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Abstract— Stealth technology is widely used in the military field to avoid enemy detection. Consequently, there has been a
significant surge in research related to radar-absorbing materials (RAMs). Titanium dioxide (TiOz) and graphene nanoplatelets
(GNPs) are promising materials for developing RAMs. Combining TiOz as a semiconductor with GNPs as a conductive material
could increase the ability to absorb microwaves through a more effective energy dissipation mechanism. In our study, TiO2 and
GNPs were fabricated using the planetary ball milling method. The structure and morphology of the resulting nanocomposites
were evaluated using Field Emission Scanning Electron Microscopy with Energy Dispersive Spectroscopy with Energy
Dispersive Spectroscopy (FE-SEM EDS) and X-ray Diffraction (XRD). FE-SEM observations showed that TiOz nanoparticles were
attached to the surface of layered GNPs. XRD analysis showed a decrease in the peak intensity of the TiO2/GNP nanocomposites
compared to pure TiO2 due to the addition of carbon elements. The performance of RAMs was evaluated using a Vector Network
Analyzer (VNA) in the X-band (8-12 GHz) range with a 3-mm thickness. The VNA analysis indicated that the TiO2/GNP
nanocomposites exhibited the optimal reflection loss (RL) of -30.72 dB at a frequency of 8.42 GHz, accompanied by a through
power of 99.91%. Consequently, TiO2/GNP nanocomposites demonstrated promising potential as a military RAM.
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1. INTRODUCTION

The development of stealth technology is currently
experiencing rapid advancement, particularly in the
military sector. To address the needs for such

conduct electromagnetic waves and convert them into
heat effectively [2].
Carbon-based materials have promising dielectric

technology, radar-absorbing materials (RAMs) have
been developed to produce materials that are effective
in absorbing radar waves. The function of the radar
system entails the transmission of electromagnetic
signals, followed by the reception of echoes reflected
from the observed object [1]. This key objective of this
field is to create RAM materials with optimal dielectric
properties. The rationale behind this assertion is that
materials exhibiting favourable dielectric properties can
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properties, making them attractive for use as RAM. One
suitable carbon-based material for this application is
graphene nanoplatelets (GNPs). GNPs are stacks of flat
graphene sheets, similar to the wall structure of carbon
nanotubes but in a planar form. They are also known as
graphite nanoplatelets, consisting of more than 10
graphene layers [3]. The characteristics of GNPs that
make them suitable as RAM are lightweight, have good
mechanical properties, large specific surface area of
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20-40 m?/g, and have excellent thermal and electrical
conductivity values of 80,000 S/m [4]. Kumar et al. have
synthesized GNPs composited with epoxy-silane
functionalized cardanol, resulting in excellent
absorption of -18 dB [5]. Silva et al. have synthesized
GNPs/epoxy composites producing excellent
microwave absorption material, resulting in a reflection
loss of -13.5 dB [6].

In addition to carbon-based materials,
semiconductor materials such as oxide ceramics have
promising dielectric properties. TiO2 is a semiconductor
with excellent dielectric properties, high-temperature
resistance, low density, and non-toxic material, which
improves the conductivity of the RAMs and is suitable
for composite fabrication [7-9]. Previous studies have
also shown that TiO: crystals are amorphous due to
oxygen-containing functional groups that cause
polarization loss, leading to optimal impedance
matching and minimized attenuation caused by related
relaxation and interfacial polarization [10, 11].

Combining carbon materials with semiconductors is
an efficacious innovation in developing more optimized
RAM. Zhang, et al. have synthesized Ti0O2/rGO using the
solvothermal method and obtained a reflection loss
value of -42.8 dB at 8.72 GHz [10]. Mo, et al. have studied
the synthesized of CNT/TiO2, obtaining a reflection loss
value of -31.8 dB at 10.35 GHz using the hydrolysis and
heat treatment methods [12].

In this study, carbon-based and semiconductor
materials are synthesized to generate TiO2/GNP

nanocomposites using the planetary ball milling method.

This method offers a simple process and is a type of
green synthesis because it does not use toxic
compound solvents. The use of GNPs in RAM
applications remains underutilized, thus classifying this
research as a novel innovation. The structure and
morphology are characterized using Field Emission
Scanning Electron Microscopy with Energy Dispersive
Spectroscopy (FE-SEM EDS) and X-ray Diffraction
(XRD). The RAM performance is evaluated using a
Vector Network Analyzer (VNA) in the X-band frequency
range (8-12 GHz) to assess the effectiveness of the
material in absorbing electromagnetic waves.

