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ABSTRACT

Calcium carbonate (CaCOs)-modified titanium dioxide (TiO2) nanoparticles (NPs) were synthesised by a combined
sol-gel and wet impregnation method to achieve controlled surface and structural modifications for multifunctional
applications. The incorporation of CaCOs, an environmentally compatible dopant, into the TiO, matrix was carried
out to build physicochemical properties while maintaining high surface reactivity. XRD analysis confirmed the
predominance of the anatase phase, with slight variations in peak, suggesting the influence of CaCOs3 incorporation.
Synthesised sample indicating the formation of well-defined nano-flower structures, while elemental analysis
indicates uniform dopant distribution within the TiO, framework. These particles exhibited increased crystallinity
and a controlled particle-size distribution, indicating moderate dispersion stability with limited aggregation. These
structural and surface modifications are indicative of characteristics desirable for nano-lubricant applications,
particularly for friction reduction, wear resistance, load-bearing performance, surface interaction and stability.
Furthermore, the modified material suggests its suitability as a multifunctional candidate for sustainable industrial
applications. Overall, this study highlights the role of CaCO3 doping in tuning TiO; properties and provides a base
for future experimental studies in tribological and environmental domains.
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INTRODUCTION
Friction and wear in mechanical systems lead to significant energy losses and reduced efficiency in
industrial applications. In recent years, the development of advanced nanomaterials has attracted attention
towards these challenges. In the field of nanoscale lubrication systems, Titanium oxide nanoparticles
(NPs) exhibit properties like huge surface area, photocatalytic activity and reaction stability. These
properties make titanium dioxide(TiOz) an attractive additive for various industrial applications, including
catalysis, coatings, environmental remediation and lubrication.!* These NPs establish several flexible
approaches, including sol-gel, electrochemical anodization, green synthesis (biological), chemical vapour
deposition, solvothermal, microwave-assisted synthesis, and hydrothermal methods.*” In this study, the
synthesis process focuses on developing nanostructured materials with characteristics relevant to
lubrication-related applications and environmental considerations. The sol-gel method involves hydrolysis
followed by condensation reactions, enabling controlled particle formation.®® This process introduces n-
hexane, a nonpolar solvent, which helps in controlling the rate of reaction and particle size.!° Having a
high surface area of TiO, NPs, adsorption of molecules onto the surface is enhanced, which can influence
reaction kinetics by increasing molecular interactions.!! Further functional properties were improved by
the doping process with suitable materials, where an effective strategy has been explored for modifying
the electronic structure and surface characteristics.'? In this context, calcium carbonate (CaCQOs3) was
introduced as a dopant, which was a naturally abundant, environmentally benign and cost-effective
material widely used as an additive in polymers, paints, and lubricants.'*> The TiO, particles were doped
by CaCOs through the wet-impregnation method, where these nanostructures are dispersed and
incorporated into the CaCO;3 matrix. This process of hybridisation develops the dispersion stability of
TiO2 and reduces agglomeration. The formation of TiO2-CaCO; composite suggests the thermal stability
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and load-bearing capacity, which are majorly focused on in tribological applications.!*!> Previous studies
have reported that TiO,-based nanomaterials can contribute to friction reduction and wear resistance
when used as lubricant additives. In such systems, TiO2 may act as rolling elements at contact interfaces,
while CaCOs can assist in surface smoothing and tribofilm formation.!*!® These kinds of mechanisms are
associated with improved load-carrying capacity and reduced surface damage. Such nano-additives are
considered eco-friendly and align with sustainability goals, particularly in improving energy efficiency in
industrial systems. The CaCOs-doped TiO, nanocomposite is expected to enhance the durability and
service life of mechanical components in the lubrication system.!*!> However, despite extensive studies
on TiO> NPs, limited studies have reported on CaCOs-modified TiO: synthesised via wet-impregnation,
particularly in the context of nano-lubricant applications. This highlights the need for systematic
investigation of such hybrid nanostructures'>!3. Therefore, the present work is on the synthesis of CaCOs-
doped TiO, nanocomposite, followed by characterisation, detailing the structural and morphological
aspects. Although tribological performance was not experimentally evaluated, the obtained results
provide insights into their potential applicability in nano-lubricant systems.

