to purplish pink. The volume of NaOH used
was recorded for CaCOg content analysis. Preparation details
can be seen in Figure 1.

2.3 Synthesis of TiOy/CaTiOg Perovskite Composite

TiOy/CaTiOg perovskite composites were synthesized using a
modified coprecipitation method inspired by previous studies
Han et al. (2017). Initially, a molar ratio of CaCOg:TiOg =
1:7 was selected based on preliminary screening for produc-
ing a CaTiO8-rich composite with enhanced photocatalytic
activity, as higher TiOg content is often associated with im-
proved light absorption and electron mobility in perovskite
structures (Cesconeto et al., 2018). In this synthesis, CaCOg
was dissolved in 100 mL of distilled water, while TiOg was
dispersed in 100 mL of 98% ethanol. Both solutions were mag-
netically stirred for 2 hours until homogeneous. The mixture
was then precipitated, washed several times with distilled water
to remove impurities, and dried in an oven at 100°C for 2
hours. The resulting powder was ground and calcined at three
different temperatures (700°C, 800°C, and 900°C) for 3 hours
to evaluate the optimal thermal conditions for crystallization.
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Figure 1. Illustration of Preparation of Calcium Carbonate (CaCOg) Powder
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Figure 2. [llustration of Synthesis of TiOy/CaliOg Perovskite Composite
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Figure 3. Results of TiOg/CaTiOg Synthesis with Variations in Calcination Temperature (a) 700°C (b) 800°C and (c) 900°C
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Table 1. FTIR Analysis Results of TiOg¢/CaTiOg Perovskite Composites

Wavenumber Functional Grou
Ref 700°C 800°C  900°C p
3600-3000 (Kandiah et al., 2023) 3467.26 3467.21 3467.26 O - H Stretching
1626 (Diningsih and Rohmawati, 2022)  1650.71 1650.92 1650.71  O—H Stretching
1423 (Kandiah et al., 2023) 1422.43 - - C—O Stretching
700-400 (Saputra et al., 2024) 688.25 679.52 678.98  Ti—O Stretching
573-420 (Singh et al., 2024) 571.48 563.51 567.99  Ca—O Stretching

The calcined powders were sieved using a 100-mesh sieve and
stored for characterization.

Characterization was carried out using Fourier Transform
Infrared Spectroscopy (FTIR; Shimadzu [RPrestige-21), Dif-
ferential Thermal Analysis-Thermogravimetry (DTA-TG, NET-
7ZSCH TG209 F1 Libra) and X-Ray Diffraction (XRD; PAN-
alytical X’Pert  Powder, Netherlands). Based on the best
crystallinity and bonding characteristics observed from FTIR
and XRD results, the optimal calcination temperature was se-
lected for the second stage of synthesis. To evaluate the effect
of precursor composition, the composite was resynthesized
at the selected calcination temperature using mole ratios of
CaCO3:TiO2 = 1:1, 1:5, and 1:7.

These ratios were chosen to represent a broad variation
in TiOg content from stoichiometric (1:1), sub-stoichiometric
(1:5), to TiOgy-rich (1:7) in order to study its influence on opti-
cal, morphological, and structural properties of the composite.
Ratios such as 1:3, 1:9, or 1:10 were not used in this work to
maintain a manageable experimental scope and focus on ratios
that show contrasting but representative behaviors based on
related literature (Ferrari et al., 2019; Liu et al., 2019). Further
investigation of other ratios is suggested for future studies. In
this second synthesis step, weighed amounts of CaCOg and
TiO4 were prepared according to the stoichiometry of each
ratio. CaCOjg was dissolved in 50 mL of distilled water, and
TiOg was dispersed in 50 mL of ethanol. Both suspensions
were stirred using a magnetic stirrer until a homogeneous slurry
was obtained, followed by precipitation, filtration, and three-

© 2025 The Authors.

step washing with distilled water. The resulting slurry was
dried at 100°C and then calcined at the previously determined
optimal temperature. Final samples were characterized us-
ing SEM-EDS (JEOL JCM-7000, Japan), Brunauer-Emmett-
Teller (BET, Quantachrome Nova 4200¢), and Ultraviolet-
Visible (UV-Vis) Spectroscopy (Orion Aquamate 8000). Syn-
thesis steps and flow are schematically illustrated in Figure
2.

2.4 Characterization of TiO4/CaTiOg Perovskite Compos-
ite
TiOy/CaTiOg perovskite composite particles that have been
in powder form with a calcination temperature variation of
700°C-900°C were characterized and analyzed using an FTIR
instrument to determine the functional groups formed using
and the vibration modes formed. DTA-TG to analyzing the
thermal properties of both weight change and heat flow as a
function of temperature. In addition, an XRD test was carried
out at an angle of 20 with a range of 10°-90° to determine
the crystal phase formed. The analysis of the TiO¢/CaTiOg
perovskite composite phase is based on COD 2310710 for the
anatase phase, AMCSD 0005160 for the brokit phase, COD
9002801 for the CaTiOg phase, and COD 9000965 for the
calcite phase (CaCOg). The phase formation is based on refine-
ment using the Rietveld method assisted by rietica software and
as a comparative measurement is carried out using the Debye-
Scherrer method. Furthermore, the best TiO9/CaTiOg per-
ovskite composite that has been resynthesized with variations
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Figure 4. FTIR Test Spectra of TiOo/CaTiOg Perovskite Composite with Calcination Temperatures of 700°C, 800°C and 900°C

of CaCOg:TiOg (1:1, 1:5, and 1:7) is viewed for morphology,
constituent elements, area mapping, and particle size distri-
bution using SEM-EDS, BET to measure the specific surface
area of powder. Then the absorption test was carried out using
UV-vis and the energy gap calculation was based on the Tauc
transformation equation.

