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This paper describes the synthesis and characteriszation of pure bentonite as well as nanocomposites
with varying ratios of nickel (Ni) and metallic copper (Cu) based on the wet impregnation method.
Both XRD (X-ray diffraction) and SEM-EDX (scanning electron microscopy with energy-dispersive X-
ray spectroscopy) analyses confirm the structural characteristics of the composites. The emergence of
a Ni peak in the Cu/bentonite EDX spectra indicates that it is in the proper spot and is most likely the
creation of Ni–Cu oxides. Furthermore, the dielectric characteristics and electrical conductivity of Ni-
loaded Cu/bentonite composites were also measured at temperatures ranging from 25 �C to 120 �C
and at a frequency range of 100 Hz–0.3 MHz to investigate the impact of varying Ni ratios. For all
nanocomposite samples, the dielectric constant (e0) was shown to decrease with increasing frequency
and rise with increasing Ni content. The dielectric modulus M00 resulted in a significant decrease in relax-
ation time. The associated barrier hopping conduction process was discovered to boost electric conduc-
tivity rac at higher frequencies (CBH).
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. The XRD patterns of pure bentonite and composites (Cu/bentonite, and Cu-
Ni/bentonite).
1. Introduction

Recently, a wide scientific interest has been in environmental
aspects of research and industrial fields. One of the most important
of these interests is the methods of storing clean energy alterna-
tives such as storing electricity and its conversion into different
energy forms to meet the demands and needs of consumers. Elec-
trochemical supercapacitors, defined as a type of microelectronic
component, can be charged/discharged as a storing main of energy
and possible use of that stored energy for long periods (Conway
and Pell, 2003). It is noted that much scientific research focuses
on the development, optimizing, and manufacturing of capacitor-
swith increased efficiency in energy storage (Deng et al., 2011).
Bentonite is one of the clay minerals that can be classified into
the smectite group. Moreover, Bentonite is mainly composed of
montmorillonite and hydrated aluminum silicate (Saltas et al.,
2008). The composition of bentoniteconsistsmainly of 70 % silicon
oxide with a small portion of aluminum oxide estimated at 15 %
(Jiang et al., 2008). In general, the chemical formula can be written
in the form Nax(H2O)4(Al2�xMg0.83)Si4O10(OH)2 (Sang et al., 2007).

The crystal structure of montmorillonite consists of two layers
of two tetrahedral sheets of SiO4 compound with an octahedral
sheet of the Al(O, OH)6 compound sandwiched between them
(Saltas et al., 2008). A layered-structure Bentonite with large
amounts of medium pores readily available has low-cost, widely
spread, and environmentally friendly (Jeenpadiphat and
Tungasmita, 2014). Because Bentonite shows a strong coherence-
between metal and support, it can be used as catalytic support
and it has various applications in the field of catalysis (Li et al.,
2020; Amaya et al., 2020). Bentonite has good adsorption efficiency
of heavy metal ions for industrial wastewater treatment (Kakaei
et al., 2020). In addition, it is usedas inorganic fillers needed to pre-
pare alkaline polymer compounds with high conductivity.

Many studies have been done to verify the electrical conductiv-
ity of bentonite. Sang et al. reported that bentonite has contradic-
tory effects (positive and negative) on the ionic conductivity of the
solid alkaline polymer electrolyte (Sallam et al., 2017). However,
studying the electrical conductivity of powders and porous materi-
als is relatively complex. For a decade, many research studies have
focused on the development of a range of transition metal oxides
for use as electrode-active materials for electrochemical capacitors
(ECs). Transition metal oxides can be classified as oxides of noble
or base metals such as MnO2 and NiO (Conway and Pell, 2003).
Because of the pseudo-capacitive behavior, the low-cost value,
and the environmental friendliness,thesematerials might be con-
sidered compared to RuO2 which is a modern supercapacitor mate-
rial (Conway and Pell, 2003). In the case of a solid substance, the
crystal structure of nickel is in the form of a face-centered cube
(fcc). The electrical resistivity of nickel is 48.66nX.m at 20 �C.
Nickel has many uses and applications, for example, nickel partic-
ipate in the manufacture of metal alloys, batteries, coins, etc
(Karimzadeh et al., 2019; Gombac et al., 2010). Copper (Cu) is con-
sidered as the appropriate dopant for many metal oxides such as
TiO2 in several applications. Copper oxides (CuO and Cu2O) have
photocatalytic activity similar to that of the noble metals,bandgap
value of 1.4 and 2.2 eV respectively, a negative value of the conduc-
tion bands moderator, which is estimated at (�0.96 and �0.22 V),
and high value of the light absorption coefficient (Tantawy et al.,
2021; El-Maghrabi et al., 2021; El-Maghrabi et al., 2020; Kawrani
et al., 2020; Buchholz et al., 2005).
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Buchhok et al. were able to successfully manufacture a low-
concentration magnetic semiconductor with copper-doped ZnO
(Wu et al., 2007). In addition, Wu et al. produced AlN doped with
copper, which contributed to narrowing the ferromagnetic band-
gap, increasing the long-wave absorption value,and contributing
to reducing the energy loss value significantly after doping
(Wang et al., 2015). Wang et al. investigated the nanostructure of
ZnO saturated with copper and delineated the magnetic properties
of copper (Bashal et al., 2020).