EXPERIMENTAL
Materials and Methods
Titanium tetrachloride (TiCls , 99.5%), n-hexane (95%), calcium carbonate (CaCOs, 99.5%), ethanol
(99%), deionized water (pH 5.5-7.5), and hydrochloric acid (HCI, 35-37%) were used in this study. TiCl4
served as the precursor for TiO2 synthesis, n-hexane acted as a dispersing solvent, and CaCO3 was used as
the dopant. The synthesis process using the sol-gel method, followed by wet impregnation for doping.

General Procedure

Synthesis of TiO;

Titanium dioxide was synthesised by a sol-gel method®® with slight modifications, a well-established
approach for producing oxides with proper size and phase composition. Initially, in a clean, glass beaker,
0.0912 mol of TiCls was slowly added to a well-stirred mixture of n-Hexane and deionised water
(maintained at room temperature). Due to the highly reactive nature of TiCls with atmospheric moisture,
the handling was carried out carefully, with appropriate precautions in a well-ventilated environment to
minimise exposure to fumes. Then, the sample mixture was placed on a magnetic stirrer with a hot plate,
maintaining the temperature at approximately 60 °C and stirring at 600 rpm to promote controlled
hydrolysis and condensation reactions typical of sol-gel chemistry. While stirring, dilute HCI (0.1M) was
added dropwise to peptize and stabilise the forming TiO2 sol. A white precipitate of hydrated titanium
species was formed. The suspension was further stirred for 1 h to ensure full hydrolysis and uniform
dispersion. The suspension was centrifuged to separate the precipitate and then transferred into a crucible.
Crystallization and phase stabilisation were achieved by calcination at 500 °C for 2 h. This thermal
treatment removed residual water or organics and converted the gel into crystalline TiO». The final yield
of TiO; obtained was approximately 5.0 g.

Doping of TiO: with CaCOs

CaCOs; doping was carried out by the wet-impregnation method.'? Initially, 2 g of synthesised TiO, and
the required amount of CaCO3 were dispersed separately in 6 ml of ethanol under stirring to form uniform
suspensions. The CaCOs suspension was then gradually mixed with the TiO, suspension under
continuous stirring. The sample was stirred at approximately 60 °C for 1-2 h to ensure proper interaction
between TiO, and CaCOs. After completion of the mixing process, the resulting suspension was
centrifuged to separate the precipitate. The obtained solid was dried and subsequently calcined at 200 °C,
2h in a muffle furnace to obtain CaCOs-doped TiO» nanoparticles. The final product (3.0 g) was collected
for further characterisation. The synthesis procedure is illustrated in Fig.-1.

RESULTS AND DISCUSSION
X-ray Diffraction (XRD)
The synthesised TiO2 and CaCO;-doped TiO2 were examined using an XRD pattern, which was used on a
PANalytical diffractometer using Cu ka radiation (A = 1.54060 A) at 25 °C, over a 20 range of 5.01-
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99.98° (step size 0.022°, scan step time[s] 58.3950, continuous scan; generator 15mA 40kV). with Cu Ka
radiation ((A = 1.54060 A). The diffraction pattern exhibited a prominent peak at 20 ~ 25.2°,
Scherrer equation was given below to calculate the average crystallite size!:

kA
B cosO

D =

Where k = dimensionless constant

0 = diffraction angle

A = wavelength of the X-ray radiation

B = full width at half-maximum (FWHM) of the diffraction peak.
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Fig.-1: A Quick Flow Chart Representing the Procedure of Synthesizing and Doping a Nanomaterial

XRD Analysis of Synthesized TiO:

The synthesized nanostructure (Fig.-2(a)) shows a dominant diffraction peak at 26= 25.2183° (d=
3.53157A), which is indexed to the (101) plane of anatase TiO» (JCPDS 21-1272). Other minor peaks are
observed at approximately 35.99° (004), 41.15° (111), 47.94° (200), 54.22° (211) and 27.36° (110),
which is also considered a secondary peak corresponding to the rutile TiO», indicating a minor rutile
phase. The diffraction indicates mixed anatase and rutile phases, with anatase (101) at 25.21° as the
dominant reflection, consistent with the reported literature.! Anatase (101) was estimated from the
Scherrer equation, found to be in the nanometer range (= 15-20 nm), confirming the nanoscale formation.
Impurity peaks were not observed, indicating successful synthesis of crystalline TiO».