3. RESULTS AND DISCUSSION

3.1 Cross Section of TiOy/CaTiOg Perovskite Composite
and Functional Group Analysis

The manufacture of perovskite composites (TiO9/CaTiOg) has

been successfully carried out using calcium carbonate (CaCOyg)

sourced from Pinctada maxima shell waste. The CaCOg com-

pound produced is predominantly grayish white. The results

can be seen in Figure 3.

The white powder in Figure 8 indicates that the TiOg/
CaTiOg based perovskite composite has been successfully syn-
thesized. Of the three samples of the synthesis results, there is
a slight difference in the color obtained, namely the CaTiOg
perovskite sample with a calcination temperature of 900°C
produces the whitest color, while the samples at calcination
temperatures of 800°C and 700°C produce a grayish white
color. This is according to Ezat et al. (2021) that CaTiOg
begins to form at temperatures above 800°C, while tempera-
tures below it are not significant. Furthermore, an analysis was
carried out related to the functional groups formed from the

© 2025 The Authors.

TiO4/CaTiOg perovskite composite using FTIR. Samples with
variations in calcination temperature were first finely ground be-
fore FTIR testing was carried out, this was intended so that the
results of the IR transmittance spectrum of the TiOg9/CaTiOg
perovskite composite obtained were clearer. The FTIR test
results for the TiOg/CaTiOg perovskite composite with varia-
tions in calcination temperature are shown in Figure 4.

Based on Figure 4, it is known that there are 5 major
functional groups formed including: Ca—O,Ti—0O,C—0, and
O—H. From all the functional groups, it states that the TiOq/
CaTiOg perovskite composite has been formed based on the
functional groups, only in the C—O functional group there is a
fairly deep valley at a calcination temperature of 700°C which
indicates that there is still raw material in the form of CaCOg
formed. More details of the results can be seen in Table 1.

Based on Table 1 the wave numbers formed in the TiOg/
CaTiOg perovskite composite, the experimental results show
almost the same results as the wave numbers in the literature.
The results of the FTIR test show that, in all three samples,
CaTiOg perovskite has been formed, which can be shown
in the resulting wave numbers, where the formation of the
TiOy/CaTiOg perovskite composite is marked by the emer-
gence of functional groups with Ca—O stretching mode vibra-
tions that occur at 571 em™ - 567 cm™!. Of the three samples,
the most different is in the TiOy/CaTiOg perovskite composite
sample with a calcination temperature of 700°C, namely that
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Table 2. Number of Phases Formed, 2 Specific Theta and Position of the Hkl Plan

Phase Code 2 Theta (deg.) Peak Position of HkI)
700°C 800°C 900°C 700°C 800°C & 900°C
25.46 25.54 25.38 [011]
A (Anatase) 37.02 36.84 36.93 [220]
37.96 39.18 39.18 [004]
38.77 41.29 41.29 [103]
53.79 54.02 54.02 [015]
55.12 55.17 55.19 [181]
62.37 62.44 62.78 [024]
68.88 68.88 68.76 [116]
- 32.96 33.36 - [112]
48.18 48.13 48.13 [020]
B (Brokite) 70.49 69.14 70.11 [040]
75.20 75.38 75.85 [432]
82.86 82.76 82.77 [305]
C (CaTiOg) - 59.11 59.20 - [204]
D (CaCOyg) 29.35 - - [104] -

there is a C—O stretch at a wave number of 1422.48 cm™!
which indicates that there is still carbon content, either from
raw material or residual carbon dioxide (COg) that has not
been completely decomposed during the calcination process
of the CaTiOg sample using a temperature of 700°C.

The FTIR test results also provide information on func-
tional groups with a Ca—Ti—O stretching mode indicating the
formation of a TiO¢/CaTiOg perovskite composite. It can be
seen that the wave absorption spectra are not too sharp, indi-
cating that the crystallinity formed in the CaTiOg perovskite
sample has a crystallinity that is not too high. Of the three
CaTiOg perovskite samples with variations in calcination tem-
perature, it can be seen that the peak in the Ca—Ti—O func-

© 2025 The Authors.

tional group with a calcination temperature of 900°C has a
sharper spectrum. This indicates that the sample with a cal-
cination temperature of 900°C has higher crystallinity. To
prove the results obtained in the FTIR test, namely that the
CaTiOg perovskite structure has been formed, further testing
was carried out using XRD.