In the present study, 5 % Cu/bentonite composites have synthe-
sized with 1 %, 3 %, and 5 %loadingsof Ni by wet impregnation
method.The effects of Ni doping on the structure, morphology of
the surface, dielectric and electrical properties of Cu/bentonite
are probed and quantified.

2. Experimental methods and procedures

2.1. Reagents

Bentonite and copper (II) chloride (CuCl2))the product of Sigma-
Aldrich were bought. Nickel (II) chloride product ofAsaggaf-
Pharma-HOLYLAND, Kingdom of Saudi Arabia was obtained.
Deionized water (DI) was used in preparing all aqueous solutions.
The Ni and Cu-based bentonite composites were synthesized fol-
lowingthe incipient wet impregnation method. All chemicals and
reagents were used as received without further refinement.

2.2. Synthesis of the composites

Monometallic and bimetallic bentonitenanocomposites were
synthesized using the incipient wet impregnation method as
described in (Kıpçak and Kalpazan, 2020). For monometallic com-
posite, pure bentonite was dispersed in water under vigorous stir-
ring for 30 min. Then,the 5 wt% CuCl2 solution prepared in 3 mL of
DI, were dropped into the stirred bentonitesolution.Then the final
mixture was left for 12 h at room temperature. After finishing
the reaction the obtained nanocomposite was dried overnight at
120 �C. For bimetallic nanocomposites, the solution of CuCl2 and
NiCl2 was prepared in 6 mL of DI. The mixed solution of Cu/Ni
was dropped into the dispersed bentonitesolution and stirred for
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12 h.Then, the solution was left in the oven to dry overnight. The
5 wt% Cu loaded composite was marked as 5 % Cu/bentonite. While
in the case of bimetallic composite, 5 % Ni was doped with 5 %Cu
and the obtained composite was marked as 5 %Ni-5 %Cu/bentonite.
Cu and Ni-supported bentonite composites predominantly had a
solid white appearance.
2.3. Characterization of composites

X-ray diffractometer (JEOL JDX-8030, Tokyo, Japan) with
monochromated Cu-Ka radiation of wavelength (k) 1.5418 Å
within the 2h range of 20�–70� was used to confirm the existence
of the incorporated ingredients.The morphology of the prepared
nanocomposites was scanned by JEOL JSM-IT300, Tokyo, Japan
SEM instrument. In addition, the analysis of surface elements
was accomplished using the EDX (Oxford, UK) peripheral equipped
with the SEM instrument.

The dielectric properties of the synthesized nanocomposite-
spressed in circular pellets (�1 mm thick and � 0.5 cm in radius)
were recorded using Solartron frequency and analytical response
analyzer. The sample pellets were attached to the resistor (47 O)
Fig. 2. SEM-micrographs and EDX spectra for (A) pure
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to stabilize the signal. The findings were recorded in the frequency
range of 0.1 kHz to 0.3 MHz at room temperature.
3. Results and discussion

3.1. XRD analysis

Fig. 1 shows the XRD patterns of pure bentonite, Cu/bentonite,
and Ni-Cu/bentonite synthesized via the incipient wet impregna-
tion process. The pattern of pure bentonite confirms the domi-
nance of montmorillonite mineral (peaks marked by (*) as the
main bentonite component with diffraction peaks at 2h = 19.8�,
35.2�, and 54.7� corresponding to the (101), (107) and (144)
planes of montmorillonite. This pattern confirmed that the suppor-
tis typical bentonite (Srinivasan and Punithavelan, 2018).Other
peaks corresponding to the impurities like quartz and SiO2 are also
distinguishable at 2h = 22.2�, 26.8�, and 36.4�. XRD patterns of the
Cu/bentonite sample show the characteristic reflections at 2h = 16.
20�, 21.99�, 32.52�, 40.25� and 45.52� ascribed to the (110), (020),
(201), (221) and (311) planes of CuCl2�2H2O, respectively. Apart
from the above-mentioned peaks, others at 2h = 37.2�, 43.3�and
bentonite, (B) Cu/bentonite, (C) Ni-Cu/bentonite.



Fig. 3. e‘ and e ‘‘ as a function of temperature for 1%, 3% and 5% Ni doped (5% Cu - bento).

Table 1
The relaxation time and the activation energy for 1%, 3% and 5% Ni doped 5% Cu –
bentonite.