XRD Analysis of CaCOs-Doped TiO:

The XRD pattern of CaCOs-doped TiO» nanocomposite exhibited multiple diffraction peaks (Fig.-2(b)),
indicating the presence of both TiO, and CaCOs phases. The prominent peak at 20 =~ 25.19° with a
relative intensity of 38.81% corresponds to the (101) plane of anatase TiO», confirming the retention of
the anatase structure after doping. The most intense peak observed at 20 = 27.31° (100% intensity)
corresponds to the (110) plane of rutile TiO, indicating the presence of minor rutile phase along with the
dominant anatase structure.

xxxxxxxxxxxxxxx

wl g b

Counts

™ Q\Jb
Ml M,

0 2 30 4 0 6 70 80 90

3000 l
\

© 0« o
Position ['2Theta] (Copper (Cu)
Position [*2Theta] (Copper (Cu))

Fig.-2: TiO2 and CaCOs-doped TiO= by XRD Patterns are Shown in Fig.-2(a) and Fig.-2(b), respectively

Additionally, a characteristic peak at 20 =~ 29.38° with ~29% intensity is attributed to the (104) plane of
CaCQOs (calcite phase), confirming its incorporation into the TiO, matrix. Other diffraction peaks
observed at 20 values of 35.94°, 41.11°, 48.32°, 54.17°, and 56.39° further support the presence of a
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mixed-phase nanocomposite structure. The variation in peak intensities and positions suggests structural
modification due to CaCO; incorporation, while maintaining the crystalline nature of TiO.. The
crystallite-doped sample, calculated using the Scherrer equation, was found to be approximately 13-14
nm, indicating a nanocrystalline composite.

Scanning Electron Microscopy-Energy Dispersive X-ray Spectroscopy (SEM-EDS)

SEM coupled with EDS was used for TiO> and CaCOs-doped TiO: samples to examine the surface
morphology and elemental composition. The EDS measurements were done by accelerating voltage of 20
kV with live acquisition times of approximately 120 s and low dead-time values (1-2%). Elemental
compositions were normalised to 100% after excluding Al signals originating from the sample holder.

SEM-EDS Analysis of Synthesized TiO:

The SEM micrographs of TiO: (Fig.-3(a)) show agglomerated NPs forming a hierarchical nanostructure
with a relatively rough surface. The primary particle size is in the nanometer range, with larger clusters
resulting from agglomeration. The EDS spectrum (Fig.-4(a)) of the synthesized TiO, sample confirms Ti
and O presence as the major elements. The normalised mass concentrations were 55.15 wt% Ti and 44.85
wt% O, corresponding to atomic concentrations of 29.12 wt% Ti and 70.88 wt% O. The Ti:O atomic ratio
is close to the expected 1:2 stoichiometry of TiOz, indicating successful formation of the oxide phase. No
additional impurity peaks were detected. The corresponding EDS elemental mapping (Fig.-4b) shows a
uniform spatial distribution of Ti and O throughout the sample, confirming compositional homogeneity.

Fig.-3: SEM Micrographs of Synthesised TiO2 and CaCOs-TiO: at different Magnifications Showing Flower-Like
Clusters

SEM-EDS of CaCQOs-doped TiO;

The SEM image of the CaCOs-TiO2 nanocomposite (Fig.-3b) reveals a slightly agglomerated morphology
with roughly spherical particles forming clustered structures. Compared with the undoped TiO», the
doped sample exhibits a relatively rough, porous surface texture. According to the scale bar, the particle
size ranged from 80-150 nm for individual particles and up to 300-400 nm for agglomerated clusters.
The EDS spectrum (Fig.-4(c)) confirms the existence of Ti, O, Ca, and C, indicating CaCO3 within the
TiO2 matrix incorporation. The absence of additional impurity peaks suggests good elemental purity of
the composite. The elemental mapping results (Fig.-4(d)) demonstrate a homogeneous distribution of Ti,
O, Ca, and C across the analysed region, supporting uniform dispersion of CaCO; within the TiO;
structure.

