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ABSTRACT

This research explores the development and evaluation of a bio-based conductive ink derived from

Prosopis Africana Char (PAC) for antenna applications, aiming to provide a sustainable, cost-

effective alternative to conventional conductive materials in electronics. The study focuses on the

structural, thermal, and electrical properties of the PAC-based ink to determine its suitability for

printed antenna technology. The conductive ink was formulated by mixing PAC powder with an

organic binder composed of m-xylene, linseed oil, and a-terpineol in a 45:55 wt% ratio, followed by

mechanical stirring at 250 rpm for 3 hours at 40 °C to achieve a homogeneous paste. This mixture
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was screen-printed onto an FR4 substrate and
thermally treated at 300 °C. Characterization
techniques such as field emission scanning
electron microscopy (FESEM), Raman
spectroscopy, thermogravimetric analysis
(TGA), and four-point probe conductivity
measurements were used to analyze the ink's
morphology, composition, and electrical
behavior. The PAC ink demonstrated a high
conductivity of 4.678 S/m, strong adhesion, and
excellent printability and environmental stability
under variable temperature and humidity.
Antenna performance assessments revealed
promising results, including a return loss of
|S11|=—16.50 dB, a resonant frequency of 9.5
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GHz, a bandwidth of 1.32 GHz, a peak gain of 6.62 dB, a VSWR of 1.25, and an efficiency of
80%. These outcomes indicate that the PAC thick film enhances bandwidth and radiation efficiency
due to its favorable dielectric characteristics. Overall, the study confirms the potential of Prosopis
africana as a viable, eco-friendly conductive material for flexible, lightweight antennas, offering a
promising direction for sustainable innovation in wireless communication technologies.

Keywords: Bandwidth, electrical conductivity, material analysis, micrometersized PAC powder, Prosopis

africana conductive ink, sustainable patch antenna fabrication, thick film

INTRODUCTION

The conventional microstrip patch antenna (MPA) design consists of three main components:
aradiating patch, a substrate, and a ground plane. Unlike traditional microwave antennas,
microstrip patch antennas offer several advantages, such as being lightweight, flat profile,
cost-effective, and easy to fabricate. However, choosing an MPA over traditional antennas
requires careful consideration of some limitations, including low efficiency and narrow
bandwidth (Bansal, 2008). Therefore, selecting the right substrate material is crucial in
achieving optimal performance tailored to the specific requirements or application of the
device. Microstrip antennas were first developed in the 1950s, and since then, there have
been significant advancements in printed circuit board (PCB) technology, particularly
in the 1970s. These antennas come in different shapes and sizes, but rectangular and
circular patches are the most common due to their ease of design and suitability for array
configurations (Garg et al., 2001). Patch antennas have traditionally been made using
copper as the primary radiating material (Babani et al., 2015). However, producing copper
can cause environmental pollution, and the oxidation that occurs after fabrication can lead
to a decrease in the performance of the antenna (Ram et al., 2021). Therefore, finding an
alternative material to replace copper in printed electronics remains a significant challenge.

Previous research has extensively examined the use of carbon-based materials, such
as carbon nanotubes, graphene, carbon black, and graphite, as conductive patch elements.
Some of the work has become increasingly interested in carbon-based material printed
antennas (Lu et al., 2021; Quaranta et al., 2019), sensors (Bakar et al., 2023; Guo et al.,
2021), energy storage and conversion (Husain et al., 2022) and electromagnetic devices
(Alshahrani & Prakash, 2023; Huo et al., 2023), due to their excellent properties, such
as electrical, mechanical, and chemical stability, cost-effectiveness, and lightweight
characteristics (Khair et al., 2019; Lu et al., 2022).

In the study conducted by Ram et al. (2021) on graphene circular structures, a
circular microstrip patch array (MPA) based on graphene was employed, resulting in an
enhancement of gain by approximately 5 dBi. Another investigation has been documented,
incorporating graphene properties into CST and COMSOL simulations (Su et al., 2016).
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Song et al. (2019) conducted a separate research endeavor wherein a 2x2 rectangular
patch array was fabricated through the laser engraving of a graphene film, followed by its
transfer onto a substrate. This process is acknowledged for its complexity and high cost.
Devi et al. (2017) introduced a novel rectangular microstrip antenna employing carbon
nanotubes (CNTs) to achieve a broad bandwidth, and the antenna demonstrated a notable
improvement with a 20% increase in impedance bandwidth.

