N

N

Supercapacitor electrode based on ternary activated
carbon/CuCo0O2 hybrid material
Katia Ait Kaci Azzou, Achour Terbouche, Chafia Ait Ramdane-Terbouche,
Thierry Bataille, Didier Hauchard, Djillali Mezaoui

» To cite this version:

Katia Ait Kaci Azzou, Achour Terbouche, Chafia Ait Ramdane-Terbouche, Thierry Bataille, Didier
Hauchard, et al.. Supercapacitor electrode based on ternary activated carbon/CuCoO2 hybrid mate-
rial. Materials Chemistry and Physics, 2024, 322, pp.129521. 10.1016/j.matchemphys.2024.129521 .
hal-04651733

HAL Id: hal-04651733
https://hal.science/hal-04651733v1

Submitted on 5 Sep 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License


https://hal.science/hal-04651733v1
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

= AGgpgCuGe0;
* FITAC,/CuCo0,

Potential (v}

Times(S)



Supercapacitor electrode based on ternary activated carbon/CuCoO; hybrid material

Katia AIT KACI AZZOU?*"¢, Achour TERBOUCHEb’*, Chafia AIT RAMDANE-
TERBOUCHE®, Thiery BATAILLE?S, Didier HAUCHARDS, Djillali MEZAQUI?
4L aboratoire Sciences des Matériaux, Faculté de Chimie, Université USTHB, 16111 Alger,
Algeérie.
bCentre de Recherche Scientifique et Technique en Analyses Physico-chimiques (CRAPC),
BP384, Bou-Ismail, RP 42004, Tipaza, Algerie.
‘Université Rennes, ENSC Rennes, CNRS, ISCR-UMRG6226, Rennes 35000, France

“Corresponding author: achour_t@yahoo.fr ; achour.terbouche@crapc.dz

Tel.: +213.660 37 01 15; Fax: +213.24.325.774

Abstract

In this work, a supercapacitor electrode was prepared using modified ternary activated carbon
(ACops: Ternary Olive-Date-Sugar activated carbon) by CuCoO: bimetallic oxide. The
hydrothermal synthesis of CuCoO2 was successfully carried out, and then the doping on
activated carbon was done. Subsequently, the characterization of the hybrid material by ATR,
SEM, XRD, Zeta potential, XPS, Raman, TGA, and electrochemical methods were studied in
a binary electrolyte (1M H2SO4/KCI). The electrochemical results indicate that ACops/CuCo02
modified electrode exhibits excellent pseudo-capacitive behavior, with a specific capacitance
of 1052.95 F.g* at 0.3 A.g* and high specific energy (161.23 Wh.kg™) at high current (8 A.g"
1. High specific capacitance of 103.12 F.g! and a specific capacitance retention reaches up to
95.41% after 10* charge-discharge cycles at 20 A.g* were also obtained. This study revealed
that the activated carbon modified with CuCoO2 oxide offers a significant improvement in the
specific capacitance and the specific energy with a high specific current. Based on these results,

ACops/CuCo02 can be explored as supercapacitor electrode for energy storage, and that in
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terms of specific capacitance, this hybrid material gives the most important result ever obtained
with this oxide.
Keywords: Activated carbon-bimetallic oxide, Hybrid material, Supercapacitor electrode,

Energy storage.

1. Introduction

Supercapacitors are evolving rapidly due to their unique properties of high-power density, fast
charge/discharge and long-term stability [1]. There are two types of supercapacitors; the first
one is the electrochemical double-layer supercapacitor (EDLC), mainly based on carbonaceous
materials that store charge via absorption and desorption of surface ions at the
electrode/electrolyte interface (electrostatic energy). Carbon based materials provide energy in
the form of EDLC, which has the lowest specific capacitance and energy specificity [2, 3]. The
second one is the pseudo-capacitive supercapacitor that stores charge via fast faradic reactions
between ions and electrolyte. This specific capacitance in the pseudo-capacitive is higher than
those of EDLC.