3.2 DTA-TGA Curve Analysis Results for TiOy/CaTiOg
Perovskite Composite

Next, an analysis was carried out on the TiOg/CaTiOg per-

ovskite composite samples TGA curve, the results of which

can be seen in Figure 5. Figure 5 shows TGA curves of TiOg/
CaTiO33 composites calcined at 700°C, 800°C, 900°C, while
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Table 3. Results of Lattice Parameter Analysis, Phase Percentage and Crystal Structure

Lattice Constant

Sample A (A) b(A) cA) % Phase Structure
700°C

Anatase 3.7842 3.7842 9.507 42.08 Tetragonal
Brokite 11.4786 5.352 4.6135 54.69 Orthorhombic
CaTiOg 5.316 5.316 7.7704 2.94

CaCOg 4.9809 4.9809 17.0452 0.34 Trigonal (Hex.)
800°C

Anatase 3.78220 3.78220 9.50460 15.82 Tetragonal
Brokite 15.43400 3.80800 4.46980 78.53 Orthorhombic
CaTiOg 5.37770 5.42930 7.65400 5.65

900°C

Anatase 3.7818 3.7818 9.5016 48.80 Tetragonal
Brokite 114313 4.399 9.3915 32.07 Orthorhombic
CaTiOg 5.3876 5.4195 6.6468 19.13

Figure 6 presents the corresponding DTA (Differential Ther-
mal Analysis) profiles. Together, these results illustrate the
thermal decomposition behavior, phase transformation, and
structural evolution of the materials. In Figure 6(a), the sam-
ple calcined at 700°C shows the highest mass loss of approxi-
mately 98.84%, with three major stages of decomposition. The
first stage, occurring around 50-200°C, corresponds to the
evaporation of physically adsorbed water and hydroxyl groups,
indicated by an endothermic peak in the DTA curve Figure
6(a). The second stage, within 200-400°C, shows continued
mass loss likely due to the thermal decomposition of organic
residues, such as citric acid or nitrate complexes used during
sol-gel synthesis. This is accompanied by a broader endother-
mic trough, confirming that decomposition absorbs thermal
energy. The third mass loss, visible in the 400-600°C range, is
marked by a weak exothermic peak in the DTA, which suggests
the initial formation of crystalline oxide phases, potentially
involving CaTiOjg nucleation. However, the high overall mass
loss suggests that the material remains thermally unstable and
contains undecomposed precursors, particularly CaCOg, which
is known to decompose fully above 700°C.

For the 800°C sample Figure 5(b), the total mass loss is
lower, around 70.83%, and the TGA curve shows a more stabi-
lized profile after ~500°C. In Figure 6(b), the DTA reveals a
clear exothermic peak around 580-620°C, corresponding to
the crystallization of CaTiOg perovskite phase. The reduced
intensity of earlier endothermic events compared to the 700°C
sample indicates that most volatiles and organics were already
removed during the calcination process. The exothermic be-
havior at this stage reflects the rearrangement of cations (Ca%*
and Ti**) into a more ordered oxide structure, releasing en-
ergy during lattice formation (Tanos et al., 2024). In Figure
5(c), the 900°C sample exhibits the lowest mass loss at 51.88%,
indicating that the material has undergone complete thermal
treatment, with minimal residuals. The DTA curve in Figure

© 2025 The Authors.

6(c) confirms this with a nearly flat profile, showing only a
minor exothermic shoulder around 600°C, which may reflect
final crystallite growth or densification. The absence of major
endothermic or exothermic features suggests that the structure
is already crystallized and thermally stable, consistent with the
formation of pure CaTiOg and TiOg (anatase or rutile) phases.

As shown in Figure 5(d), the trend of decreasing total mass
loss with increasing calcination temperature aligns with pre-
vious studies. Mishra et al. (2024a) reported that elevated
temperatures enhance the complete decomposition of organics
and promote crystalline phase development in metal oxide sys-
tems. Wendari et al. (2024) further observed that major mass
loss in sol-gel derived perovskites typically occurs below 400°C
due to organic breakdown, while crystallization and thermal
stabilization become prominent beyond 800°C. These trends
are also supported by the shifting and decreasing intensity of
exothermic peaks in the DTA curves, which reflect the progres-
sive crystallization and solid-state reaction of CaTiOg lattice as
calcination temperature increases.

Based on Figure 6(a), the DTA curve for the 700°C sample
shows a strong endothermic peak in the range of 50-200°C,
indicating the evaporation of physically adsorbed water and
possible dehydroxylation. A broader endothermic region ap-
pears between 200-400°C, associated with the thermal de-
composition of residual organic matter, including citric acid
or nitrates from the sol-gel synthesis route. At around 600°C,
a small exothermic peak is observed, suggesting the onset of
crystallization or solid-state reaction leading to the formation
of intermediate oxide phases, likely involving Ti and Ca species.
In Figure 6(b) for the 800°C sample, the initial endothermic
effect due to moisture loss is still present but with lower inten-
sity, indicating reduced adsorbed water content. Notably, a
stronger exothermic event appears around 580-620°C, likely
related to the formation of crystalline CaTiOg perovskite phase,
as the sample at this stage transitions from an amorphous or
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Figure 8. Morphology of TiO¢/CaTiOg perovskite at 900°C Calcination Temperature

Table 4. Differences in Crystal Size, Cell Volume, Molecular Weight, and Density

Crystallite Size (nm)

Sample Debve- Volume Cell (A%) MW (g/mol) p (g/cm?®)

Rietveld Y

Scherrer

Anatase 87.5 136.14 2044.8 24.93
Brokite 3.97 74.02 359.12 639.2 2.95
CaTiOg 84.6 222.3 959.8 7.16
CaCOg 63.6 366.19 4140.3 18.76
8000C
Anatase 108.8 136.14 2044.8 24.93
Brokite 2.62 54.28 301.64 639.2 3.51
CaTiOg 99.3 222.3 959.8 7.16
9000C
Anatase 156.23 135.90 2044.8 24.97
Brokite 2 45.23 2562.25 639.2 1.39
CaTiOg 133.99 223.24 959.8 7.13
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Figure 9. Particle Size Distribution and Mapping of TiOg/CaTiOg with 900°C Calcination

semi-crystalline to a more ordered structure.