Additionally, employing graphene-based materials as conductive patches, as highlighted
by Azman et al. (2022), results in a notable 60% increase in bandwidth. In the field of
communication systems, there is a crucial need to improve bandwidth for practical use. The
challenges in designing radio frequency (RF) antennas that use nanomaterials are related
to identifying the resonance of materials at lower or higher frequencies and establishing
reliable electrical connections with nanomaterials to assess performance.

One of the most promising approaches is using natural materials, which provide
sustainability and improve performance. In this regard, Prosopis Africana, a sustainable
natural resource, has gained considerable interest due to its unique electrical characteristics
and the practicality of producing conductive ink from its biomass (Babani et al., 2023).

However, a new proposal has emerged to investigate the conversion of Prosopis
africana biomass into a similar carbon-based material. This idea is based on recognizing
Prosopis africana as a versatile tree with significant economic importance in rural and
urban communities across sub-Saharan Africa (Agboola, 2004; Nnamani et al., 2020).

The primary objective of this study is to present a novel approach to antenna design
by harnessing the properties of Prosopis africana as a replacement for copper due to its
higher conductivity, to develop a conductive ink-based patch antenna. The central focus
of this research is on enhancing the bandwidth of patch antennas, a crucial parameter for
modern communication systems, including Wi-Fi, 5G, and satellite communication.

Prosopis africana biomass, derived from the tree species native to sub-Saharan Africa,
is recognized as a valuable and multifaceted natural resource. This biomass is extensively
utilized across various domains, encompassing traditional roles in food production,
medicinal practices, and timber supply, as well as modern applications in sustainable
energy, environmental protection, and the development of advanced materials (Bishop et
al., 2021). Additionally, the tree’s pods serve as a source of nutrient-rich fodder and possess
medicinal properties, underscoring their importance for livestock and human sustenance,
particularly in arid environments (Yusuf et al., 2008).

Prosopis africana biomass is increasingly utilized for bioenergy production, serving
as a renewable and environmentally friendly source of fuel and electricity (Kiflie et al.,
2023). Additionally, its capacity to thrive in diverse climatic conditions and its potential
to rehabilitate degraded landscapes underscore its importance in mitigating desertification
and promoting land restoration. Pyrolysis, as the preliminary step in the thermochemical
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conversion of biomass, involves complex mechanisms influenced by various factors,
including the material's composition, particle size, heating rate, and other related parameters
(Rao & Sharma, 1998).

Biochar, a carbon-rich substance generated through biomass pyrolysis, has gained
attention as a promising material for diverse electronic applications (Yan et al., 2022). Its
distinct characteristics, including high carbon content and excellent electrical conductivity,
render it an appealing option for various electronic components. The material’s significant
surface area and porosity facilitate efficient charge storage, thereby enhancing its energy
storage capacity (Leng et al., 2021). Moreover, the abundant carbon structure of biochar can
be tailored or functionalized to enhance its electrochemical performance, positioning it as a
versatile and sustainable solution for developing cost-effective energy storage technologies.

The compatibility of biochar with flexible electronics warrants particular attention. Its
unique mechanical flexibility and electrical conductivity combination positions biochar
as a promising candidate for use in flexible and wearable electronic devices (Rizwan et
al., 2017). Incorporating biochar into electronic applications signifies progress toward
developing sustainable and eco-friendly technological innovations (Tovar-Lopez, 2023).

Thick film processing is a popular method for electronic applications due to its
simplicity, speed, and cost-effectiveness. This technique allows for incremental layer
deposition, which can be tailored to the specific requirements of the application. It also
contributes to the miniaturization of electronic devices (Shafiee et al., 2020).

This study introduces a new approach to developing a thick film paste for PAC, which
combines micro-sized powder and an organic binder. This unique paste formulation is an
important contribution not previously documented. By using thick film technology, we
are now able to create an MPA with improved performance utilizing the commonly used
FR4 substrate.