Polymers such as polyaniline and polypyrole are used as electrode materials for pseudo-
capacitors [4-8]. Several transition metal oxides and hydroxides are also used for the same
purpose, including RuOz, ZrOz, NiC0204, MnOz2, MnC0204, ZnO, Fe203, FeC0204, C0203,and
CuCo02[9-12]. Due to their various properties, such as high electrical conductivity, wide band
gap, high degree of transparency, and high degree of stability [13-19], the binary metal oxides
deliver different oxidation states that significantly improve the supercapacitor performance
[20]. Among the binary metal oxides, the copper compounds (CuMO3) are used in various
applications such as optics [21, 22], magnetism [23, 24], catalysis [25], and as electrode of
supercapacitor. In addition, copper-based oxides are low cost and abundant [26, 27]. For our

research, we used CuCoO: that has been studied in various fields, including photocatalysis and



dihydrogen production [28, 29], because it is considered a well-known electrode material due
to its excellent morphology and corrosion resistance properties.

The objective of this work is to improve the performance of a ternary activated carbon prepared
using olive, date pits and sugar (ACobs) that we have already studied. In this previous study,
we achieved an excellent performance namely a specific capacitance (528 F.g* at 0.3 A.g?)
and high specific energy (36.82 Wh.kg™), however the specific current was low (4 A.g%) [30].
In order to improve the specific current of our ACops, we combined it with CuCoOz. In the
literature, we could find only very few works using CuCoO:2 as one of the cathode active
materials with a ratio of 75%, and the results revealed a specific capacitance of 250 F.g* at 0.5
A.g! for this material [31].

In this work, high-performance supercapacitor electrodes were prepared using ACops/CuCoOz2
hybrid material with only 20% of bimetallic oxide. This led to a significant improvement in the
electrochemical performance of ACops, reaching a record specific current. These very
promising results showed that the investigated hybrid material can be used as electrode for low-

cost high-performance supercapacitor.

2. Materials and methods

2.1. Apparatus and reagent

ATR spectra were recorded with a BRUKER ALPHA-T spectrometer in the range 4000-400
cm*. JEOL JSM 7100 F EDS-EBSD Oxford was used for SEM-EDX and cartography analysis.
X-ray diffraction (XRD) patterns were recorded on Bruker D8 Advance A25 diffractometer
using a Cu K-alpha X-ray source, PSD mode of scanning in 2theta 5-80° range with SSD 160
(mode 1D) and resolution of 2.456°. For identified peaks, ICDD data base was employed. The
Zeta potential and hydrodynamic diameter of the colloidal suspensions were measured by a

Malvern Nano-ZS Instrument. The X-ray photoelectron spectroscopy (XPS) was carried out



using an ESCALAB 220 XL spectrometer from Vacuum Generators featuring a monochromatic
Al Ka X-ray source (1486.69 eV) with a spot size of 250 x 250 um at an operating power of
180 W. The thermogravimetric study (TGA) was recorded on SDT Q600 thermal analyser
under nitrogen atmosphere with a heating rate of 10 °C.mn"* in the range of 0-1000 C°. The
electrochemical measurements were performed using the "Nova 2.1" software on a Metrohm
Autolab 302N Potentiostat/Galvanostat. All chemical products used to prepare the measuring
samples were purchased from Sigma Aldrich or Fluka Chemical Companies, and the aqueous
solutions were prepared using free CO2 deionized water. The mixed aqueous electrolyte (1M
H2S04; 98%)/KCI; 99.0-100.5%) was prepared by adding 100 mL of 1M KCI solution to 100

mL of 1M H2SO4 solution (1:1 ratio).

2.2. Synthesis of ACops/CuCo0; and electrodes preparation

Synthesis and characterization of ACops material and its electrode are reported in our previous
study [30]. ACops was obtained from crushing a mixture of 5 g date pits, 5 g olive pitsand 5 g
sugar for 4 h using a planetary mill at 378 rpm. The obtained powder is heated for 1 h at 700
C under an inert nitrogen atmosphere, and the resulting carbon compound was activated using
HsPO4 (1 M).

