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Abstract. Composite electrodes, especially carbon-metal oxide composites, hold promising potential in numerous
industrial applications such as supercapacitors and electrochemical energy storage. This study focuses on developing
high-performance composite electrodes utilizing pre-carbonized date palm leaves, carbon black and copper powder.
The main objective of this research is to enhance the mechanical and electrical properties of composite electrodes
while exploring the potential of agricultural waste utilization. The methodology involves ball-milling pre-carbonized
date palm leaves (PCDPLs), followed by manual mixing with carbon black (CB) and copper (Cu) powder, pressing
into pellets, and carbonization at 1000°C in a nitrogen environment. X-ray diffraction (XRD) analysis confirmed the
polycrystalline structure of the composite electrode with EDXD confirming the presence of Cu,O nanowires.
Frequency-dependent dielectric parameters, impedance and electrical conductivity were analyzed utilizing the Cole—
Cole plot in a range of (0-8) MHz. Results demonstrate improved crystallinity and performance of the composite
electrodes, emphasizing the potential of utilizing agricultural waste for sustainable, high-performance electrode
materials. This research highlights the importance of utilizing agricultural waste for developing advanced composite
electrodes with enhanced performance capabilities, contributing to sustainable waste management and industrial
applications in energy storage technologies.

Keywords: carbon/copper oxide composites, X-ray diffraction, pre-carbonized date palm leaves, Cu;O nanowires,
Cole-Cole plot.

Introduction

Composite electrodes or carbon-metal oxide electrodes are extensively developed employing distinct
methodologies to improve industrial applications. For instance, carbon/metal oxide is a class of composite electrodes
that has improved electrical properties and mechanical performances by incorporating a metal oxide compound. These
types of composite electrodes have been utilized for transmission and distribution of electric power such as super
capacitors [1] and electrochemical energy storage [2]. These are further developed by incorporating nanostructure
fillers such as nanoparticles, nanowires and nanotube compounds to enhance the composite electrode mechanical
performance and chemical stability [3]. It has also been revealed that the nano-structuring of the electrode materials
has a positive effect on the electrode performance [4].

Currently, most commercial supercapacitor electrodes are manufactured from carbon due to its low cost,
excellent corrosion resistance, superior cyclic stability and long service life, as the electrode does not undergo
chemical alteration during charge/discharge cycles [5]. However, the maximum capacitance is restricted by the active
electrode surface area and the pore size distribution [6].

Copper oxide (Cu20) nanowires are widely utilized as p-type semiconductor compounds in numerous
applications, including the degradation of methyl orange [7], super capacitors [8], heterojunction solar cells [9],
biomedical fields [10] and surface coatings [11]. Depending on the preparation method and the proportions of
constituents utilized, the copper oxide CuO phase may be accompanied by other complex structures, primarily Cu,O
and Cu403. Among these, CuO and CuO are the most stable compounds. The synthesis method for Cu,O
nanostructure has been extensively reviewed in numerous researches which cover both physical and chemical
methodologies [12-14].

Moreover, the carbon material in these types of composites can be prepared from numerous carbonaceous
substances such as biomass material and agricultural waste material such as oil palm empty fruit bunch [15], olive
stone [16], lignocellulose [17] and date palm leaves [18, 19]. In the present work, the raw carbon precursor is date
palm leaves. Due to its high carbon content, low cost and low ash. Date palm leaves has been examined to produce
solid carbon and activated carbon material with a high surface area and good electrical and mechanical properties
[19]. Additionally, it has been revealed that pre-carbonized at low heat treatment and the milling process is very
important to enhance the self-adhesive properties of the carbon produced.

Furthermore, the Cole—Cole plot proposed by Havriliak, Negami’s and Debye is an analytical method utilized
to characterize composite electrode. It illustrates the frequency dependence of impedance, dielectric parameters and
conductivity. The Havriliak, Negami’s and Debye explained the skewed and arcuate shape observed in graphical
configuration of composite materials [20]. For instance, the dielectric constant (both real and imaginary parts) and the
dielectric loss tangent are established methodologies for evaluating the conductivity behavior of electrode materials. A
dielectric loss tangent greater than 1 indicates high conductivity whereas a tangent less than 1 indicates non-
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conductive behavior [21]. It has been observed that the Cole—Cole plots of various electrodes, metal oxide and
polymer materials tend to exhibit similar shapes [22].