METHOD AND MATERIAL

The study used raw material from Prosopis africana, a widespread plant species in northern
Nigeria. The materials were collected from Duhun Karo farms in the Hadejia Local
Government Area of Jigawa State, Nigeria. The Prosopis africana wood was subjected
to controlled pyrolysis to obtain activated char. The carbonization process was carried
out at optimized temperatures and durations, resulting in PAC with desired properties at
500 °C for 3 hours. Figure 1 shows a step-by-step process for synthesizing PAC through
pyrolysis (Kiflie et al., 2023). The carbonized material was then crushed into powder using
a mortar and pestle. After that, the PAC powder was sieved to a micrometer size of <20
microns, which served as the active material in fabricating thick film antennas (Figure 2).
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Figure 1. Preparation of activated char from Prosopis africana biomass (Babani et al., 2024a)

(@ (b)

Figure 2. (a) The process of crushing PAC material using a mortar and pestle after carbonization, and (b)
the process of sieving the PAC Powder using a < 20 micron sieve

The paste formulation commenced by blending PAC micrometer powder of 45 wt%
with an organic binder of 55 wt%, comprising (M-X), (LO), and (a-T). The chemical
composition remained unchanged post-purchase. The selection of the active powder ratio
was informed by prior research (Hasan et al., 2018). The amalgamation was stirred at 250
rpm for 3 hours, maintaining a temperature of 40 °C using a magnetic stirrer to achieve a
homogeneous consistency. Figure 3 illustrates the process formulation of organic volatiles
(OV) and PAC powder employed for the thick film paste.

After mixing, the paste was applied onto an FR4 substrate using a silk screen with a
rectangular design. The PAC thick film was given 10—15 minutes to level off, dried, and
then fired in a box furnace at 300 °C for 60 minutes. This process aimed to eliminate
the organic binder and securely bind the nano-powders to the substrate (Shafiee et al.,
2020). Various techniques were used to characterize the thick, dried PAC film. Raman
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Figure 3. Formulation of organic binder and PAC paste thick film for screen printing

spectroscopy was used to assess the graphitic defects in the PAC powder, field emission
scanning electron microscopy (FESEM) was used to analyze the structural morphology,
and energy dispersive x-ray spectroscopy (EDX) was conducted for elemental analysis of
the PAC thick film. A thermogravimetric analysis (TGA) was employed to determine the
thermal stability of the PAC paste.

After characterization, a PAC thick film was printed onto a one-sided FR4 substrate,
which served as both the antenna feedline and radiating patch. The antenna design was
carefully simulated and optimized after inserting all the dimension values and associated
PAC values as a new material into the CST software to determine the ideal and geometrical
parameters, ensuring the desired bandwidth enhancement. After the design stage, the patch
was printed and fired at 150 °C for 30 minutes. Then, an SMA connector was attached to
the fabricated antenna to enable the measurement of resonant frequency, return loss, and
bandwidth via the vector network analyzer (VNA). The structure of the antenna design
and the physically fabricated MPA can be seen in Figure 4. This design was simulated to
work at the resonant frequency of 9.50 GHz for airborne radar applications.

PAC Conductive Patch

FR4 Substrate

Ground Plane

Transmission line

PAC Feedline

b

Figure 4. MPA structure: (a) view from the site, (b) view from the top, (c) fabrication prototype
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RESULTS AND DISCUSSION

Graphitic materials are characterized by their black color and similar densities, which makes
it crucial to distinguish between them accurately. Performing standard characterization
procedures on sp2 graphitic materials is customary before conducting any tests. Raman
spectroscopy is the most effective method for such characterization (Kusaimi et al., 2018;
Shitu et al., 2024). The results of Raman spectroscopy for the milled PAC powders are
presented in Figure 5. In order to gain a better understanding of the graphitization process
in activated charcoal, a Raman analysis was conducted. The graph shows two distinct peaks
at 1358 cm/1 and 1580 cm/1, representing the defect mode (D band) and graphitic mode
(G band). The calculated value of the ratio of defect intensity (Ip) to graphitic intensity
(Is), (Ip/Ig), is 0.98. This indicates a significant level of disorder associated with defects
in the graphitic structure. These peaks are associated with graphene and graphite (Chen et
al., 2016; Shitu et al., 2023).
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Figure 5. Raman of PAC powders

Figure 6 displays FESEM images illustrating the PAC thick film at room temperature
and fired at 300 °C. Before being subjected to the specified temperature, the thick film was
covered with a liquid organic binder (OB). Upon firing in the furnace, the binder underwent
drying and evaporation, which encased the nanoparticles and bound them to the substrate.
The OB, which contained linseed oil (LO), a drying oil, demonstrated polymerization upon
exposure to the designated temperature. This property makes the oil suitable for a binder
and a thick film paste. The FESEM image of the thick film fired at 300 °C shows a well-
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dispersed arrangement of PAC powder, displaying nanoparticles within the range of 10 to
20 nm (Hasan & Hamidon, 2017; Yunusa & Musa, 2023).