CuCo0O2 was prepared hydrothermally by mixing 3.6 g of copper(ll) nitrate trihydrate
(Cu(NOs3)2, 3H20; 99%) and 4g of cobalt(ll) nitrate hexahydrate (Co(NO3)2.6H20; 98%) in 60
mL of deionized water at room temperature, then the amount quantity of sodium hydroxide
(NaOH/2M; >98%) was added until reaching a pH of 12. The mixture was kept under stirring
for 2 hours, then the solution was transferred into a 100 mL Teflon-lined autoclave at 100 °C
for 24 hours, and a gray solution was recovered and filtered. Finally, the obtained powder was

washed several times with distilled water and ethanol, then dried in an oven at 60 °C.



The hybrid ACops/CuCoO2 material was synthesized by combining 0.08 g of activated carbon
(ACops) with 0.02 g CuCoOz2 in 10 mL of water (Fig. 1). The mixture is then placed in an
ultrasonic bath for agitation for 24 hours. The final product is filtered and dried in an oven at
50°C.

The working electrodes were prepared in two steps: first, 0.1 g of the ACops/CuCoO:2
compound was placed in 10 mL of water, and ultrasonically treated until a colloidal solution
was obtained, then 100 pL of this solution was deposited on the surface of carbon paper
(HCPO30N; 1 x 2 cm?). Finally, the resulting electrode was placed in an oven at 50°C for 24

hours.
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Fig. 1. Synthesis route of ACops/CuCo0O:2 hybrid material and electrode preparation.

Ultrasound bath )
_, 2.

Evaporation

P--r

The preparation of the two electrode symmetrical systems is performed as follows:

After cutting two sheets of 1x2 cm? carbon paper, a colloidal in aqueous solution of the
ACops/CuCo02 material is prepared. Using the Droop Casting method, 100 pL of the obtained
solution is deposited on a 1cm? surface of each previously cut paper, ensuring complete
coverage of the surface. After drying for 24 hours, the process is checked to ensure perfect

symmetry between the two electrodes. Once the identical electrodes are ready, they are



completely immersed in the electrolyte and well separated from each other in order to carry out

the electrochemical studies.

2.3. Electrochemical studies
The electrochemical behavior was studied using a three-electrodes electrochemical cell in a
mixture electrolyte (1M H2SO4/KCI) using carbon paper, Metrohm Pt wire and Ag/AgCl as
working, counter and reference electrodes, respectively. Cyclic voltammetry measurements
(CV) were performed from -0.6 and 1 V at different scan rates.
To better understand the charge storage dynamics of the prepared electrode, the b value from
the CV spectra is determined using Dunn's power law relationship following the equation
below:

i =av?
Where i obeys a power law relationship with the scan rate v; a and b are adjustable parameters,
and b-values are calculated from the slope of the plot of log (i) vs. log (v).
Galvanostatic charge-discharge (GCD) was performed at different specific currents 0.3, 0.5,
1.0, 2.0, and 4.0 A.g ** with three electrodes, and 0.3, 0.5, 1.0, 2.0, 4.0, 6.0, 8.0, and 10.0 A.g™*
with two electrodes. The electrochemical parameters such as specific capacity (Qs/mAh.g™?),
specific capacitance (C/F.g™), specific energy (E/Wh.Kg™?), specific power (P/W.Kg?), were
calculated through the galvanostatic charge-discharge curves.
So, from these curves recorded using two symmetric electrodes, the specific capacitance as well

as the specific energy and the specific power have been calculated [32], and the specific

capacity has been calculated from three electrodes according to the following equations (1) and

(2) [33, 34]:
DO (1)
Qs =" @)



Where | is the discharge current (A), At is the discharge time (s), AV is the voltage variation
(V), and m is the mass of the active material (g). For specific capacity: Id is specific currents
(A.g™h). The specific energy and specific power of a supercapacitor were determined using the
following Egs. (3) and (4) [35, 36]:

EWh.kg™) = = (AV)?......(3)

P(W.kg ) = % ......... (4)

The cycling stability was evaluated using the galvanostatic charge-discharge method at 20 A.g°
L for 10 cycles. Finally, The electrochemical impedance spectroscopy (EIS) was studied in the

frequency range from 100 kHz to 10 mHz with a sinusoidal signal amplitude of 10 mV.