Ni contents s (ls) Ea (eV)

1 % 4.03 0.432
3 % 3.29 0.439
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79.14� were detected in Ni-Cu/bentonite that ascertained to the
planes (111), (200), and (222) of the NiO cubic phase (JCPDS card
NO. 47–1049), respectively.Moreover, the intensity of Cu diffrac-
tion peaks in the Ni-Cu/bentonite was weakened remarkably com-
pared to that in the Cu/bentonite and shifted to higher angles due
to the intervention between Cu, Ni, and bentonite.
5 % 2.78 0.444
3.2. SEM/EDX analysis

Fig. 2(A, B and C) shows the surface morphology of bentonite,
Cu/ bentonite, and Cu-Ni/bentonite, respectively. As can be seen,
bentonite (Fig. 2A) exhibits a microstructure with different particle
sizes and a slightly rough and porous surface morphology. In
Fig. 2B, the Cu/bentonite morphology shows a flaky structure and
a relatively rougher surface compared to that of pure bentonite
which can be imputed to the large surface area of bentonitethat
allows more ions adsorption. As for Cu-Ni/bentonite microstruc-
Fig. 4. (A) Frequency dependence of M‘‘ and (B) M‘ versus M‘‘ for 1 %
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ture, it revealsa higher number of aggregated clusters indicating
greater adsorption in the inner surface.

The elemental analyses of pure bentonite, Cu/bentonite, Ni-Cu/
bentonite composites are presented in Fig. 2.The results
confirm the presence of the expected elements forming bentonite,
i.e., silicon (Si) and aluminum (Al) in addition to minor amounts
of iron (Fe), magnesium (Mg), calcium (Ca), and potassium (K).
The bentonite-based composites spectra present a good agreement
between the elemental compositions and the that usedfor preparing
, 3 % and 5 % Ni doped (5 % Cu - bento) at 120 �C, respectively.
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each composite.This trend confirms the incorporation of Cu and Ni
in the bentonite matrix (bentonite-Cu and bentonite-Cu-Ni).
3.3. Dielectric analysis

3.3.1. Dielectric properties
Charting dielectric constant (e’) and dielectric loss (e‘‘) versus

frequency at different temperatures for 1 %, 3 %, and 5 % Ni-
doped 5 % Cu / bentonite respectivelyare shown in Fig. 3. e‘ and
e”are found to be in inverse proportional to frequency, which
maybe attributed to domain walls reductions, and the ease orien-
tation of more dipoles to the applied field direction. Moreover,
the values of e‘ and e‘‘ increase with increasing Ni concentration
which maybe attributed to Maxwell–Wegner and space-charge
polarization (Abdel-Baset and Bashal, 2020). Finally, it was
observed that the e‘ values increase with increasing temperature
for all prepared samples.

Fig. 4(A) shows the frequency dependence of the imaginary part
of the electric modulus M’’ at 120 �C for 1 %, 3 %, and 5 % Ni-doped
5 % Cu-bentonite. As shown, the peak strength (M‘‘max) increases
with increasing Ni concentration, whereas the peak frequency
becomes lower with increasing Ni content, which is related to
Maxwell Wegner polarization. The relaxation time of the samples
was calculated from the inverse of the angular frequency of M”
maximum (s = 1/2pfmax). The values of s are listed in Table 1,
and they have been used to calculate the values of the activation
energy Eafollowing the equation:

Ea ¼ s0e�Ea=kT

Data of Table 1, shows that the relaxation time increases while
the activation energy decreases with increasing Ni concentration.
The relation betweenM‘‘ andM’ (Cole-Cole plot) at 120 �C is shown
in Fig. 4(B). The results indicate semi-circles with diametersthat
increase with decreasing Ni content confirming the reduction of
impedance and relaxation time and thus increasing connectivity.
Fig. 5. Dependence of rac on Frequency at fixed temperature for 1%, 3%, and 5% Ni
doped 5% Cu –bentonite.
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3.3.2. Ac conductivity (rac)
The ac conductivity (racÞ value as a function of frequency calcu-

lated using the following equation (Abou Elfadl et al., 2020):

rac¼ rt � rdc ¼ xe0e0tand ð1Þ
where;rt: total conductivity, rdc: low-frequency conductivity, x:
angular frequency, e0: permittivity of the free space, and tand: loss
tangent. Dependence of racon frequency for 1 %, 3 %, and 5 % Ni-
doped 5 % Cu/ bentonite, at different fixed temperatures is depicted
in Fig. 5. The electrical conductivity values are nearly constant at
low frequencies, which maybe ascertained to the dc conductivity.
On contrary, by increasing frequency, the conductivity ramps
slightly indicating the transport of the charge carriers by hop-
pingvia the defective sites along the chains. This attitude is a result
of an increasing number of the charge carriers due to the increase of
the absorbed energy which contributes to the conduction process
[25].

4. Conclusion

Cu-Bentonite composites were effectively produced using the
incipient wet impregnation procedure, as shown by XRD and
EDX studies. The dielectric characteristics of Ni-Cu-bentonite com-
posites were examined as a function of temperature and frequency.
The dielectric constant and dielectric loss values were found to
decrease with increasing frequency and vice versa with increasing
Ni-content. The activation energy Ea values in the Cu-bentonite
composite were observed to rise with increasing Ni content. In
addition, the ac conductivity increased with increasing frequency,
which might be the result of a hopping conduction mechanism.
The strong dielectric characteristics and low activation energy for
additional Ni in Cu-bentonite demonstrate its importance in
dielectric applications.
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