Figure 6. Morphology of PAC film (a) at room temperature and (b) firing at 300 °C

Figure 7 depicts the results of the EDX analysis conducted on both samples, which
confirms the impact of firing temperature. The analysis revealed that the carbon component
in the OV decreased while other elements associated with the PAC material increased as
the firing temperature increased. These findings suggest that the elevated temperature
facilitated the volatilization or desiccation of the OV, mainly composed of LO, exposing
the nanoparticles underneath the oil layer (Babani et al., 2024b). To summarize, the analysis
of samples processed at 300 °C showed conspicuous visibility of nanoparticles on the thick
film's surface, which could affect the material's properties and overall performance (Abadi,
2010). After firing, the EDX analysis of the thick film surface indicates a higher carbon
content in C: O elements, attributed to the presence of LO and other solvents at this stage.

Figure 8 shows the weight loss and decomposition rate of PAC paste in the temperature
range of 25 to 1000 °C under an air atmosphere. The paste's volatile components evaporate
between 50 °C and 255 °C, which corresponds to the flash point and boiling point of M-X
(25 °C, 138 °C) and (a.T) (90 °C, 217 °C), respectively (Hasan et al., 2018). After that,
non-volatile constituents, mainly LO, are removed. According to material specification
documents, LO has a flash point of 300 °C and a boiling point of over 400 °C. The boiling of
LO becomes prominent, with its boiling point reaching a maximum of 376 °C and beyond.
In the final stages of this thermal process, a secondary decomposition event occurs within
the temperature range of 400 °C to 500 °C, which is directly associated with the breakdown
of linseed oil. Almost all the OV have evaporated and disintegrated by this point, leaving
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Figure 7. EDX of PAC film at (a) room temperature and (b) at firing temperature at 300 °C
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Figure 8. TGA measurement of PAC paste thick film

the PAC ashes firmly adhered to the alumina substrate. Therefore, it can be concluded that
the optimal temperature range for PAC thick films, using LO as its OV, is between 400
°C and 500 °C. LO is a suitable organic vehicle within this range for formulating viscous
films that can withstand lower firing temperatures (Sumaila et al., 2023a).

The electrical characterization was conducted using a four-point probe setup to
determine the electrical resistance of the thick films. The relevant electrical parameters,
such as sheet resistance, resistivity, and conductivity, were calculated using the appropriate

formulas:
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From Ohm'’s law R = % [1]

Rg =R * R¢p (2]

p= Rg *t [3]
=1

5=~ [4]

where R is the resistance in Q, R is the correctional factor that depends on the
thickness of the film, p is the resistivity in Q/m, t is the thickness of the PAC thick film
in pm, and d is the conductivity in S/m. From four points, the values of R = 2.10E3,
Rer = 8.186, Ry = 1.7191E4, and t = 12.43 pum are the average thickness from the cross-
sectional FESEM. Therefore, we calculated the resistivity and conductivity from the above
formula as p =0.2137 Q/m and 6 = 4.679 S/m, respectively. From Table 1, it shows that
the summary of the 45 wt% of PAC has good electrical conductivity, which is due to the
amount of binder removed during the annealing process and the particle shape, size, and
particle interconnection, similar to studies (Babani et al., 2025; Sumaila et al., 2023b).

Table 1
The electrical conductivity of the PAC thick film

Material  Resistance ((Q) Sheet Resistance (O/sqr)  Resistivity (/m)  Conductivity (S/m)
PAC 2.10E3 1.7191E4 0.2137 4.679

A preliminary simulation was conducted to prepare for the fabrication of the MPA
component. The goal was to determine the design parameters and dimensions for both
the substrate and the radiating patch. Even small changes to these dimensions can
significantly affect the MPA's performance, making the simulation phase a crucial step in
the fabrication process. In this study, the operational frequency for the MPA was set at 9.50
GHz, complying with ITU regulations for the X-band specifications. FR4 was selected
as the substrate material, and PAC paste was used for the feedline and patch during the
simulation to define the dimensions of both the substrate and the patch. The thickness and
substrate height of the radiating patch, represented by 't' and 'h', respectively, are usually
kept below the wavelength. The FR4 substrate is characterized by a relative permittivity
of 4.3 and has a thickness of 1.6mm, a 0.035 mm copper thickness, and a conductive PAC
thickness of 0.01923 mm.