3. Results and discussion

3.1. Attenuated total reflectance spectroscopy (ATR)

Comparing the ATR spectra of CuCoO2 and ACops/CuCoO:2 revealed the disappearance,
reappearance, and displacement of several vibrational bands associated with various functional
groups. The ATR spectrum of CuCoO:z in the 4000-400 cm™* wavenumber region, as shown in
Fig. 2a, exhibits two main absorption peaks at approximately 550 and 750 cm™, which are
attributed to the vibration of Cu-O and Co-O bonds, respectively [37, 38]. In the ATR spectrum
of CuCoOz, the broad band located in the 3400-1200 cm™ region combines the stretching
vibration of the C-O bonds due to CO2 and the O-H bonds due to moisture absorbed in the
atmosphere (hydrating water molecules) [39].

In the ATR spectrum of ACops/CuCoO:2 hybrid material (Fig. 2b), the vibration peaks of Cu-O
and Co-O were shifted to lower wavenumbers and their intensities are decreasing. This is due
to the interaction between the activated carbon surface and the bimetallic oxide, and the
decrease in the quantity of CuCoO: in the mixture [40]. The bands around 2900, 2800 and 1530

cm can be attributed to the stretching vibrations of CH, CH2 and C=C groups of activated



carbon. Some peaks were shifted to higher and lower wavenumbers, indicating potential
chemical interactions between the activated carbon surface and bimetallic oxide. In addition,
this chemical interaction leads to a decrease in the intensity of the Cu-O and Co-O band
vibration. The OH band exhibits low intensity in this spectrum, which is probably due to the
interaction between the activated carbon and CuCoO: via the hydroxyl and carboxyl functional
groups [41]. These results indicate the successful incorporation of CuCoO:2 into the activated

carbon matrix.
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Fig. 2. ATR spectra: (a) ACops/CuCo00z2 and (b) CuCoO:a.

3.2. Scanning electron microscopy- Energy-dispersive X-ray spectroscopy (SEM-EDX)
SEM micrographs of the CuCoO:2 oxide surface are reported in figure S1. The delafossite
feature of the hexagonal structure can be clearly seen. The micrographs show well-defined
hexagonal crystals that appear more and more well-structured with increasing magnification.
The latter crystals are particles of size 1um in diameter and 100 nm in thickness, which confirm
the hexagonal structure of the prepared oxide obtained by XRD.

To analyze the chemical composition of CuCoO2, SEM-EDX mapping was studied. Fig. S2

shows typical areas selected (1-4) for EDX analysis. The spectra of CuCoO: indicate that the



sample contains Co, Cu and O elements. The quantitative analysis shows that the weight of the
three elements are respectively, copper around 25%, cobalt around 22% and oxygen around
51%. Hence, this result confirm the good formation of the CuCoO:2 oxide.

Fig. S3 shows the elemental mapping analysis of prepared CuCoO: oxide and the images
revealed that an uniform distribution of copper (Cu), cobalt (Co) and oxygen (O) has observed
in the picked region of the oxide.

SEM micrographs recorded with the activated carbon/oxide hybrid material (ACops/CuCo002)
(Fig. 3), revealed the formation of the desired hybrid material (ACops/CuC002) and the
penetration of the oxide particles (CuCoOz) into the pores of the activated carbon (ACobs). This
observation is demonstrated by comparing the SEM images of the ACobs before (Fig. 3a) and
after CuCoOz2 deposition (Fig. 3b-d). It should be noted that before deposition, the pores are
empty.

The deposition of the oxide on the activated carbon has also been demonstrated using other

characterizations such as XPS, Raman and TGA, which are studied below.
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Fig. 3. SEM micrographs of (a) ACops [30] and (b-d) ACops/CuCo02
hybrid material (5, 3 and 1um).

