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Abstract. This study successfully leveraged chicken eggshells to fabricate
sulfur-doped calcium carbonate(S/CaCOs3) nanocomposite semiconductor
materials. The synthesis process employed the sol-gel method through two eco-
friendly steps. The first stage is the synthesis of calcium oxide nanoparticle
precursors (CaO Nps) from chicken egg shell powder waste. Subsequently, the
CaO Nps were dispersed in a methanol-glycerol mixture, and thiourea was added
as the sulfur source. Characterization techniques, including Thermogravimetric-
Differential Thermal Analysis (TG-DTA), Fourier Transform Infrared
spectroscopy (FTIR), X-Ray Diffraction (XRD), and Ultraviolet-Visible Diffuse
Reflectance Spectroscopy (DRS-UV-Vis), were employed to analyze the
synthesized material. The results showed that a semiconductor S/CaCO;
nanocomposite with a size of 22.72 nm, and the bandgap energy decreases from
the CaO Nps precursor by 5.67 eV to 1.82 eV for the S/CaCO3 nanocomposite.
The formation of the S/CaCO3 nanocomposite was confirmed by the overlapping
crystal phases at 26 between CaCOs (vaterite), and sulfur, as well as the FTIR
analysis revealing a characteristic S=O stretching at 1148 Cm™!. The obtained
percentage of the S/CaCOj3; nanocomposite was 57.09%, indicating that further
optimization is possible to achieve a higher product yield.

Keywords: CaO nanoparticles, Chicken eggshell powder waste,
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© The Author(s) 2025

S. Hadi et al. (eds.), Proceedings of the 5th International Conference on Applied Sciences, Mathematics, and
Informatics (ICASMI 2024), Advances in Physics Research 13,
https://doi.org/10.2991/978-94-6463-730-4_15


http://orcid.org/0000-0003-2089-0795
http://orcid.org/0000-0001-6464-7215
http://orcid.org/0000-0002-2773-7083
http://orcid.org/0000-0001-8152-5084
http://orcid.org/0000-0001-5138-3687
http://orcid.org/0000-0001-6622-0362
https://doi.org/10.2991/978-94-6463-730-4_15
http://crossmark.crossref.org/dialog/?doi=10.2991/978-94-6463-730-4_15&domain=pdf

164 R. Djayasinga et al.
1 Introduction

Semiconductor materials play a crucial role in the development of modern technolo-
gy, as they are the fundamental materials used in the fabrication of electronic compo-
nents such as batteries, microprocessors, memory devices, and sensors[1-2]. These
components are the brain and primary driver of various electronic devices commonly
used by the world's population, such as smartphones, computers, and electric vehi-
cles[3]. Various methods and raw materials have been extensively developed for the
production of semiconductor materials, as has been done by Kuznetsova [4] who has
researched the synthesis of hybrid conductive polymer nanocomposites, particularly
for biomedical applications such as biosensors; the synthesis of chitosan-based nano-
composites for environmental applications, but also exploring the properties and po-
tential use of electronic materials due to their multifunctional nature[5]; graphene
nanocomposites, discussing their potential in high-performance transistors, sensors,
and solar cells[6]; exploration of calcium carbonate (CaCOj;) as a material in optoe-
lectronic devices[7]; calcium carbonate can be used as a filler in polymer nanocompo-
sites or other materials to improve mechanical, thermal, or even optical properties,
while other semiconductor materials are responsible for their electronic properties[8].

Calcium carbonate which is fundamentally an insulating material, can have its
properties modified when combined with other semiconductor materials or in the
form of a nanocomposite[9]. Several studies have shown that the shift in the energy
absorption threshold is crucial for effective utilization of sunlight for electron transfer,
as impurities such as C, S, or N are often used to modify the electronic structure and
optical properties of many materials[10-11]. Specifically, sulfur doping has received
more attention due to its high electronegativity, such as research on sulfur-doped gra-
phitic carbon nitride (g-CsN4) nanomaterials. The obtained bandgap energy was re-
duced by 0.7 eV, resulting in a value of 2.7 eV, and the material synthesis used a
thermal polymerization method with a precursor mixture containing melamine and
sulfur-containing compounds. The mixture was then heated at high temperatures un-
der an atmosphere. This process resulted in sulfur doping and methylation of the (g-
CsN4) nanosheets, which enhanced their photocatalytic properties[12-13].

Additionally, investigated that sulfur doping in MoO3 was able to shift the bandgap
from 2.68 eV to 2.57 eV. This study highlighted how the interaction of sulfur with
oxygen vacancies significantly enhanced the optoelectronic properties. Sulfur sources
were used in combination with molybdenum trioxide. The hydrothermal process ena-
bled the incorporation of sulfur atoms into the MoO; structure, forming Mo-S
bonds[14]. Based on previous literature information, the researchers identified that
there has been no research on the synthesis of semiconductor materials using sulfur-
doped calcium carbonate from chicken eggshells waste.