Dynamic Light Scattering (DLS)-zeta Analysis
DLS measurements were performed at 25 °C in ethanol as a dispersion medium to determine the particle
size distribution. Before measurement, all samples were sonicated for 5 min to minimise agglomeration.

Synthesized TiO;
DLS and zeta potential analyses of synthesized TiO, (Fig.-5(a)) exhibited large hydrodynamic diameters
in the range of 12.6-23.8 pum with high PDI values (~0.77), indicating significant agglomeration and
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broad size distribution in ethanol. Such behaviour is typical for metal oxide NPs due to high surface
energy and limited electrostatic stabilization in non-aqueous media.'® The measured zeta potential values
were between -10 and -12 mV, suggesting low dispersion stability and a tendency toward clustering. The
large hydrodynamic sizes observed in DLS reflect the suspension behaviour of the NPs in ethanol rather
than the primary crystallite size determined by XRD. The observed agglomeration can therefore be
attributed to interparticle interactions under the given dispersion conditions.
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Fig.-4: EDS Analysis of Synthesized TiO2 and CaCO3-TiO; Nanocomposite: (a) EDS Spectrum of Synthesized
TiO> Showing the Presence of Ti and O, Confirming Phase Purity; (b) EDS Elemental Mapping of TiO; Illustrating
Uniform Distribution of Ti and O; (c) EDS Spectrum of CaCO3-TiO2 Confirming the Appearance of Ti, O, Ca, and

C, Indicating Incorporation of CaCOs3; (d) EDS Elemental Mapping of CaCO3;—Ti0O> Showing Homogeneous
Distribution of all Constituent Elements

s696 5580

CaCOs-doped TiO:

The CaCO3-doped TiO2 composite was similarly analysed by DLS analysis (Fig.-5(b)). The measured
hydrodynamic diameters were approximately 383.3, 489.6, and 536.3 nm, indicating the presence of
particle aggregates in the dispersion. The corresponding PDI values (0.313-0.472) suggest a moderately
polydisperse system with improved distribution compared to the undoped TiO» sample. Zeta potential
values from +29.6 to +31.1 mV indicate moderate to good electrostatic stability of the nanocomposite
dispersion. The stability of the doped sample slightly improves compared to pure TiO,, which may be
cause of the presence of CaCOs on the TiO; surface, which can influence interparticle interactions and
dispersion behaviour. Overall, the DLS results suggest that CaCO3; modification contributes to improved
stability of dispersion while maintaining a nanoscale aggregated structure. A summary of DLS parameters
for both synthesised and doped nanoparticle samples is in Table-1.

Table-1: Summary of DLS-Zeta Potential Parameters of Synthesized TiO-

and CaCO-doped TiO, Nanoparticles

Parameter Pure TiO; CaCOs3-TiO,
DLS size 12.6-23.8 um 226-251 nm
PDI 0.77 0.31-0.47
Zeta potential (mV) -10to -12 mV +29.6 to +31.1 mV

UV-Visible Diffuse Reflectance Spectroscopy (UV-DRS)