3.4. X-ray diffraction

The synthesized products (CuCoO2 and ACops/CuCo02) were analyzed by X-ray diffraction
and their diffractograms are shown in Fig. 4. According to the crystallographic data base ICSD
N 00-021-0256, the spectrum in Fig. 4a demonstrates the presence of quasi homogeneous phase.
The structure is fine-tuned in the R-3m space group. All peaks are indexed in the hexagonal
system with a=b=2.85 A° and c=16.82 A° mesh parameters. The characteristic diffraction peaks

of CuCoO:2 are located at 15.7°, 31.7°, 37.7°, 39.6°, 43.62°, 44.4°, 57.2°, 61.8°, 65.1°, 66.9°,
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and 74.2°. 1t is worth noting that we have obtained an almost pure phase of CuCoO: for the first
time using a low-temperature hydrothermal method (100 °C), which has several advantages
over the high-temperature hydrothermal reaction, which inherently generates impurities. In
contrast, Fig. 4b shows that the diffractogram of the ACobs/CuCoO2 hybrid compound displays
peaks similar to those of the oxide alone with a pattern that reflects the presence of the

carbonaceous material in the activated carbon (ACops).
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Fig. 4. X-ray diffractograms of (a) CuCo0O2zand (b) ACops/CuCoO:2 hybrid material.

3.5. Zeta potential and particle size distribution

The Zeta potential (Fig. 5a, b) and the size (Fig. 5¢, d) of CuCoO2 and ACops/CuCoO2 were
measured to study the charges on the surface. Note that the Zeta potential value indicates that
both samples have a negatively charged surface [42]. The Zeta potential of the oxide is -30.2
mV. After the ACops modification step, the Zeta potential becomes -43.1 mV, indicating the
presence of the negatively charged active carbon groups. This improves the stability of the

colloidal solution of the ACops/CuCoO2 mixture [43].

11



As shown in Fig. 5, the particle size of CuCoOz2 is 1011.4 nm (Fig. 5¢) and ACops/CuCoQO:z is
around 973.7 nm (Fig. 5d). This result indicated that the presence of ACops activated carbon

reduced the size of oxide particles, which is beneficial for a variety of applications.
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12



3.6. XPS Analysis

The X-ray photoelectron (XPS) spectroscopy was carried out to study the chemical composition
of the ACops and ACops/CuCoO2 composite. The binding energy of the different elements was
determined from XPS spectra (Fig. 6).

The XPS survey spectrum of ACops (Fig. 6a) exhibits two peaks at 287.34 eV (C1s) and 534.17
eV (Ols), respectively, indicating carbon (C) and oxygen (O) as main elements in prepared
activated carbon. XPS survey spectrum of ACops/CuCoO2 composite recorded in figure 6b
showed the presence of peaks localized around 290, 538, 788, and 939 eV, attributed to C1s,
O1s, Cu2p, and Co2p elements, respectively. These results confirm the presence of Cu, Co and
O in the ACops/CuCo02 material. The peaks of Cu at 939.37 and 958.60 eV correspond to the
binding energies of Cu*2pa2 and Cu* 2pu1s2, indicating the presence of monovalent copper cation
(Cu*) in CuCoO:2 [44, 45].

In the high-resolution spectra of ACops, the C 1s peaks (Fig. 6¢) corresponding to C-C, C-O
and C=0 bonds were observed at 286.16, 286.75 and 287.59 eV, respectively. In addition, the
O 1s peaks (Fig. 6d) assigned to C-O and C=0 bonds were localized at 533.41 and 534.65 eV,
respectively. For ACops/CuCoO: fitting, the C 1s peaks (Fig. 6e) attributed to C-C was shifted
to be located around 290 eV, a result already recorded in previous work [46, 47].

The O 1s peaks assigned to the C-O and C=0 bonds in ACops/CuCo0O2 were detected at 537.16
and 538.80 eV (Fig. 6f).

The XPS spectrum recorded for Co element is reported in Fig. 6g. The main peaks
corresponding to electronic levels Co 2pszand Co 2pis2 are associated to two shake-up satellites
[48]. For the high-resolution spectrum of Cu2p (Fig. 6h), two distinct peaks with here shake-up

peaks are observed, which are described as Cu 2p12 and Cu 2pasy2, respectively [49].
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3.7. Raman Analysis

The Raman spectra in the range of 200-2500 cm™ recorded with CuCoO2 and ACops/CuCo0O2
are shown in Fig. S4. Raman spectra are used to give information about oxide structure and
molecular vibrations of synthesized material.