2 Material and methods

This study was carried out at the Chemistry Laboratory of Tanjungkarang Health
Polytechnic, Department of Medical Laboratory Technology, during the period from
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July to September 2024. The materials used were chicken eggshells sourced from
domestic waste, glyserol, thiourea, methanol, NaOH, HCI, AgNO3 from Merck.
Istrumentation used; Muffle furnace (Labomiz scientific), Analitical balance (BEL
Model MW 333i type MWnn3i-M), sieve 100 mesh, Fourier Transform Infra-Red
(Agilent Technologies Carry 630), X-Ray Diffraction Shimadzu XRD-700, Termo-
gravimetric analyzer (NEXTA STA Hitachi STA200RV).

2.1  Synthesis of CaO nanoparticles from chicken eggshell waste

The chicken eggshells were ground into a fine powder using a porcelain mortar and
sieved through a 100-mesh screen. Next, 12.5 g of the eggshell powder were mixed
with 250 mL of 0.1 M hydrochloric acid solution, and the formed foam was discard-
ed. The mixture was then centrifuged at 2000 rpm for 10 minutes, and the sediment
and solution were separated. This process was repeated twice. The separated solution
was then slowly added dropwise using a burette with 250 mL of 0.1 M sodium hy-
droxide solution until a white mixture was formed. The white mixture was allowed to
settle for 24 hours, and then decanted. The sediment was washed twice used distilled
water. The clear solution was tested with a few drops of 0.1 M silver nitrate solution,
and the formation of a brown color indicated that the washing with hot distilled water
was complete. The decantation was continued until only the sediment remained. The
sediment was then placed in a porcelain dish and dried in an oven at 80 °C until dry.
After drying, the sediment was calcined at a temperature of 900 °C for 1 hour[15].

2.2 Synthesis of S/CaCO3s nanocomposites

In this study, the sol-gel method was modified from the procedure described by
Cheng [16], Specifically, 35 mL of glycerol was combined with 200 mL of methanol
and magnetically stirred at 350 rpm. Subsequently, 2 g of CaO nanoparticles were
added and stirred at the same speed for 30 minutes. Afterward, 1 g of thiourea was
incorporated, and the mixture was magnetically stirred for 1 hour. The temperature
was then raised to 80 °C, and once the volume reached 100 mL, the stirring was halt-
ed. Finally, the mixture was dried in an oven at 90 °C for 11 hours and then calcined
at 450 °C for 15 hours.[17-18].

3 Result and discussion

The thermogravimetric analysis results depicted in Fig 1 offer insights into the mass
changes observed. Three distinct mass decreases were noted: from 26 °C to 384.7 °C,
a 3.51% reduction attributed to the evaporation of physically adsorbed water; from
384.7 °C to 480.3 °C, a 20.29% reduction due to the transformation of Ca(OH)> into
CaO; and from 480.3 °C to 684.6 °C, a 26.52% weight reduction resulting from the
decomposition of CaCOj3 into CaO[19-20]. The DTA analysis results reveal the pres-
ence of two endothermic peaks, one at 89.0 °C and the other at 445.6 °C. Additionally,
the DTA analysis provides information on the temperature difference between the
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sample and the reference material, which is 998 uV-s/mg. Moreover, the DTA plot
indicates that the sample's maximum mass change rate took place at 441.5 °C, with a
rate of 0.209 ug/min.

Fig. 1. TG-DTA analysis results of Ca(OH)2 precursor

Fig 2 depicts the calcium oxide nanoparticles produced using a modified sol-gel syn-
thesis method. When hydrochloric acid solution was introduced, a hydrolysis reaction
occurred between the CaCOs in the eggshell powder and HCI, generating a CaCl, sol,
water, and CO, gas that manifested as foam. Subsequently, the CaCl, sol was com-
bined with a sodium hydroxide solution, leading to the formation of a Ca(OH), pre-
cursor gel due to a condensation reaction, which consequently resulted in the creation
of an inorganic network from small particles weakly bound by covalent forces[21].

Fig. 2. CaO nanoparticles products

The generated foam was not utilized in the subsequent steps, as it could have inter-
fered with the formation of the Ca(OH), precursor and the production of NaCl when
sodium hydroxide was added to the calcium chloride solution. The washing with hot
deionized water aimed to remove impurities such as chloride and sodium ions, as well
as other organic compounds. Additionally, the test with silver nitrate solution was
conducted to verify the absence of chloride ions, which would be indicated by the
formation of a brown precipitate, a compound of silver hydroxide.