Figure 9 also presents the analysis of MPA performance with PAC thick film on an
FR4 substrate within a frequency range of § to 11 GHz. Both simulation and experimental
measurements were conducted to assess the impact of the PAC thick film as a conductive
radiating patch on the simulated resonant frequency of 9.5 GHz.
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Figure 9. Return loss of the simulated and measured results of the PAC thick film MPA

A detailed comparison between simulation and measurement results is provided, and a
summary of all data is tabulated in Table 2. These findings reveal that the MPA fabricated
with the PAC thick film significantly enhances return loss, bandwidth, and gain.

Table 2
Summary of simulated and measurement values

Parameters Simulation Value Measurement Value
Operating Frequency (GHz) 9.5 9.38

Return loss [S;,| (dB) -11.50 -16.50
Bandwidth @ -10dB (GHz) 1.41 1.32

The graph showcases the 9.5 GHz frequency for Phi = 90° and Phi = 0°, drawing
attention to the variations and contrasts in radiation levels across the substrate. By providing
a clear depiction of the frequency's behavior in a two-dimensional plane, it becomes easier
to pinpoint areas of differing radiation intensities, as demonstrated in Figure 10. This type
of analysis is vital for applications that depend on accurate frequency control and enhanced
signal optimization (Musa et al., 2023).

A simulation was performed to analyze the peak realization gain on the substrate.
The analysis at 9.5 GHz offers critical insights into the system's robustness and reliability.
This frequency-specific information is essential for optimizing the system's performance
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and ensuring its functionality under optimal conditions. Such detailed evaluation plays a
pivotal role in developing and refining frequency-sensitive technologies, improving their
effectiveness. Figure 11 presents the simulated peak realization gain, measured at 6.68 dB.

——Sim: Phi=90 0 ——Sim: Phi=0

/120

7
6.8 1 o S 111l ated

R=
[4=1
&
=
¥
N
=
2
o
S 54
A 52 ¢

5

8.5 8.7 8.9 9.1 9.3 9.5 9.7 9.9 10.1 10.3 10.5

Frequency (GHz)

Figure 11. The simulated peak realized gain vs frequency on the substrate

As shown in Table 3, this research marks an important progression in enhancing the
bandwidth of MPAs to meet the increasing requirements of modern communication and
sensing systems. The effective implementation of PAC ink suggests novel opportunities
for incorporating sustainable materials into radar technologies, fostering advancements
in antenna design and materials science. The outcomes of this study motivate further
investigation into achieving more sustainable and efficient wireless communication and
radar systems (Babani et al., 2024a; Muhammad et al., 2021; Musa et al., 2023).
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Comparison study of patch antennas over different carbon materials on X Band

Antenna f, (GHz) Conductive [Sul BW Gain Application Ref.
Patch (dB) (GHz) (dB)
Material
R 10.00 MWCNT -15.50 N.A 1.20  X-Band (Dakshayani &
Suryanarayana,
2022)
R 10 MWCNT -11.64 2.5 0.81 BW (Devi et al.,
enhancement  2017)
R 11.04  Graphene -12.05 1.45 N.A 5G (Sa’don et al.,
2019)
R 11.0 Graphene -16.20  0.814 6.54 Military (Yunusa &
satellites Shehu, 2022)
This Work 9.5 PAC -16.50 1.32 6.68 Airborne
Radar

R = Rectangular Patch Antenna

CONCLUSION

Material characterization and performance analysis serve as essential tools for evaluating
the suitability of materials in various applications. This study emphasized the relationship
between intrinsic properties, processing methods, and performance outcomes, offering an
in-depth understanding of the material behavior under specific conditions. The research
outcomes underscore the importance of leveraging advanced characterization techniques
to refine material properties and enhance functionality. This work bridges the gap
between theoretical material science and practical engineering applications by correlating
experimental data with application-specific requirements. Ultimately, this study contributes
to the ongoing efforts to innovate in material selection and design, addressing current
challenges and future opportunities. Continued exploration into emerging materials and
cutting-edge analysis techniques will be critical in shaping the next generation of high-
performance materials.

In conclusion, this article contributes to the growing body of knowledge on material
characterization and performance by presenting a detailed and practical framework for
evaluating materials for any electronics applications that require electrical conductivity,
like antenna and sensor applications, because of the higher electrical conductivity of 4.46
S/m. The research underscores the necessity of linking characterization data to real-world
performance to drive innovation in material design and development. Future work could
explore [specific suggestions] to further refine the material's applicability across broader
contexts and enhance its role in advancing technological solutions.
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