In the spectrum of CuCoO: (Fig. S4a), the peak observed at 292 cm™ is assigned to Eq (O-Co-
O bending) vibrational modes. The peaks localized at 473 and 518 cm™ were caused by Cu
vacancies or interstitial oxygen atoms defects [50]. The peak at 679 cm™ may be due to the Aig
stretching vibration of Co-O [51]. The Raman spectrum of ACops/CuCoO:2 (Fig. S4b) showed
that, in addition to the oxide peaks, two bands G-band (graphite) and D-band (default) are
observed around 1610 and 1353 cm%, respectively. These results due to the stretching vibration
of the same carbon atoms (sp2), corresponding to Ezg and Aig symmetries, respectively, while
there are prohibited in perfect graphite [30]. By comparing the two spectra, it can be seen that
the peaks of CuCoO2 were shifted in the spectrum of the hybrid compound, confirming the

combination of the oxide CuCoO:2 and activated carbon ACops to form the hybrid material.

3.8. Thermogravimetric analysis (TGA)

TGA was employed to evaluate the change in the mass of the materials under thermal treatment.
The thermograms of activated carbon ACops and ACops/CuCoO:2 are shown in Fig. S5. From
these curves, it is found that the activated carbon exhibited three specific weight losses. The
first stage shows a slight loss of weight, which is probably due to the desorption of residual
moisture (hydrating water molecules: H20). The second degradation occurs around 200-300 °C
may be due to the decomposition of hemicellulose [52]. The third decomposition observed
around 300-600°C is attributed to the breakdown of cellulose and lignin into carboxyl, lactone
and carbonyl [53]. However, the addition of CuCoO: oxide to the activated carbon improved

the thermal stability of ACops and facilitates the elimination of organic compounds. The
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thermogram of ACops/CuCoO:2 exhibited two specific weight losses. The first weight loss was
observed below 300 °C, which can be assigned to the elimination of water molecules. The
second weight loss in a range of 300—800 °C is due to the decomposition of carbonaceous
materials of activated carbon. Further, no significant weight loss was observed above 800 °C,

thus confirming stability of the composite.

3.9. Electrochemical performance of the prepared electrodes
3.9.1. Cyclic voltammetry
The electrochemical properties of the ACops/CuCoO2 hybrid material were studied by cyclic
voltammetry. The waves observed on the voltammograms recorded in Fig. 7a due to the redox
reactions of copper and cobalt in the bimetallic oxide (CuCo0Qz2) introduced into the activated
carbon ACops. Compared with the CV characteristics of pure ACops, there is an appearance of
pseudocapacitive performance after the surface modification by redox-active CuCoO:2 within
ACops. According to the XPS analysis and the CV recorded in acidic medium, both metals are
oxidized and reduced on the activated carbon matrix following the reaction below:
ACops-[Cu*'Co™O2]+2H*+2e” & ACops- Hz2[Cu™'Co*"'O2]
A redox and pseudocapacitive phenomenon following the same type of reaction was observed
with activated carbon and vanadium oxide [54].
The current response of the ACops/CuCoO:2 electrode at different scan rates is shown in Fig.
7b. As the scan rate increases, the area of the voltammograms also increases, resulting in a high
specific capacity. The oxidation and reduction waves are shifted to the anodic and cathodic
values with increasing scan rate. It should be noted that the CV curves are not rectangular (lack
of symmetry) because redox waves are clearly observed, suggesting ideal pseudocapacitive
behavior [55, 56]. This result is due to the capacitive effect of the activated carbon and the

redox reactions of the metals present in the bimetallic oxide [57].
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To estimate the charge storage dynamics of the prepared electrode, the b value from the CV
spectra is determined from the slope of the plot of log (i) vs. log (v) (Fig. 7c). Basing on this
plot, the b-value found at lower potentials (<0.2 V) is 0.8. This value is located between 0.7 and
1, indicating the presence of two behaviors at the same time such as capacitive process (redox

reactions) and EDLC [58].
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Fig. 7. Cyclic voltammograms of (a) different compounds; (b) with
ACops/CuCoO: electrode at different scan rates in three electrodes system
and 1M H2S04/KCl and (c) log (Peak current) vs. log (Scan rate) plot.
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3.9.2. Charge-discharge capacities of the prepared electrodes

The GCD measurements are made in the 0-1V voltage range (Fig. 8). The GCD plots show no
triangular demonstrate nonlinear discharge curves [59, 60], confirming that the faradic charge
storage mechanism is predominant in the material [61], behavior and correlating with the CV
measurements.

