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Supercapacitors have substantially altered the landscape of sophisticated energy storage devices with their
exceptional power density along with prolonged cyclic stability. On the contrary, their energy density
remains low, requiring research to compete with conventional battery storage devices. This study
addresses the disparities between energy and power densities in energy storage technologies by
exploring the integration of layered double hydroxides (LDH) and highly conductive materials to develop
an innovative energy storage system. Four electrodes were fabricated via a hydrothermal process using
NiCoCu LDH, Ag-citrate, PANI, and f-SWCNTs. The optimal electrode demonstrated exceptional
electrochemical properties; at 0.5 A g~%, it possessed specific capacitances of 807 F g2, twice as high as
those of the pure sample. The constructed asymmetric supercapacitor device attained energy densities
of 62.15 W h kg™t and 22.44 W h kg™, corresponding to power densities of 1275 W kg~ and 11900 W
kg~? respectively. Furthermore, it maintained 100% cyclic stability and a coulombic efficiency of 95% for
4000 charge-discharge cycles. The concept of a supercapacitor of the hybrid grade was reinforced by
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1. Introduction

A perpetual desire for energy is the distinguishing characteristic
of the current period."”> Energy storage solutions that are
ecologically safe and efficient are more important than ever
since they power rising cities and our ever-present electronics.
Supercapacitors, which combine the best of batteries and
capacitors, are strong contenders in this competition.>* In
contrast to batteries, supercapacitors store energy electrically as
opposed to chemically.*” Charge and discharge cycles are faster
and last longer. They lessen environmental consequences and
improve safety in applications that require rapid energy delivery

“Faculty of Materials and Chemical Engineering, Ghulam Ishaq Khan (GIK) Institute of
Engineering Sciences and Technology, Topi, 23640, Pakistan. E-mail: mohsin.ali@giki.
edu.pk; Fax: +92-938-281032; Tel: +92-938-281026

*Energy, Water, and Environment Lab, College of Humanities and Sciences, Prince
Sultan University, Riyadh, 11586, Saudi Arabia

‘Department of Mechanical Engineering, College of Engineering, Taif University,
Kingdom of Saudi Arabia

T Electronic  supplementary  information
https://doi.org/10.1039/d4ra01324g

i Equal contribution.

(ESI) available. See DOI:

14438 | RSC Adv, 2024, 14, 14438-1445]

potential of
nanocomposites for superior rate performance, robust cycle stability, and enhanced energy storage

supercapacitor-grade NiCoCu LDH/Ag-citrate—PANI-f-SWCNTs

and big power spikes, which batteries always have. As we elec-
trify and switch to renewable energy, supercapacitors are
becoming more important.® Their energy storage and release
capabilities may improve grid stability, renewable energy
system power variations, and electric car utilization. Super-
capacitor technology's scalability and diversity provide exciting
new applications in consumer electronics, grid-scale energy
storage, and aerospace.”*®

The technology in supercapacitors is adapted to individual
needs. Electronically separated ions form a double layer at the
electrode-electrolyte interface in electrochemical double-layer
capacitors (EDLCs). High power densities, low energy densi-
ties. While possessing high power densities, they have restricted
energy densities.”*> On the contrary, pseudocapacitors store
energy on the electrode material via faradaic redox reactions;
this leads to increased energy densities but reduced power
densities."*'® Hybrid supercapacitors, as their name suggests,
integrate the most advantageous characteristics of pseudoca-
pacitors (pseudocapacitors) and electrolyte drop capacitors
(EDLCs) to attain an equilibrium between energy and power
densities.” " As the performance of these devices is highly
dependent on the electrode material, scientists are developing

© 2024 The Author(s). Published by the Royal Society of Chemistry
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novel composites and materials to enhance the capabilities of
supercapacitors. There are several materials that may be
utilized as electrodes in supercapacitors, each with distinct
advantages and disadvantages. In contrast to metal-organic
frameworks (MOFs),**** which can alter their structures and
possess expansive surfaces, layered double hydroxides (LDHs)
are exceptionally stable and cyclable in the environment.”® The
pseudocapacitive characteristics of transition metal phos-
phates, sulfides, and oxides can be attributed to their intricate
redox chemistry.> LDHs are multi-metal clays. Brucite layers
with metal cations create M?>*(OH)s/M*"*"(OH), octahedra.>
These electrode materials are attractive due to their strong
redox activities, environmental friendliness, and efficient usage
of evenly distributed transition metal atoms.>®* They have
fascinating electrochemical and electrical properties due to
their facile layer adjustment of cations and ability to exchange
anions without affecting the structure. Different from conven-
tional metal hydroxide-based electrodes, they can be easily
exfoliated into monolayer nanosheets and chemically changed.
In recent years, LDH electrochemical behavior studies have
increased due to these unique properties.”’** The theoretical
capacitance of nickel and cobalt exceeds 2000 F g, making
them ideal for pseudocapacitance.*** Other transition metals
like Fe, Mn, and Cu are electrochemically active. In NiFe-LDH,
replacing Ni with Cu increases proton absorption and cata-
lytic efficiency. Cu in Ni or Co-based LDH increases specific
surface area, capacitance, and rate capability, improving elec-
trochemical characteristics.®® More active metal ions with
higher valence states increase capacitive properties and electron
transport in LDHs by reducing equivalent series resistance.
Multi-active metal hydroxides' homogeneous element distribu-
tion may improve electroactive site use. These reasons led us to
use NiCoCu LDH as pristine material. In order to increase
LDHs' electrochemical performance, graphene oxides, carbon
nanotubes (CNTs), carbon nanofibers (CNFs), nanowires, and
conducting polymers have been added. After 2000 cycles, CNFs/
Ag-NiCo-LDHs had 1133.3 mF e¢m? areal capacitance and
80.47% cyclic stability, according to Sekhar et al** Yang et al.
created NiCoAl-LDHs-MWCNT nanohybrids with loose nano-
structures because they increase specific surface area and
electrochemical characteristics.®® A unique supercapacitor
technique by Sara et al.** produced NiCo-LDH/G/PANI-NT@CC
with 431.30 mF cm ™2 areal capacitance and 84.05% cycling
stability after 10 000 cycles.*”