The optical properties of TiO2, CaCOs-TiO; nanomaterial additives (Fig.-6) were analysed using UV-
DRS. The synthesized TiO:. (Fig.-6(a)) exhibited an absorption edge at approximately 390 nm,
corresponding to a calculated band gap energy of 3.15 eV (Fig.-6(b)), which is a characteristic of anatase-
phase TiO». Following CaCOs3 incorporation (Fig.-6(c)), the absorption graph shifted slightly to 382 nm,
resulting in an energy gap of ~3.24 eV (Fig.-6(d)). The resulting band gap energies were obtained using
the relation E = 1240/A'°, and further supported by Kubelka-Munk transformed plots?® derived from the
reflectance data. The primary band gap values are consistent with anatase-phase TiO,, in agreement with
XRD observations. The absence of impurity peaks and the preservation of the anatase structure even after
CaCOs incorporation demonstrate that the synthesis route effectively stabilised the crystalline phase.
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Fig.-5: DLS Analysis of Synthesized TiO, and CaCO3—TiO; Nanocomposites: (a) Particle Size Distribution of
Synthesized TiO2 Showing Larger Hydrodynamic Size and Lower Stability; (b) Zeta Potential of CaCO3-TiO>
Indicating Improved Dispersion Behaviour and Enhanced Electrostatic Stability
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Fig.-6: UV—Visible Diffuse Reflectance Spectra (UV-DRS) and Corresponding Band Gap Analysis of (a, b)
Synthesized TiOz and (c, d) CaCOs-doped TiO2 Nanoparticles. (a, c) Diffuse Reflectance Spectra Showing
Absorption Edge Behaviour, and (b, d) Kubelka—Munk Plots Used for Band Gap Estimation

FTIR Spectroscopic Analysis

Synthesized TiO:

The FTIR spectrum of synthesised TiO: (Fig.-7(a)) exhibits a broad absorption band at 3351 cm,
corresponding to O-H stretching vibrations and adsorbed moisture. The band observed at 1626 cm™ is
assigned to H-O-H bending vibrations of physically adsorbed H,O molecules, indicating the hydrophilic
nature of the NPs'. A band at 1228 cm™! may be associated with Ti-O-C vibrations or residual species
from the precursor or synthesis medium. The characteristic absorption peak at 535 ¢cm™ shows the Ti-O
lattice, suggesting the formation of TiO, NPs.

CaCOs-doped TiO:

The FTIR spectrum of CaCOs-doped TiO» nanocomposite (Fig.-7(b)) shows distinct vibrations with
various peaks at 3351, 2361, 1798, 1613, 1425, 875, and 544 cm™!, respectively. The broad, centred peak
at 3351 cm! represents the O-H stretch; 1613 cm-1 is considered the H-O-H bending mode of adsorbed
water. The prominent peak absorptions at 1425 ¢cm™ and 875 cm™! are characteristic of COs* vibrations
(asymmetric stretching and out-of-plane bending, respectively), confirming the carbonate species (CaCOs3)
were present in the doped sample. The lower band at 544 cm™! corresponds to Ti—O-Ti lattice vibrations,
indicating that the TiO. framework is retained after doping. These results confirm the successful
incorporation of CaCQOs3 on the TiO; lattice.
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CONCLUSION

CaCOs-modified TiO2 NPs were successfully synthesised via a combined sol-gel and wet-impregnation
approach. The formation of anatase-phase TiO» with successful incorporation of CaCOs, confirmed by the
structural and spectroscopic analysis, is evidenced by characteristic diffraction peaks, functional vibration,
and optical absorption behaviour. Morphology revealed agglomerated nanostructures with rough and
porous surface features, while elemental analysis confirmed uniform distribution of Ti, O, Ca, and C
within the composite. DLS and zeta potential parameters show improved dispersion stability for the
CaCOs3-TiO; system compared to the undoped TiO; nanostructure. These reports demonstrate that the
CaCOs modification influences the structural, surface, and dispersion characteristics of TiO, without
altering its fundamental crystalline phase. Such properties are commonly combined with nanomaterials
explored for multifunctional applications, including photocatalysis and lubricant additive systems.!'®!
Synthesised TiO, was expected to predominantly exhibit the anatase phase!, which is favourable for
lubrication-related surface modification, coating applications and further doping process. However, the
actual performance in these applications was not evaluated in the present study and requires further
investigation. Overall, this study provides a foundation for future studies on CaCOs-TiO; nanocomposites,
particularly in the development of environmentally compatible nanomaterials for advanced industrial
applications.
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