Figure 8a shows the galvanostatic charge-discharge behavior of the ACops/CuCoO2 working
electrode using a three-electrode system for the determination of specific capacitance in the
specific current range between 0.3 and 2 A.g%, and in the potential range from 0 to 1 V. On the
other hand, Fig. 8b reports the charge-discharge behavior of the same electrode using two-
electrode system for the calculation of specific energy, specific power and specific capacitance
at the specific current range of 0.3-8 A.g™t. The asymmetric curves (Figs. 8a, b) represent the
characteristics of a pseudocapacitive process (Faradic current). Furthermore, as the specific
current increases, the specific capacitance calculated using two-electrode system decreases as
shown in Table 1. The specific capacitance and specific capacity of the ACops/CuCoO2
electrodes are 1052.95 F.g! and 219.26 mAh.g* at 0.3 A.g™%, and 650.51 F.g* and 111.84
mAh.g? at 1 A.g?, respectively. The ACops/CuCoO: electrode appears to be a promising
candidate for supercapacitor development.

Fig. 8c illustrates the ACops/CuCo0Q2 material's cyclic stability over 10* cycles with a specific
current of 20 A.g™! and a potential range of 0 to 1 V in 1M H2SO4/KCI. According to Fig. 8b,
¢, the ACops/CuCoO: electrode can reach up to the high specific capacitance of 1052.95 F.g°
Land possess outstanding capacitance retain ratio of 95.41% after 10* cycles, confirming

excellent electrochemical stability of the electrode material.
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Table 1. The comparison of both specific energy and specific capacitance of ACops/CuCoOz2

in mixture of 1M KCI-1M H2SOas electrolyte.

Specific * Specific Specific Specific Specific

Current Capacity Capacitance Energy power

(A.gh (Qs/mAh.gY)  (CIF.gh) (E/Wh.Kg?l) (P/W.Kg?)
ACops/CuCo0O2 0.3 219.26 1052.95 161.23 157.5

0.5 111.94 650.51 101.51 265.0

1 68.33 555.71 81.88 515.0

2 36.66 386.31 51.52 980.0

4 - 168.26 18.92 1800.0

6 - 126.92 9.91 2250.0

8 - 103.12 6.05 2600.0

* The specific capacity (mAh.g*) was calculated using three electrodes.

Based on Fig. 9, the specific energy and specific power of the ACops/CuCoO2 material were
calculated, using a symmetrical two electrode system (Table 2).

Figure 9a shows the specific capacitance as a function of the specific current, it shows that
increasing specific current causes lower specific capacitance values. However, it was found that
when the specific energy increases the specific power decreases (Fig. 9b).

The specific energy and specific power are 161.23 Wh.Kg? and 157.5 W.Kg™* for a specific
current of 0.3 A.g, and 6.05 Wh.Kg? and 2600 W.Kg* for a specific current of 8 A.g*,
respectively.

In conclusion, the chemical composition in metals of the ternary oxide of the ACops/CuCo0:2
electrode allowed to increase the specific capacitance of this one due to the presence of more

free electrons that improve the electronic conductivity of the material.
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metal oxides as shown in Table 2. We notice that the ACops activated carbon combined with
the ternary CuCoO: oxide gives the best results in terms of specific capacitance compared to
other hybrid materials prepared with other metal oxides [31, 62-68]. This finding can be
explained by the increase in the number of reaction sites with the ACops activated carbon and

the CuCoO2 oxide synthesized at low temperature [69, 70]. In addition, the use of a binary
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Fig. 9. (a) Specific capacitance versus specific current, (b) Specific energy

versus specific power of ACops/CuCoO:a.

electrolyte increases the conductivity and

electrochemical performance of the ACops/CuCoO: electrode.
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ion migration rate, which

The specific capacitance values of the ACops/CuCoO2 modified electrode as a function of

specific current were compared with those calculated with other electrodes based on different

improves the



Table 2. Comparative study of the specific capacitance values of the ACops/CuCoO: electrode

material with those calculated using other metal oxide systems.