The thermal behavior suggests that some transformation
processes are still occurring at this temperature. Figure 6(c)
shows the DTA curve of the 900°C sample. The curve reveals a
much smoother profile, with weaker endothermic and exother-
mic signals compared to the lower-temperature samples. The
minor exothermic peak around 600°C may correspond to the
final stage of crystallization or densification. The overall flat-
ness of the DTA curve beyond this point indicates that the
material has reached a thermodynamically stable crystalline
phase, with minimal further transformation occurring during
heating. The gradual reduction in the intensity and number of
thermal events from 700°C to 900°C supports the conclusion
that higher calcination temperatures promote more complete
thermal decomposition and crystallization. These findings
align with those of Jabbarzare (2022) and Li et al. (2024),
who reported that increased calcination temperatures reduce
residual organics and enhance the formation of perovskite and
oxide phases in metal-oxide composites, as evidenced by the
flattening of DTA curves at elevated temperatures.

3.3 Crystal Structure Analysis of TiOo/CaTiOg Perovskite
Composite

The synthesized TiOy/CaTiOg perovskite composite samples

were further characterized using X-ray Diffraction (XRD). The

diffractogram pattern of the TiOg/CaTiOg perovskite com-

posite is shown in Figure 7. Based on the diffraction pattern,

several crystalline phases were identified, including the TiOq

phase in the form of anatase and brookite, and the CaTiOg
phase (COD 9002801) (Saputra et al., 2024). In addition,

© 2025 The Authors.

the presence of the calcite phase (CaCOg) (COD 9000965)
originating from the initial raw material was still detected, even
though it had gone through a calcination process at a tem-
perature of 700°C. The existence of a diffraction peak from
CaCOy at a temperature of 700°C can be explained based on
the kinetics of calcite thermal decomposition. In general, the
decomposition of CaCOg to calcium oxide (CaO) and carbon
dioxide (COyg) occurs in several stages, with the initial decom-
position temperature ranging from 600-700°C, depending on
factors such as particle size, heating atmosphere, and partial
pressure of COq in the heating environment. Previous studies
have shown that in an open atmosphere or under conditions of
high partial pressure of COy, the decomposition of CaCOg to
CaO can be delayed until higher temperatures, even approach-
ing 800-900°C.

In addition, the rate of CaCOg decomposition also depends
greatly on the morphology and crystallinity of the initial mate-
rial. If the calcite particles have a larger size or a more stable
crystal structure, the decomposition process will be slower, so
that some CaCOg can still be detected in the XRD pattern
even though it has been calcined at 700°C. This is well con-
firmed in Table 4 which shows the large size of anatase which
hinders the decomposition of CaCOg. Furthermore, an analy-
sis of the diffraction peaks was carried out using the Rietvield
and Debye-Scherrer methods to determine various parameters
such as crystal size, density, molecular weight, lattice constant
and hkl plane formed. The results of the analysis can be seen
in Table 2, Table 3, and Table 4. Based on Figure 7a, there is a
main peak, namely (110) from anatase. In addition, there are
other peaks that are also characteristic of the brokite phase, and
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CaTiOg. In addition, peak (110) was fitted using the Gaussian
equation to obtain the FWHM value which was then input to
obtain the crystallite size shown in Table 2.
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Figure 10. Results of EDS Spectrum of TiOy/CaTiOg and
Analysis of Elemental Composition

Table 5. Majority Element Composition of TiOg/CaTiOg Per-
ovskite Composites

Element Mass % Atom %
O 34.830 £ 0.70 60.68 + 1.23
Ca 4.39+0.11 3.10 £ 0.08
Ti 61.30 £ 0.52 36.22 + 0.31

Total 100.00 100.00

Table 2 shows that there are eight peaks and hkl planes
formed from the anatase phase including [011], [220], [004],
[108], [015], [181], [024] and [116]. This phase is the most
dominant phase of the formed sample. The emergence of the
anatase phase is caused by several aspects, especially the temper-
ature used. Furthermore, there are 5 hkl planes formed from
brokite including [112], [020], [040], [432], and [805]. Then
the phases of CaTiOg and calcite each produce one peak. Based
on these peaks, a peak growth path is obtained on the [204]
plane which begins to be detected at a calcination temperature
of 800°C and the disappearance of the [112] peak or calcite
phase. These results also confirm both previous studies which
state that CaTiOg begins to appear and is stable at temperatures
above 800°C (Cerén-Urbano et al., 2023). Furthermore, the
results of the lattice parameter analysis, phase percentage and
structure of the TiOy/CaTiOg perovskite composite can be
seen in Table 3.

Based on the analysis results in Table 3, several important
findings were obtained related to the evolution of the crystalline
phase in the TiOg/CaTiOg perovskite composite. At a tem-

© 2025 The Authors.