Despite extensive development in the synthesis of composite electrodes, there remains an urgent need for
optimizing the mechanical performance, chemical stability and electrical properties of these materials. This research
emphasizes on the potential of incorporating nanostructure fillers to enhance electrode properties and explore the
benefits of utilizing carbon derived from agricultural waste such as date palm leaves. The main objective is to
synthesize composite electrode utilizing self-adhesive carbon grains from pre-carbonized date palm leaves, carbon
black and copper powder. This research primarily focuses on the characterization of the crystalline structures and
frequency-dependent properties such as dielectric constant, impedance and electrical conductivity of the composite
electrode and to explore its potential applications thereby contributing to the field of advanced composite electrodes
with improved performance capabilities.

The significance of this research lies in its innovative strategy of developing composite electrodes by utilizing
self-adhesive carbon grains derived from pre-carbonized date palm leaves, carbon black and copper powder. By
exploring the underutilized potential of agricultural waste, this research not only improves the mechanical and
electrical properties of composite electrodes but also offers a sustainable solution to waste management. The
incorporation of nanostructure fillers such as Cu,O nanowires is expected to significantly improve the dielectric
constant, impedance and electrical conductivity of the electrodes, thereby advancing their performance in industrial
applications such as super capacitors and electrochemical energy storage [23]. This research also characterizes the
frequency-dependent properties of these novel composite materials, providing valuable insights for further
development and application in advanced material sciences.

1. Methodology

1.1 Pre-carbonized Date Palm leaves (PCDPLs)

The raw material that is the date palm leaves (Phoenix dactylifera L) were sectioned into small pieces and
thoroughly washed with hot water. These pieces were subsequently dried at 100°C for two hours. The dried leaves
then underwent pre-carbonization in a vacuum chamber at 280°C for 4 hours, leading to shrinkage and mass loss due
to the expulsion of tars, oxygen, carbon monoxide and other volatiles components [24]. The pre-carbonized date palm
leaves (PCDPL) were then ball-milled into fine carbon grain powder to enhance their self-adhesive properties.

1.2 Composite Electrode Preparation

The C/Cu,0O nanowire composite electrodes were synthesized by combining PCDPLs at concentrations of 50%,
60%, 70%, 80% and 90% with commercial carbon black at concentrations of 6%, 12%, 18%, 24% and 30% and
copper powder (99.6% purity) at concentrations of 4%, 8%, 12%, 16% and 20%. The components were manually
mixed and then stored in a plastic container. One gram of the resulting mixture was pressed into pellets by applying
12 metric tons of pressure without the addition of any binder. All grain pellets exhibited excellent self-adhesive
properties before being carbonized at 1000°C in a nitrogen environment employing a multistep heating process, as
described by [18].

Following carbonization, the composite electrode produced were thoroughly washed with hot distilled water to
remove impurities until a pH of 6 was achieved, then dried in an oven at 100°C for four hours. Measurement of the
pellet dimension was carried out utilizing a micrometer screw gauge and the bulk density was determined by dividing
the mass of the sample by its volume with results averaged over five replicates for each sample.

1.3 X-Ray Diffraction (XRD)

An X-ray diffraction (XRD) experiment was conducted on carbon composite pellets by utilizing Rigaku D/Max-
X-ray diffractometer with Cu-Ka radiation. The scanning was conducted at a rate 5 seconds per 0.1° step size,
covering a diffraction angle (26) range from 20° to 70°.

14 Energy Dispersions X-ray Diffraction (EDXD)
Energy dispersion X-ray diffraction (EDXD) was employed on selected sample to identify the structure of Cu,O
nanowire.

1.5 Dielectric Constants
The frequency dependent dielectric parameters, specifically the Real part (Er) and imaginary part (Ei) were
analyzed utilizing the Cole—Cole plot. The real and the imaginary parts were determined as stated by [21, 25]

—A

Er(w) =E; + rT(Ey; — E=) cosAf (1)
-4

Ei(w) = r T(E,; — E) SinAf (2)
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where r is the constant and A is the angular frequency.