Electrode Materiels Electrolyte Specific Current Specific References
(A.gh) or Capacitance
Scan rate (F.gh)
CuCoO2 2M KOH 0.5 250 [31]
CuCo0204 nanosheets 6M KOH 1.0 100 [62]
CoNi—CoNiO2 NPs 6 M KOH 0.25 280 [63]
MnOz/grapheneoxide/ 5M KOH 0.5 480 [64]
Polypyrrole
NiC0204/NiM00O4 3 M KOH 1.0 85.6 [65]
CFAC/Ni&Co oxides 6 M KOH 1.0 222 [66]
CuO 1M NazSO4 5mV.St 158 [67]
ZnO/Graphene 1 M KCL 5mV.S? 109 [68]
ACops/CuCo0z2 1M KCI/ 0.3 1052.95 This work
1M H2SO04 1.0 555.71 This work

3.9.3. Electrochemical impedance spectroscopy (EIS)

To better understand the electrochemical performance of our hybrid material, an EIS study was

performed at room temperature. Fig. 10 a shows the Nyquist diagram recorded with the

ACops/CuCo0:z electrode and fitted with an equivalent circuit. The latter consists of a solution

resistance Rs (2.16 Q), a very low charge transfer resistance Re (15 Q), lower than that of

activated carbon alone, a capacitance of 41.7 mF, and a Warburg impedance (W: 0.016) (ACobs

[30]: Ree: 19.4 Q; W: 0.020 and C: 0.5 mF), which proves the improved conductivity of the

ACops/CuCo0: electrode [71]. The increase of the electrical conductivity with hybrid

composite ACops/CuCo02 can be explained by the addition of the metal oxide into the activated

carbon surface, modifying the interfaces between CuCoO2 and ACops, resulting in a larger

interface area. This promotes the penetration of electrolyte ions into the porous structure of the
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composite through the expanded interfaces, resulting in an improvement in the specific

capacitance and charge-discharge properties of supercapacitor electrode [72].
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Fig. 10. (a) Nyquist diagram, (b) Bode phase angle diagram and the
equivalent circuit recorded with the ACops/CuCoO2 hybrid compound.

4. Conclusion

In this work, the synthesis and characterization of the ACobs/CuCoO:2 hybrid compound were
successfully completed. Electrochemical studies by cyclic voltammetry and galvanostatic
charge-discharge revealed that activated carbon-modified with CuCoO2 oxide significantly
improved specific capacitance and specific energy by applying high specific current.
Electrochemical results showed that the ACops/CuCoO: electrode achieved a specific
capacitance and specific capacity of 1052.9 F.g! and 219.3 mAh.g?%, respectively, in 1M
H2S04/KCl at a specific current of 0.3 A.g™. In addition, this electrode showed a high specific
energy (161.2 Wh.kg?) at high current (8 A.g™2).

Electrode stability of the ACops/CuCoO2 hybrid material exhibits high cycle stability with
95.41% capacitance retention after 10,000 cycles at 20 A.g ™.
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The EIS study showed that the ACops/CuCoO2 material has an extremely low charge transfer
resistance R (15 Q) and a capacitance of 41.7 mF, which proves that the ACops/CuCo0z2
electrode has good conductivity in aqueous media.

Based on these results, the ACops/CuCoO2 hybrid material can be used as supercapacitor

electrodes for energy storage.
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Highlights

-Hybrid material based on ternary Date-Olive-Sugar pits (ACops) and CuCoO: are used to
prepare electrodes for supercapacitors.

-The new hybrid material (ACops-CuC002) was characterized by ATR, SEM, XRD, Raman,
XPS, TGA and electrochemical methods.

-The ACops-CuCoO: electrode exhibited high specific capacitance (1052.95 F.g) and high
specific energy (161.23 Wh.kg™).

-The electrode showed high cycle stability with 95.41% capacitance retention after 10000

charge-discharge cycles.
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