Science and Technology Indonesia, 10 (2025) 924-942

perature of 700°C, the two main phases of TiOq formed were
anatase (42.08%) and brookite (54.69%), with anatase having a
tetragonal structure and brookite being orthorhombic. With
increasing temperature to 800°C, the percentage of anatase
decreased drastically to 15.82%, while brookite increased sig-
nificantly to 78.58%. At 900°C, the anatase fraction increased
again to 48.80%, while brookite decreased to 32.07%. This
pattern indicates the existence of a transformation between
TiOg phases, which can be attributed to the kinetics of crys-
tal growth and the thermal stability of each phase. Previous
studies have shown that anatase tends to transform into the
rutile phase at temperatures above 700-800°C, although under
certain conditions, brookite can remain stable at higher tem-
peratures (Cerén-Urbano et al., 2023; Sen et al., 2022). The
CaTiOg phase begins to form at a temperature of 7000C with a
very small percentage (2.94%). At 800°C, the CaTiOg content
increases to 5.65%, and reaches 19.138% at 900°C. This indi-
cates that the reaction between CaCOg and TiOy in forming
CaTiOg intensifies as the temperature increases.

Research by Altin (2028) shows that the synthesis of CaTiOg
generally occurs at temperatures of 800-1000°C, where high
temperatures are needed to allow sufficient ionic diffusion to
form a stable perovskite structure. At 700°C, a small amount of
CaCOg phase (0.34%) was still detected, indicating that the ther-
mal decomposition of calcite had not yet fully occurred. This
is in line with the results of a study Diningsih and Rohmawati
(2022), which stated that the calcination of CaCOg generally
begins at a temperature of 600-700°C, but under certain con-
ditions, especially if there is interaction with other materials,
decomposition can be delayed to 800-900°C. Basically, the
lattice parameters for all phases show changes with increasing
calcination temperature. In the CaTiOg phase, for example,
there is a significant change in the lattice parameters, with the
¢ value decreasing from 7.7704 A(700°C) to 7.654 A(800°C)
and 6.6468 A(900°C). This decrease can be attributed to the
increase in crystallinity and densification of the structure due
to the effects of high temperature (Liu et al., 2019). Next, cal-
culations were made regarding the Crystal Size formed, Cell
Volume, Molecular Weight (MW), and Density (p), the results
of which can be seen in Table 4.

From Table 4, it can be seen that the crystallite size in-
creases with increasing calcination temperature. At 700°C,
the crystallite size of anatase based on the Rietveld method is
87.5 nm, while at 900°C it increases to 156.28 nm. The same
thing also happens to CaTiOg, which was initially 84.6 nm
at 700°C and increased to 133.99 nm at 900°C. Meanwhile,
the brookite phase experienced a decrease in crystallite size
from 8.97 nm at 700°C to only 2 nm at 900°C, indicating
that this phase is increasingly unstable at high temperatures.
The unit cell volume is relatively stable for CaTiOg, ranging
around 222-223 A3, while for anatase it remains at 2044.8
A8. However, the cell volume of brookite decreased drastically
from 859.12 A8 at 700°C to 252.25 A3 at 900°C, which may
indicate a phase transformation or increase in material density.
The density (p) also showed an interesting trend, with anatase
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Figure 11. BET Characterization Results of TiOg/CaTiOg Perovskite Composites with 900°C Calcination

remaining at around 24.9 g/cm?, CaTiOg at around 7.1 g/cm?,
but brookite decreased drastically from 2.95 g/cm? to 1.89
g/cm®.

This result is consistent with previous studies showing that
anatase undergoes significant crystal growth with increasing
calcination temperature, which is caused by the increase in
thermal energy facilitating atomic diffusion and grain coales-
cence. For example, a study by Vasconcelos et al. (2021) also
found that anatase begins to experience a significant increase
in crystal size above 700°C and can undergo transformation
into rutile phase above 900°C. In addition, a study by Li et al.
(2022) showed that brookite tends to be unstable at high tem-
peratures and undergoes conversion to anatase or rutile phases,
which may explain the drastic decrease in its crystallite size
in this study. For CaTiOg, these results support the findings
of Jiang et al. (2024) who reported that the crystallite size in-
creased with increasing calcination temperature, but the cell

© 2025 The Authors.

volume remained relatively constant.

This indicates that crystal growth is more dominant than
changes in crystal structure. The stability of the CaTiOg cell
volume can also be attributed to the nature of perovskite which
has a stable crystal structure over a wide temperature range.
The calcite phase was only detected at 700°C with a crystallite
size of 56.6 nm and no longer appeared at higher temperatures.
This confirms that CaCOg undergoes thermal decomposition
at temperatures above 700°C, which is in accordance with pre-
vious studies by Altin (2023) that calcite begins to decompose
into CaO and COy at temperatures around 600-700°C, and
is usually no longer detected at 800°C or higher in an open
system. The decomposition of CaCOg that occurred in this
study also shows that the synthesis environment used allows
good COq release, so that at temperatures of 800°C and 900°C
no residual CaCOg was detected. The results of the XRD test
concluded that the best TiOg9/CaTiOg perovskite composite
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was found at a calcination temperature of 900°C.