Fig. 3. Color changes observed during the synthesis of S/CaCOs3

The use of glycerol and methanol during synthesis aimed to provide a dispersive
medium for CaO nanoparticles, along with thiourea. Fig 3a depicts the orange-
colored, gel-like S/CaCOj; precursor formed after drying in the oven. Figure 3b shows
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the dark brown S/CaCOs nanocomposite product following calcination, before
grinding. Additionally,Fig 3c presents the slightly reddish-brown powdered S/CaCO;
product after grinding.

Fig. 4 reveals that the presence of the O-H stretching vibration peak at 3642 Cm’!
suggests the adsorption of water molecules on the surface of the crystal phase [22].
The wavenumbers 2994 Cm™! and 2893 Cm™! indicate the presence of asymmetric and
symmetric C-H stretching vibrations, respectively[23]. The O=C=O stretching func-
tional group is identified at 2395 Cm™' [24]. Next, at the wavenumber of 1409 Cm!, it
represents the C-H bending vibration[25]. S=O stretching was observed at 1148 Cm-~
1 [26-27].The wavenumbers at 1250 Cm!, 1075 Cm"!, and 746 Cm™' suggest the pres-
ence of the C-O stretching vibration . The FTIR spectrum indicated the presence of
CaO stretching vibrations at wavenumbers of 878 Cm-1, 872 Cm’!, and 713 Cm™,
which was further corroborated by peaks at 688 Cm™!, and 677 Cm™! [28]
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Fig. 4. Comparison FTIR analysis of CaO NPs, and S/CaCO3 nanocomposites

According to the XRD analysis conducted with the Match! Crystal Impact software
version 3.15 build 247 for Windows 32-bit[29], by comparing the XRD patterns with
the CIF-9006694 reference data. The XRD analysis data was processed using
OriginLab 64-bit software to generate Fig. 5[30]. The peaks labeled A at 28 (°) of;
32.19° (111) :37.33° (002): 53.83° (022) indicate the presence of the crystalline form
of Ca0. The 26 (°) peaks observed are consistent with the findings reported in earlier
studies[31].

Count (a.u)
—>

T T T T T
10 20 30 40 50 60 70 80 90
2Theta (Degree)

Fig. 5. Qualitative XRD analysis of CaO NPs, and S/CaCQO3 nanocomposite
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The calcium carbonate crystal phase obtained from the synthesis was 62.49% CaCO3
crystal phase (consisting of calcite, vaterite, magnesium calcite), and 37.51% sulfur.
The peaks labeled C in Fig. 5 correspond to the crystalline CaCOs3 phase (vaterite),
which was identified by comparing the data to the X-ray diffraction pattern with the
CIF reference number CIF-amcsd-0009279[32]. These peaks indicate the diffraction
angles at which the CaCOs (vaterite) phase is observed 26 (°) ; 24.86° (010); 27.03°
(011); 32.75° (012); 50.02° (014). Additionally, the crystalline phase of sulfur, de-
noted by label E, was also detected at 26 (°); 24.90° (110); 32.77° (111); 35.90° (021),
50.03° (112) through analysis of the X-ray diffraction pattern with CIF reference
number CIF-7214217[33]. The XRD analysis revealed an overlap between several
crystalline phases, including the vaterite form of calcium carbonate (peaks 20 labeled
C), and the crystalline sulfur phase (peaks 20 labeled E), as evident from Fig. 5. The
overlap of these two crystalline phases confirms the formation of the S/CaCO3 nano-
composite.

The ionic radius of S* is 0.18 nm, while O? is smaller, with a radius of 0.14 nm.
This size disparity can disrupt the crystal structure of CaCOs when sulfur replaces
oxygen, leading to more vacancies and crystal defects. Oxygen vacancies refer to the
absence of oxygen atoms in the CaCOj3 crystal lattice. When sulfur takes the place of
oxygen, these vacancies are likely to develop because sulfur does not fit well into the
original oxygen position due to the size difference[34].

Oxygen is more electronegative than sulfur, meaning it attracts electrons more
strongly in a chemical bond. This significant difference in electronegativity between
sulfur and oxygen is relevant to how sulfur interacts with and substitutes for oxygen
atoms in the CaCOs crystal lattice. Furthermore, the FTIR analysis detected the pres-
ence of S=O0 stretching at 1148 Cm’!, supporting the formation of the S/CaCO3 nano-
composite[35].