2. EXPERIMENTAL SECTION

2.1. Materials

Titanium(lV) oxide (TiO2) M=79.87 g/mol and graphene
nanoplatelets (GNPs) grade C-750 M=12.01 g/mol were
purchased from Sigma Aldrich, USA.

2.2. Instrumentation

The nanocomposites were homogenized using the
planetary ball milling from Retsch, Germany. The
surface morphology and composition of
nanocomposites were observed using Field Emission
Scanning Electron Microscopy with Energy Dispersive
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Spectroscopy (FE-SEM EDS) JEOL JSM-IT700HR, Japan.
The lattice characteristics of the nanocomposites were
measured using an X-Ray diffractometer (XRD)
PANalytical X'pert, Netherlands. The microwave
absorption performance of the nanocomposites was
evaluated using a Vector Network Analyzer (VNA)
Anritsu MS2038C, Japan.

2.3. Synthesis of Nanocomposites

Nanocomposites were synthesized using
commercial Ti02 and GNPs homogenized using the
planetary ball milling method. The homogenization
process was carried out using stainless steel balls for
3 h at 300 rpm to ensure optimal mixing. The ratio of
TiO2 and GNPs used was 1:1. After the milling process,
the samples were filtered using a 400-mesh sieve to
obtain a uniform particle size and remove impurities in
the material.

2.4. Structure and Morphology Characterization

FE-SEM characterization used an accelerating
voltage of 10 kV in secondary electron mode with an
image magnification of 50,000x for GNPs and 4,000x for
TiOz/GNP nanocomposites. XRD characterization used a
voltage of 40 kV, a current of 30 mA, and incident angle
of 1° with a 26 range of 20°-90°.

2.5. Microwave Absorption Performance

VNA testing used a dual-port VNA that produced Sy,
Swi2, Sz, and Sz parameters in the X-band frequency
range (8-12 GHz) with a material thickness of 3mm.

3. RESULT AND DISCUSSION

3.1. Formation Mechanism

The formation of TiO2/GNPs nanocomposites using
planetary ball milling resulted in smaller particle sizes.
This condition is due to the continuous impact of the
milling balls, which causes a reduction in the size of
TiOz2 and increases its surface area. In the case of GNPs,
the constant impact results in the production of smaller
and thinner graphene sheets. The ball milling process
also causes physical bonding between TiO2 and GNPs,
called the mechanical interlocking model caused by the
collision between the two materials. This model is
determined by mechanical interlocking and adhesive
bonds [13, 14]. The mixing these two materials lead to a
homogeneous mixture of Ti02 and GNPs, forming the
Ti02/GNPs nanocomposites. Schematic representation
of formation mechanism of Ti0;/GNPs nanocomposites
can be seen in Fig. 1.

3.2. Structure and Morphology Analysis

Fig. 2A shows the FE-SEM image GNPs. GNPs
exhibited a layered surface structure. This layered
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Fig. 2. (A) FE-SEM image and (B) Map sum spectrum of GNPs

structure could increase the multiple scattering of the
material, thereby enhancing RAM performance. As
illustrated in Fig. 2B, the EDS map sum spectrum of
GNPs showed the presence of carbon and oxygen
elements. The analysis revealed that the carbon content
constituted 95.1% of the sample, while the oxygen
content accounted for 4.9%. These results indicate that
the GNPs are composed of pure carbon.

As illustrated in Fig. 3a, the TiO2/GNP
nanocomposites consisted of TiO2 nanoparticles
attached to the surface of layered GNPs. Furthermore,
the analysis revealed that the TiO2/GNP
nanocomposites exhibited a more defective and
amorphous surface. The bonding between TiO; and
GNPs is a physical bond known as the mechanical
interlocking model, as delineated in the formation
mechanism. The attachment of the nanocomposites is
evidenced by the distribution of elements seen in the
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TiO/GNPs
hanocompaosites

Fig. 3. FE-SEM images of a) TiO2/GNP nanocomposites and its
EDS mapping results for of b) combined image c) C, d)
0,ande) Ti

EDS mapping. As illustrated in Fig. 3b, the uniform
distribution of elements suggests the successful
formation of the nanocomposites. Moreover, the EDS
mapping in Fig. 3¢, 3d, and 3e demonstrated the uniform
distribution of C, 0, and Ti elements across the material
surfaces. The dispersion of the Ti element not only
occurs on the surface of the material but also within
the pores, thereby indicating that the formation process
of nanocomposites has been achieved. Fig. 4 presents a
map sum spectrum of the Ti0O2/GNP nanocomposites,
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Fig. 4. Map sum spectrum of TiO2/GNP nanocomposites
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indicating a composition of 73.1% carbon, 19.7% oxygen,
and 7.2% titanium elements.