3.4 Morphological Analysis, Particle Size Distribution, Map-
ping, and Porosity Analysis of TiO9/CaTiOg Perovskite
Composites

The TiO4/CaTiOg perovskite composite sample with a calci-

nation temperature of 900°C was further characterized using

SEM-EDX, the results of which can be seen in Figure 8. Figure

8(a) and Figure 8(b) at 250x and 500x magnifications show

an uneven particle distribution, with areas showing agglom-

eration of particles of varying sizes. It is also known that the

TiO4/CaliOg perovskite formed resembles a granule mass.

Research by Mishra et al. (2024b) showed that at high calci-

nation temperatures, the growth of CaTiOjg crystallites tends

to occur non-uniformly, which causes particle clustering due
to the sintering effect. Figure 8(c) at 1,500x magnification
shows the particle structure in higher detail, where it is seen
that nanoparticles begin to gather to form larger aggregates.

© 2025 The Authors.

Kaabi et al. (2023) reported that the synthesis of TiOq via the
sol-gel method often produces structures that undergo agglom-
eration due to sintering at high temperatures. Figure 8(d) at
4,000x magnification shows a clearer agglomeration system,
with small grains merging to form larger structures. The point
marked as TiOg indicates that the majority of visible particles
are TiOg that surround the pores of CaTiOg. The large size of
CaTiOg chunks allows TiOg with brokite and anatase phases
to adhere more strongly. This result is also supported by the
particle size distribution and element mapping shown in Figure
9.

Figure 9 shows the characterization of TiOg/CaliOg ma-
terial after calcination at 900°C, including particle size dis-
tribution and mapping of major elements (Oxygen, Calcium,
and Titanium) using Energy Dispersive X-ray Spectroscopy
(EDS) technique. In Figure 9(a), the calcined sample is ob-
served optically, showing changes in color and texture due to
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high heating. This phenomenon is in line with the research
of Garcia-Mendoza et al. (2023), which states that calcination
can cause phase transitions and chemical reactions between
precursors, thus affecting the visual characteristics of the mate-
rial. The particle size distribution graph in Figure 9(b) shows
a particle size distribution pattern of 21.28 pm. This result is
slightly different from the XRD calculation due to differences
in measurement methods. However, the large crystallite size
obtained also strengthens the results that the particle size of
the TiOy/CaTiOg perovskite composite tends to be high. This
indicates that the growth of CaTiOg crystallites is influenced
by the kinetics of nucleation and particle growth, as reported
by Novianti et al. (2022). Meanwhile, the element mapping in
Figure 9(c), Figure 9(d), and Figure 9(e) shows the distribution
of the main elements in the material.

Figure 9(c) shows a uniform distribution of Oxygen (O)
throughout the area, indicating the presence of oxides in the
structure. Figure 9(d) displays a fairly wide distribution of

© 2025 The Authors.

Calcium (Ca), indicating the involvement of this element in the
formation of the CaTiOg perovskite phase. Meanwhile, Figure
9(e) shows a high concentration of Titanium (Ti) elements in
some areas, which may indicate the presence of residual TiOy
phases or Ti-rich domains. These mapping results are in accor-
dance with the research of Saputra et al. (2024), who found that
in the synthesis of CaTiOg-based perovskites, the distribution
of elements is often not homogeneous, especially if there are
still residual precursors that have not reacted completely.
Figure 10 shows the EDS spectrum results of TiOg/CaTiOg
material, which is used to analyze the elemental composition of
the sample after calcination at 900°C. This spectrum displays
characteristic peaks of the main constituent elements, namely
O, Ca, and Ti, indicating the presence of the TiOg/CaTiOg
perovskite phase. The dominant Ti—K peak indicates that Ti-
tanium is the main component in the material structure, while
the Ca—K and O—K peaks confirm the presence of CaliOg as
the main phase. The percentage of TiO9/CaTiOg elemental
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composition can be seen in Table 5.

Based on Table 5, Ti element has the highest mass percent-
age, which is 61.30% with an atomic percentage of 36.22%. O
is present with a mass percentage of 34.30% and the highest
atomic percentage of 60.68%, indicating its involvement in the
formation of oxides in the material. Meanwhile, Ca has a lower
mass percentage, which is 4.89%, with an atomic percentage of
3.10%. These results are in line with the perovskite structure
of TiOy/CaTiOg, where Ti is more dominant than Ca, and
indicate that the synthesized material has an element ratio that
is in accordance with its theoretical composition. Furthermore,
the BET test results can be seen in Figure 11.

Figure 11 shows the results of surface texture characteri-
zation of TiOg/CaTiOg perovskite composites that have been
calcined at 900°C using the BET method. Figure 11(a) shows
the nitrogen adsorption-desorption isotherm curve that forms a
Type IV isotherm pattern with the presence of a fairly clear hys-
teresis loop. The characteristic of the Type IV isotherm is the
presence of multilayer adsorption and capillary condensation
phenomena that occur in the mesoporous pores. The hysteresis
loop indicates that the adsorbed nitrogen is not immediately
released during the desorption process, which usually occurs in
materials with open or incohesive cylindrical pore structures.
This indicates that the material has a stable mesoporous struc-
ture and does not collapse during the adsorption process. Fig-
ure 11(b) strengthens this conclusion through the pore size dis-
tribution based on the BJH (Barrett—Joyner—-Halenda) method,
both in adsorption and desorption data. The distribution peaks
are in the range of 3-5 nm, which directly classifies the mate-
rial as mesoporous, according to the IUPAC definition. The
higher pore volume in the desorption data compared to the
adsorption is due to the phenomenon of nitrogen being re-
tained in small or narrow pores during desorption, so that it
is not released immediately, and creates a cumulative volume
difference. This phenomenon is common in materials with
incohesive or branched pore structures, which can hinder the
backflow of gas.