1.6 Impedance (Z)

The frequency dependence of impedance and conductivity both the real part and the imaginary part was
measured employing an e-Agilent E4980A precision LRC meter (inductance [L], capacitance [C], and resistance [R])
cell devise. This analysis utilized the Cole-Cole plot to refer to Debye behaviours as done in previous researches [21,
26]. The measurements were performed utilizing option 001 (DC Measurements) by applying voltages from 0 to 5 V
with a frequency range of 103MHz to 8x 10”5 Hz to characterize the impedance and conductivity behavior of the
composite electrode. Impedance which depends on the frequency (®) of the source, is described as the combination of
the real part (Z') and the imaginary part (Z") as stated by [27].

Z=Z +iZ" (6)
' R
1+ {wRpCy)
wRC
—_—n (8)
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The value of the Cp can be given from equations (2) and (3) at medium and lower frequency range as

_Z
Ce = Z'Rp ()

1.7 Electrical Conductivity (EC)

The frequency-dependent analysis of conductivity, including the real part (EC(r)) and imaginary part (EC(i))
was conducted utilizing the Cole-Cole plot to refer to Debye behaviors, following the approach outlined by [21]. An
electrical component with option 001 (DC Measurements) was employed, applying voltages ranging from 0-5 volts
and frequencies ranging from 0 MHz —6.5 MHz to analyze the conductivity behavior of the produced electrode. The
AC conductivity is defined as

EC(AC) = Ec(DC) + A(w)* (10)

where DC is the direct current, w = 2xf, f'is the frequency and A is a constant.

2.Result and Discussion

2.1 Composite Electrode Properties

Table 1 demonstrates data on the average weight and bulk density of composite electrode (C/CuO)
nanowire. The bulk density exhibits a slight increase from 1.303 g/cm?® to 2.26 g/cm® with the augmentation CB+Cu
% content. The density of the carbon composite pellets is approximately 50% of that of pure-graphite structure and
falls within the range of densities for carbon filament electrodes (1.77 g/cm?) and glassy carbon (Sigradur K) (1.540
g/cm?), indicating that the composite has achieved substantial density. Additionally, the table also reveals that the
yield of the composite electrode improves with increasing CB+Cu % content. This improvement is attributed to a
reduction in non-carbon content and volatile components which contributes to the enhanced bulk density of the
product.

92



Material and Mechanical Engineering Technology, Ne3, 2025

Table 2. The raw composition concentrations data before and after carbonization

Raw Data Before Carbonization Data After Carbonization
PCDPLs % CB % Cu % Weigh Weight Electrode Black Density
(g) (8) Yield (g/cm’)
90% 6% 4% 1.00 0.48+0.01 48% 1.30+0.03
80% 12% 8% 1.00 0.53+0.03 53% 1.38+0.02
70% 18% 12% 1.00 0.56+0.00 56% 1.86+0.05
60% 24% 16% 1.00 0.59+0.01 59% 2.02+0.11
50% 30% 20% 1.00 0.62+0.01 62% 2.25+0.01
Carbon - - - - - 1.77
filament
electrode
Graphite - - - - - 2.26
Sigradur K - - - - - 1.540
(g) (g) Yield (g/cm’)
90% 6% 4% 1.00 0.48+0.01 48% 1.30+0.03
80% 12% 8% 1.00 0.53+0.03 53% 1.38+0.02
70% 18% 12% 1.00 0.56+0.00 56% 1.86+0.05
60% 24% 16% 1.00 0.59+0.01 59% 2.02+0.11
50% 30% 20% 1.00 0.62+0.01 62% 2.25+0.01
Carbon - - - - - 1.77
filament
electrode
Graphite - - - - - 2.26
Sigradur K - - - - - 1.540

2.2 X-ray Diffraction

Figure 1 illustrates the X-ray diffraction pattern for composite electrode pellets exhibiting strong peaks at
reflection planes (002), (110), (111), (100), (200) and (111) corresponding to diffraction angles (26) of 25.9°, 28.7°,
36.4, 39.69°, 43.9, 50°.32 and 53.25° respectively. This pattern indicates a polycrystalline structure. It is evidently
proven from figure 1 that the composite electrode produced enhances the crystalline structure as distinguished by
three prominent sharp peaks at (002), (100) and (111) characteristic of a graphitic-like structure. Additionally, strong
diffraction peaks (110), (111), (200) and (211) represent the dominant structure of Cu,O in the composite.