$/CaCO3 nanocomposite
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Fig. 6. Quantitative XRD analysis of CaO NPs, and S/CaCO3 nanocomposite

Quantitative XRD analysis was performed to investigate the CaO crystal phase and
S/CaCO; nanocomposite using the Rietica version 4.0 Rietveld analysis software[36].
The analysis compares the diffraction patterns of the CaO nanoparticle crystal phase
and the S/CaCOjs crystal phase, as depicted in Fig 6. The analysis of the CaO crystal
phase yielded a Goodness of Fit value of 1.67, which satisfies the ideal criterion of
being less than 4[37].



Synthesis of Sulfur-doped Calcium Carbonate Nanocomposite 169

The calcium oxide crystal phase exhibits a cubic lattice structure with a cell pa-
rameter of a = 4.81310 A, which correspond to the angles of (@ = =y = 90 °), The
unit cell volume is 111.500267, and number of formulas per unit cell (Z) = 4. The
atomic positions of the Ca and oxygen atoms is (x =0 (Ca), x =0.5 (O); y =0 (Ca), y
=0.5(0); z=0 (Ca), z= 0.5 (O). The Goodness of Fit value for the S/CaCO3 nano-
composite is 3.587. 7, weight percentage of phase CaCO; (vaterite) is 19.58%, and
sulfur is 37.51%. The CaCOs (vaterite) crystal phase lattice is hexagonal with cell
parameters (a = 4.14020 A, ¢ = 8.47490 A), cell angles (0. = p =90 °, y = 120 °), cell
volume of 125.81, number of formulas per unit cell (Z) = 1, as well as the atomic
positions of Ca, C, O, and O (x =0 (Ca), x = 0.33788 (C), x = 22035 (0O), dan x =
38000 (O); y =0 (Ca), y =0.75581 (C), y = 0.39463 (O), y = 64216 (0); z=0 (Ca), z
=0.25000 (C), z= 25000 (O), z=0.10767 (O).

Next are the characteristics of the sulfur crystal phase, namely trigonal (hexagonal)
with cell parameters (a = 7.00220 A, ¢ = 3.94150 A), cell angle (o = B = 90°, y =
120°), cell volume = 167.360947, number of formulas per unit cell (Z) = 1. S atom
position (x = 0.70420 (S), x = 0.76043 (S); y = 0.33764 (S), y = 0 (S); z =0 .94273
(S), z = 0.16667 (S). Using the Debye-Scherrer formula, and the full width at half
maximum value of 0.28 at 28 (°) 37.33°, the size of the CaO nanoparticles was calcu-
lated to be 29.97 nm. Similarly, the S/CaCOs crystal phase has a FWHM value of
0.36 at 20 (°) = 27.04°, corresponding to a particle size of 22.72 nm. Finally, the
combined weight percentage of the vaterite phase and sulfur was determined to be
57.09%, indicating the proportion of the S/CaCO3 nanocomposite.
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Fig. 7. Comparison of UV-Vis, and bandgap of CaO NPs, S/CaCO3 nanocomposite

The data from Figure 7a shows the UV-Visible absorbance spectrum, which exhibits a
peak absorption at 369.90 nm. Additionally, Fig 7b presents the calculated band gap
energy value obtained using the Tauc plot method[38]. The results showed a band
gap energy of 5.67 eV for the CaO nanoparticles, whereas the S/CaCO3; nanocompo-
site exhibited a lower bandgap energy of 1.82 eV (r"2= 0.9907). The decrease in
bandgap energy is facilitated by the presence of oxygen vacancies in the vaterite crys-
tal structure, which are then occupied by sulfur atoms. However, the sulfur atoms do
not occupy the same positions as the previous oxygen atoms, resulting in the for-
mation of crystal defects. This alteration leads to a shift in the absorption energy
threshold from the valence band to the conduction band [35]. The disparity between
the two bandgap energy values suggests that the CaO nanoparticles derived from
chicken eggshell powder possess the characteristics of an insulating material, whereas
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the synthesized S/CaCO3 nanocomposite exhibits the properties of a semiconductor
material[39].

4 Conclusion

In summary, this study successfully synthesized sulfur-doped calcium carbonate
(S/CaCO3) nanocomposite semiconductor materials using the sol-gel method. The
precursor materials were CaO NPs derived from chicken eggshell powder, and thiou-
rea was used as the sulfur source. XRD analysis confirmed the formation of the
S/CaCO; nanocomposite crystalline phase, characterized by the overlapping of the
CaCO; (vaterite), and sulfur crystalline peaks. FTIR analysis at 1148 Cm™' indicated
the presence of S=0 bonds. UV-Vis spectroscopy showed an absorption peak at 369.9
nm and a bandgap of 1.82 eV. The average crystal size of the S/CaCO3; nanocompo-
site, calculated using the Debye-Scherrer equation, was 22.72 nm, with a yield per-
centage of 57.09%.
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