Figure 11(c) shows the linear plot of the BET equation,
which is used to calculate the monolayer volume (Vm) and
specific surface area (SSA). The excellent linearity (R = 0.99)
indicates that the basic assumptions of the BET model-such
as the formation of a monolayer before a multilayer, and the
absence of lateral interactions between gas molecules-are quite
satisfied in this material within the relative pressure range used
(P/Py = 0.05-0.3). This means that the adsorption process
takes place in a structured and uniform manner on the material
surface, which is an important indication that the material has
a reliable active surface for applications such as photocatalysis
or gas adsorption. Meanwhile, Figure 11(d) shows the results
of t-plot analysis, which is used to separate the contribution of
micropore and external surface area (mesopores and macrop-
ores). The slope of the linear regression on the adsorption data
(1.018) and desorption (0.989) with high determination coef-
ficients (0.98 and 0.97, respectively) indicates that the specific
surface formed is predominantly derived from mesopores, not

© 2025 The Authors.
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micropores.

This indicates that during the synthesis and calcination
process, no significant micropore structure was formed-which
could have been closed or collapsed at high temperatures. In
addition, the slope approaching one also indicates that the solid
surface is relatively homogeneous, without any areas with se-
lective adsorption or very dominant active sites. Overall, these
characterization results indicate that the TiOg/CaTliOg com-
posite calcined at high temperatures is able to maintain a stable
mesoporous structure, has sufficient surface area to support
reactivity, and a uniform pore distribution. These findings are
in line with the study by Khezami (2023), who reported that
mesoporous silica-based materials exhibited Type IV isotherms
with pore sizes in the range of 3—6 nm and similar hysteresis
loops, indicating a good open-pore structure. Similarly, a study
by Bhat et al. (2024) on activated carbon from biomass also
showed a t-plot pattern that was close to linear, indicating the
dominance of mesopores without significant micropore con-
tribution. These results confirm that the formed mesoporous
structure is not only stable at high temperatures but can also en-
hance the diffusion capacity of molecules, which is very impor-
tant in applications such as photocatalysis, pollutant adsorption,
or energy storage systems.

3.5 Absorbance Characteristics of TiOo/CaTiOg Perovskite
Composites

Testing of the optical properties of the TiOy/CaTiOg per-
ovskite composite material was carried out using a UV-Vis
spectrophotometer, the absorbance value of which can be seen
in Figure 12 with the wavelength used ranging from 200 nm
to 1100 nm. Figure 12 shows the UV-VIS characterization
results of TiOg/CaTiOg perovskite composites with variations
in the mass ratio of TiOg and CaCOg (1:1, 1:5, and 1:7). The
reflectance graph in Figure 12(a) shows that the higher the
CaCOg content, the higher the reflectance, especially in the
shorter wavelength region (820-390 nm wavelength). This
indicates changes in the optical properties of the material due
to differences in the precursor ratio, which can affect the crystal
structure and morphology of the particles formed. Meanwhile,
the absorbance graph in Figure 12(b-d) shows the deconvolu-
tion of the absorbance spectrum using the peak fitting method,
which identifies two main absorbance peaks. The first more
dominant peak (marked in red) indicates the main electronic
transition of CaTiOg, while the second peak (in green) can be
attributed to the contribution of secondary phases or structural
defects in the material. Increasing the TiOg ratio causes a small
shift in the position of the absorbance peak, indicating varia-
tions in the degree of crystallinity or particle size distribution.
The shift in wavelength from 348 nm, 339 nm, to 827 nm
with increasing TiOg ratio indicates a change in the electronic
structure and optical properties of the material.

The shift towards a smaller wavelength (blueshift) is gen-
erally associated with an increase in the crystal grain size or a
reduction in structural defects in the material. In this case, the
addition of higher TiOyq likely contributes to the increase in the
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Figure 14. (a) Tauc Plot based on the Kubelka—Munk Equation, and (b-d) Determination of the Urbach Energy (E,) of

TiOy/CaTiOg Perovskite Composites

crystallinity of CaTiOg, which causes changes in the electronic
transition of the material. Previous studies have shown that the
precursor ratio affects the particle size and energy band struc-
ture in perovskite materials (Kaabi et al., 2023; Mishra et al.,
2024a). It was also found that increasing the TiOy content leads
to the formation of larger crystal domains and a decrease in the
concentration of oxygen defects. This results in a slightly larger
bandgap energy shift, so that the main absorption wavelength
shifts to a shorter direction. In addition, based on the theory
of optical transitions, the blueshift shift can be attributed to
the quantum size effect in semiconductor materials, where a
smaller grain size causes an increase in exciton energy. In this
case, if the increase in TiOg causes a decrease in the grain or
particle size, then the increase in the energy bandgap leading
to the blueshift is a natural effect.