Fig. 5 shows the X-ray diffractograms of GNPs, TiO,
and the GNP/TiO; composites, which offer information
about the crystal structure of each material. Fig. 5a
shows the diffraction pattern of pure GNPs, as
confirmed by JCPDS database No. 98-007-6767. It
exhibited peaks at 20 at 26.46° (002) and 44.43° (011).
This diffraction pattern indicates that GNPs possess a
crystal structure and properties similar to graphite.
XRD analysis showed that GNPs had a hexagonal
crystal system, the main characteristic of layered
carbon.

Fig. 5b shows diffraction pattern of Ti02anatase that
located at 25.30°, 37.79°, 48.03°, 53.89°, 55.06° 62.68°,
68.76°, 75.04°, and 82.67°, which correspond to (011),
(004), (020), (015), (121), (024), (116), (125), and (224)
respectively as confirmed by JCPDS No. 98-017-2916.
TiO2 is comprised of three mineral phases: anatase,
rutile, and brookite. The anatase phase is the most
stable, in comparison to the other two TiO; phases [15].
The anatase phase of Ti02 exhibits a tetragonal
crystallite structure, accompanied by a band gap of 2.116
eV, which facilitates rapid electron distribution [16]. The
band gap value can be determined using the UV-Vis test
and subsequently calculating the tauc plot [17]. This
attribute value of TiO: anatase contributes to its
classification as a semiconductor.
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Fig. 5. XRD patterns of a) GNPs, b) Ti02, and c) TiO2/GNP

nanocomposites
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Figure 5c shows the XRD pattern of the TiO/GNP
nanocomposites, revealing the presence of GNPs. The
XRD pattern of the Ti02/GNP nanocomposites showed
the presence of minor peaks corresponding to GNPs
(002) and (011). A comparison of the XRD patterns of
pure Ti0; and the TiO2/GNP nanocomposites revealed
that the nanocomposite had a more amorphous and
impure pattern. The intensity of each peak decreased
drastically. This decrease occurs due to the addition of
carbon to the material. This finding suggests that
Ti0z/GNP nanocomposites have been successfully
formed.

From the results of the XRD analysis, the crystallite
size of the material can be calculated using the
Scherrer equation in Eq (1):

_ kA (1)
Bhit cos Oppy

where: kis ineteger (0.9), A is X-Ray wavelength (0.154
nm), Bris full width at half maxim (FWHM) (Rad), and
8 is Bragg-diffraction angle (peak positions in radian)
(degree).

The FWHM, crystallinity percentage, and crystallite
sizes calculated from the XRD analysis are summarised
in Table 1. The addition of GNPs into the TiO2 sample
resulted in a decline in crystallinity, which could be
attributed to the amorphous structure of GNPs. The
crystallite size of GNPs synthesized by Latif et al. is
32.28 nm [18]. This value is smaller than that of the
GNPs used in this study. In the research conducted by
Saravanan et al,, the crystallite size of the anatase TiO:
utilized was measured to be 4.28 nm [19]. This value is
also smaller than the TiO: utilized in this study. This
discrepancy can be attributed to distinct types and
brands of GNPs and TiO: used in the respective studies.
Furthermore, the TiO2/GNP nanocomposites exhibited
smaller crystallite sizes than pure TiO2. These outcomes
indicate the effectiveness of the homogenization
process of the TiO2/GNP nanocomposites using the
planetary ball milling method, leading to a reduction in
material size.