Moreover, the X-ray spectrum analysis indicates that an increase in the percentage of (CB+Cu) % content
leads to the enhancement in the crystalline structure of the produced composite electrode. This effect is especially
pronounced in the composite electrode sample prepared with a 50% concentration which exhibits a structure of pure-
graphitic as evidenced by the X-ray diffraction spectrum depicted in Figure 1. Furthermore, these findings correspond
with the bulk density measurement as demonstrated in Table 1, which shows equivalence to that of pure graphite.

These observations support the concept that the combination of (Cu+ CB) with PCDPLs promotes a more
graphitic structure, reducing the graphitization temperature up to 1000°C by employing multiple heating profiles in
nitrogen environments. This reduction in graphitization temperature is expected to yield economic benefits and
provides an alternative approach to minimize graphite production costs.
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Fig. 8. - X-ray diffraction profiles of the C/Cu20 nanowire composite electrode.
2.3 EDXD

Figure 2 illustrates the visual representation of the EDXD electron image exhibiting a specific composite
electrode treated with 70% PCDPLs. It reveals the vertical growth of CuO nanowires on the Cu/Cu;O cluster
substrate synthesized through a pyrolysis mechanism, exhibiting varying orientations.
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Fig. 2. - EDXD electron image of the selected composite electrode
2.4 Impedance

The widely recognized Cole—Cole plot originally proposed by Havriliak and Negami’s through analytical
methods explained the graphical configuration and arcuate shape observed in the medium and low frequency range
(103MHz — 8x105Hz) of the composite electrode. However, the presence of a semicircular sketch was not detected

within this frequency range as illustrated in Figure 3. It is expected that the frequency ranges utilized are insufficient
to fully capture the threshold dominance of the Havriliak and Negami’s analytical behavior.
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Fig. 9. - Cole-Cole Plots illustrating the frequency-dependent impedance, with the imaginary part (Z") plotted against the real
part (Z') for composite samples ranging in concentration from 50% to 90%.

Additionally, the impedance bridge data demonstrated in Table 2 highlights the values of Rp (polarization
resistance) and the maximum Z" (imaginary part) and Z' (real part) at medium and lower frequencies. The data from
the table 2 also reveals that the Z" value for the 90% concentration and Z' value for the 50% concentration are higher
as compared to other electrode compositions, suggesting an enhancement in Z' with an increase in (CB+Cu) %
content.

Table 3. Impedance results plotted in a Cole-Cole plot as a function of frequency

Composite Electrode Cell Rp (Ohm) Z"(max) (Ohm) Z'(max) (Ohm)
90% 0.735 12.30 1.250
80% 1.021 7.00 1.250
70% 1.550 7.33 1.800
60% 1.630 7.19 1.870
50% 1.860 8.80 2.175

Furthermore, it is evident from the data that the Cole—Cole plots observed in numerous carbon electrodes and
metal oxide exhibited that all these plots have approximately similar shape as reported by [28].

2.5 Electrical Conductivity (EC)

Figures 4 and 5 illustrates the frequency-dependent variation of electrical conductivity represented by the real

part (EC(r)) and imaginary part (EC(i)) respectively, composite electrode samples treated with different percentages of
PCDPLs (50%, 60%, 70% and 80%) (298 K). Notably, the real part exhibits a marked increase at lower frequencies
followed by a decrease at higher frequencies, indicating a characteristic behavior. The intercept on the y-axis
represents the DC resistance as noted by [29]. On the Contrary, the imaginary part exhibits a significant increase at
lower frequencies and a subsequent decrease at higher frequencies.
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Fig. 10. - The Cole-Cole plots of frequency dependence impedance (imaginary part Z" versus the real part Z') for composite samples
treated with varying percentages of PCDPL, ranging from 50% to 90%.
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Fig. 11. - Frequency-dependent variation of electrical conductivity represented by the real part (EC(r)) of composite electrode samples
treated with varying percentages of PCDPL, ranging from 50% to 90%.