Compared with previous studies, these results are in line
with studies showing that increasing calcium in the synthesis
of CaTiOg can cause an increase in reflectance due to the for-

© 2025 The Authors.

mation of secondary phases such as CaO or Ca(OH) 4, which
have an effect on the optical properties of the material. Several
studies have also reported that the energy bandgap of CaTiOg
can vary slightly depending on the synthesis method and cal-
cination conditions, which can affect the distribution of ab-
sorbance peaks. Furthermore, the energy bandgap calculation
of the TiO4/CaTiOg perovskite composite has been carried out
which is determined by the Tauc plot, Kubelka-Munk (Yang
and Kruse, 2004), and Urbach Energy (£,) methods (Ledinsky
et al., 2019) (see Figure 13 and Figure 14). The calculation of
the bandgap energy by the Tauc plot method is determined by
drawing a straight line in the linear region of the relationship
graph between ahv1/2 and hv, until the energy bandgap value
is obtained.

The Urbach energy (E,) is determined, which originates
from the states located in the band gap, which is related to the
disorder in the structure and is given as @ = @ exp(hv/E,),
where « is the absorption coeflicient proportional to F(R), hv
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is the photon energy, and (F,) is the Urbach energy. The
calculation of the Urbach energy is done by two methods, first
the Tauc curve transformation and second the Kubelka—Munk
curve transformation. The inverse of the slope of the linear
part of this curve, Figure 13(b-d), which is observed below the
optical band gap, will be equal to the value of E,. The Urbach
energy from the absorption results which are then calculated
using the Tauc equation has values of 0.308 eV, 0.456 €V,
and 0.628 eV, which indicate a larger disorder in the structure
and/or a larger contribution from defects to the states located in
the band gap. These results confirm that the higher the energy
gap of TiOg/CaTiOg perovskite due to absorption, the higher
the Urbach energy.

Furthermore, the energy gap calculation is carried out us-
ing the reflectance results formed using the Kubelka—Munk
function, by plotting [n[F(R)] against hv. The results can be
seen in Figure 14.

Figure 14(a) shows that increasing the ratio of TiOg in
the composite results in an increase in the band gap energy,
with values of 2.98 eV (1:5), 3.02 eV (1:1), and 3.22 eV (1:7),
respectively. This shift indicates that increasing the TiOg con-
tent in the composite causes band gap expansion, which can
be attributed to the quantum effect of size or changes in the
electronic structure of the material. The calculation results
using reflectance are slightly higher than absorption, but these
results are still within normal limits based on Sen et al. (2022).
Figure 14(b-d) illustrates that the Urbach energy increases with
increasing gap energy. These results are in line with previous
studies showing that the band gap energy of TiOg-based materi-
als increases significantly with the presence of other composite
materials.

Astudy by Ezat et al. (2021) showed that doping CaTiOg on
TiOg can increase the band gap due to changes in the electronic
structure and the formation of smaller crystal domains. In
addition, a study by Garcia-Mendoza et al. (2023) also reported
that increasing TiOq content in perovskite systems can cause a
blueshift effect on the optical absorption spectrum, which is in
line with the trend observed in this study.

4. CONCLUSIONS

This study successfully synthesized TiOq/CaTiOg perovskite
composites using calcium carbonate (CaCQOg) from Pinctada
maxima shell waste. The synthesis results showed that the
color of the resulting powder varied depending on the cal-
cination temperature, where the sample calcined at 900°C
had the whitest color, indicating a more perfect formation
of CaTiOg. FTIR analysis confirmed the presence of main
functional groups such as Ca—O, Ti—0O, C—0, and O—H, in-
dicating the successful synthesis of TiO4/CaTiOg perovskite
composites. The DTA-TGA analysis confirms that increasing
the calcination temperature from 700°C to 900°C significantly
reduces mass loss and thermal events, indicating the progres-
sive elimination of volatiles and organics. The smoother DTA
profile at 900°C reflects the formation of a thermally stable,
well-crystallized TiO4/CaTiOg perovskite structure with mini-

© 2025 The Authors.

Science and Technology Indonesia, 10 (2025) 924-942

mal residual transformation. XRD analysis showed the pres-
ence of the crystalline phase of CaTiOg as well as the anatase
and brookite phases of TiOy. At a temperature of 700°C, the
calcite phase (CaCOg) was still detected, indicating that the
decomposition process was not yet complete. The XRD results
also showed that the higher the calcination temperature, the
particle size obtained also tended to decrease.

The morphology of TiOg/CaTiOg perovskite is in the form
of agglomerated granules with increasingly uniform particle
sizes as the calcination temperature increases. The BET anal-
ysis of the TiOg9/CaTiOg composite calcined at 900°C shows
a specific surface area (SSA) of 11.42 m?/g, with a pore size
distribution ranging from 3-5 nm based on BJH analysis. The
high correlation coefficient (R? = 0.99) in the BET plot and
t-plot slopes near 1 confirm the dominance of mesopores and
uniform surface characteristics. The results of UV-Vis analysis
show that the TiOg/CaTiOg perovskite composite has a band
gap value that tends to increase when using the tauc curve or the
Kubelka-Munk function, indicating a transition to a more dom-
inant CaliOg perovskite structure. As a recommendation for
further research, it is recommended to conduct further testing
of the electrical properties and efliciency of perovskite-based
solar cells from CaTiOg powder. In addition, the homogeniza-
tion time of the base material should be extended so that the
mixing of the two materials can be more optimal.
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