D =

Table 1. FWHM, crystallinity percentage, and crystallite size
measurements from X-ray diffraction

o Crystallinity Crystallite

Sample FWHM (°) %) size (nm)
GNPs 0.336 - 24.37
Ti02 0.132 90.48 61.91
Ti02/GNs 0.48 72.64 16.99

3.3. Microwaves Absorbing Performance

The performance of microwave absorption was
evaluated using a VNA. The VNA test is used to
determine the reflection loss of the material to evaluate
the performance of the RAM [20]. The reflection loss
(RL) value indicates the ability of the material to absorb
microwaves. The permittivity and permeability values

influence the RL value. Permittivity (¢ =¢ —¢€") is




26 Indones. J. Chem. Stud., 2025, 4(1), 22-27

related to the dielectric value of the material. In
comparison, permeability (¥ =#—#") is associated
with the magnetic value of the material. The values of 4
dan &' are related to the ability to store energy. While &"

dan 1" are related to the energy lost due to heat [21].
The value of RL can be summarized in Eq (2) and (3):

Zin = Zo\[1t/ €, tanh[j(2rfd) /e\[1, /€] ()

RL = 20log |Zin—2e) 3)

[zin"'zo]

From the RL results, the value of the absorption
coefficient or trough power can be found using Eq (4)
and (5):

|T| _ loreﬂecﬁon la)sszz20 (4)

Through power (%) = (1 —7) x 100% (5)

Fig. 6. shows GNPs, TiO;, and TiO,/GNP
nanocomposites. GNPs demonstrated a prominent
absorption peak at a frequency of 8.31 GHgz,
accompanied by an RL of -30.44 dB and a through
power of 99.90%. A thorough examination of the four
primary absorptions within GNPs revealed that all of
these absorptions had RLs below -10 dB, thereby
ensuring a thorough power value higher than 90%. This
condition proves that GNPs are a suitable material for
use as a RAM. Moreover, GNPs have a layered structure
that allows them to increase the interface polarization,

and GNP properties permit them to conduct
microwaves and convert them into heat, thereby
increasing the RL value [22].

The VNA analysis of TiO2 reveals unique

characteristics absorption of TiO2. The result analysis
showed a maximum absorption frequency of 8.47 GHz,
with an RL of -23.41 dB and a through power of 99.54%.
Notably, three-absorption peaks in TiO2had RL below -
10 dB and through power above 90%. These findings

suggest that TiO2 exhibits considerable dielectric
-5
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Fig. 7. VNA results of GNPs, TiO;, and TiO2/GNP

nanocomposites
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loss capacity, thereby enhancing the dipole interfaces
and optimizing the reflection loss values [23].

Ti02/GNP nanocomposites exhibited four primary
absorption bands, with the most optimal absorption
occurring at a frequency of 8.42 GHz, showing an RL of
-30.72 dB and a through power of 99.91%. Notably, all RL
values for TiO2/GNP nanocomposites were below -10 dB
and through power was above 90%. These findings
indicate their suitability as RAM materials. Despite
showing the lowest peak RL among all materials at a
frequency of 8 GHz, as illustrated in Table 2, TiO./GNP
nanocomposites showed reduced RL compared to pure
GNPs. TiO; nanoparticles can introduce dielectric loss
mechanisms, such as interfacial polarization and dipole
relaxation. However, TiO: possesses a lower electrical
conductivity than pure GNPs [24]. Therefore, the
decrease in RL of the GNPs/Ti0; composites is most
likely due to the increased of polarization mechanisms
and reduced conductivity loss resulting from the
insulating properties of TiO2.

Table 2. RL and through power of GNPs, Ti0;, and TiO2/GNP
nanocomposites

Sample RL Frequency Through Power (%)
GNPs -30.44 8.31 99.90
-21.22 9.15 99.24
-18.74 10.14 98.66
-15.28 1.27 97.03
TiO2 -23.41 8.47 99.54
-1.64 9.22 93.14
-9.76 10.32 89.43
-10.78 11.51 91.64
TiO2/GNPs -30.72 8.42 99.91
-16.67 9.08 97.84
-17.87 10.1 98.36
-11.57 1.37 93.03
CONCLUSION
Ti02/GNP  nanocomposites for radar-absorbing

material successfully synthesized using the planetary
ball milling method. FE-SEM observations showed that
TiO2 nanoparticles were attached to the surface of
layered GNPs. Layered surface of GNPs could increase
multiple scattering, thereby improving microwave
absorption performance. XRD analysis showed a
reduction in peak intensity  for  TiO2/GNP
nanocomposites compared to pure TiO; due to the
addition of carbon elements. VNA analysis confirmed
that TiO2/GNP nanocomposites achieved optimum RL of
-30.72 dB at a frequency of 8.42 GHz, with a through
power of 99.91%. These findings indicated that TiO2/GNP
nanocomposites possess promising properties as the
optimal radar-absorbing materials (RAMs).
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