Additionally, the Cole-Cole graphical plot of the imaginary part (EC(i)) is plotted against the real part at
(EC(r)) as a function of frequency [30]. This plot reveals the semi-circular patterns with a narrow threshold range
from 0 to 1.32 as observed in Figure 6 and demonstrated in Table 2. Figure 6 explains the theoretical behavior
predicted by the Debye method as discussed by [21]. Furthermore, it is observed that the semicircular sketch patterns
increase with higher percentages of (CB+Cu), indicating a rise in electrical conductivity with increasing (CB+Cu)
content although the conductivity values remain relatively low.
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Fig. 12. - Frequency-dependent variation of electrical conductivity represented by the imaginary part (EC(i)) of composite electrode
samples treated with varying percentages of PCDPL, ranging from 50% to 90%.

These effects are expected to the vertical growth of Cu,O nanowires in varying orientations on the surface of
the composite electrode, as illustrated in Figure 2. This vertical growth is expected to hinder the transfer of mobility
carriers, consequently reducing the electrical conductivity behavior of the produced composite electrode, as suggested
by [26]. Most Probably, this behavior is due to the addition of CB and Cu as rigid fillers to the PCDPLs, leading to
enhanced electrical properties of the composite product and also by enhancing occupational mobility carrier in the
electrode contact points.

Moreover, table 3 demonstrates the relationship between the percentage of composite electrode cell and the
Cole-Cole plot of conductivity behavior as a function of frequency. It reveals the range of frequencies over which the
imaginary electrical conductivity (EC(i)) increases then decreases for different composite electrode cell percentages.
The table suggests that the frequency range over which this behavior is observed increases as the percentage of
composite electrode cell increases.
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Table 4. Cole-Cole plot of Conductivity Behavior as a Function of Frequency

Composite electrode cell Semi-circular sketch dominos (EC (r)) EC(i) max
90% (0 - 0.520) 0.255
80% (0 -0.591) 0.287
70% (0 - 0.642) 0.303
60% (0 - 0.938) 0.453
50% (0-1.32) 0.644
Conclusion

A Carbon/Cu;O nanowire composite electrode has been successfully developed utilizing pre-carbonized date
palm leaves, carbon black and Cu powder, exhibiting improved mechanical and electrical properties. XRD analysis
revealed that all CCOC pellets possess a polycrystalline structure while EDXD results confirmed the Cu,O structure
as nanowire. The combination of three materials, i.e. biomass PCDPLs + CB and Cu results in nanoparticle-composite
carbon with significantly improved crystallinity. The incorporation of Cu,O nanowires enhanced the dielectric
constant, impedance and conductivity. Cole-Cole plots revealed consistent frequency-dependent behavior across
distinct composite compositions. This research emphasizes on the potential of utilizing agricultural waste for
developing advanced, high-performance composite eclectrodes for industrial applications, particularly in
supercapacitors and electrochemical energy storage.

The study's limitations include a narrow frequency range for impedance analysis, potentially insufficient to fully
capture the Havriliak and Negami’s behavior and the relatively low conductivity values due to the vertical growth of
Cu;0 nanowires may hinder carrier mobility in the composite electrode. Additionally, the research also does not
extensively explore the benefits of other metal oxides compared to Cu20. Furthermore, the specific impact of each
constituent (PCDPLs, CB, Cu) on the mechanical and electrical properties was not fully studied.

This study opens pathways for broader applications in renewable energy technologies, such as solar cells and
fuel cells. The sustainable approach of utilizing agricultural waste could inspire further researches into other biomass-
derived materials, promoting circular economy principles and cost-effective electrode manufacturing. Additionally,
the improved dielectric properties and impedance behaviors of these composites may lead to advancements in
electronic devices and sensors, providing a versatile platform for future innovations in various high-performance
technological sectors.
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