Despite the strong electrical conductivity and pseudocapa-
citive properties exhibited by conducting polymers such as
polyaniline (PANI),*® concerns persist over their structural
stability. Auspicious carbon-based materials include function-
alized single-walled carbon nanotubes (SWCNTs), which
possess excellent electrical conductivity and a large surface
area.*® In order to surmount the constraints imposed by indi-
vidual materials, scientists often employ synergistic compos-
ites. The ability to accurately regulate their surface chemistry
and interfacial interactions through functionalization tech-
niques can enhance charge storage capacity and electro-
chemical stability.*” Innovative manufacturing techniques and
scalable synthesis strategies are required to surmount
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challenges such as aggregation-induced performance loss and
scalability issues to ensure that carbon-based supercapacitor
electrodes function as intended. As researchers strive to identify
the ideal material for supercapacitors, they are increasingly
exploring hybrid topologies and synergistic composites to
overcome the limitations of individual materials and achieve
improved performance metrics.”* Synergistic composites
exhibit enhancements in energy density, power density, and
cycle stability. These improvements are achieved by meticu-
lously integrating diverse components possessing complemen-
tary qualities. This creates opportunities for developing more
advanced supercapacitor technologies capable of adapting to
the evolving requirements of energy storage applications.*

In an effort to enhance charge storage processes, researchers
endeavor to develop hierarchical structures and nano/
microscale interfaces that optimize ion accessibility while
minimizing the constraints imposed by diffusion.** Materials
such as Co, Ni, Cu, SWCNT, and Ag are used in supercapacitor
studies due to their superior electrochemical properties, which
improve performance by offering high capacitance, excellent
conductivity, and stability. When these materials are combined
into a nanocomposite, they display synergistic effects. This
research endeavor aims to fabricate an innovative composite
electrode material for supercapacitors by integrating function-
alized SWCNTs, NiCoCu-LDH, Ag-citrate, and PANI. The
complementary qualities of each component support this
determination. By using the redox activity of Ag ions, Ag-citrate
promotes pseudocapacitive behavior and functions as
a conductive binder, whereas NiCoCu-LDH possesses
a substantial surface area and exceptional cyclability. PANI
boosts the composite's specific capacitance and pseudocapaci-
tive properties, whilst functionalized SWCNTs simplify charge
transport and enhance electrical conductivity. Consequently,
the ideal sample exhibited specific capacitances of 807 F g~ " at
a current density of 0.5 A g~ ', which was twice as great as those
of the pristine sample. At 1275 W kg * and 11 900 W kg™ ?, the
energy density of the asymmetric supercapacitor device was
recorded as 62.15 W h kg™ and 22.44 W h kg™, respectively.
Moreover, it retained 100% capacity and a coulombic efficiency
of 95% over 4000 cycles. Our hypothesis regarding a super-
capacitor of hybrid grade was validated using power law anal-
ysis, which produced b-values in the range of 0.5 to 1. The
results obtained from this research demonstrate that the NiC-
oCu LDH/Ag-citrate-PANI-f-SWCNTs nanocomposites exhibit
remarkable rate stability, enhanced energy storage capabilities,
and resilient cycle performance, rendering them very promising
for implementation in supercapacitors.

2. Methodology

2.1 Raw materials

The following materials were purchased from Sigma-Aldrich:
ethanol, acetone, silver nitrate (AgNO3), cobalt nitrate hexahy-
drate (Co(NO;),-6H,0), copper nitrate hexahydrate (Cu(NO;),-
‘6H,0), and nickel nitrate hexahydrate (Ni(NOs), 6H,0).
Neither of these was further purified or altered. Purchased from
Honeywell (Germany) urea (CO(NH,),), sodium citrate
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(Na3zCgH505), pure 1-methyl-2-pyrrolidone (NMP), and deion-
ized (DI) water was also utilized exactly as supplied, requiring
no additional purification or alteration, Ni foam was used as
substrate material. Following a functionalization method,
single-walled carbon nanotubes (SWCNT) were acquired from
Sigma Aldrich and utilized. The following materials were
utilized and purchased from Sigma Aldrich and exactly as
received: 98% sulfuric acid (H,SO,4), 37% hydrochloric acid
(HCl), and aniline (C¢HsNH,).

2.2 Synthesis of NiCoCu LDH

NiCoCu LDH was synthesized using a hydrothermal process.
Initially, 1 mmol each of nickel nitrate hexahydrate (Ni(NO;),-
-6H,0), cobalt nitrate hexahydrate (Co(NO;),-6H,0), and
copper nitrate hexahydrate (Cu(NO;),-6H,0) were dissolved in
60 mL of DI water together with 3 mmol of urea (CO(NH,),) to
make a solution. A magnetic stirrer agitated the mixture for
thirty minutes to ensure a homogeneous dispersion. The solu-
tion was subjected to hydrothermal treatment at 120 °C for 14
hours within an autoclave. Following the completion of the
hydrothermal process, the autoclave reactor underwent
controlled cooling to reach ambient temperature. The collected
solid precipitates from the reactor vessel were subjected to
a two-step washing process within a centrifuge. The mixture was
first centrifuged with DI water at 4000 rpm for 10 minutes,
followed by another 10-minute centrifugation with ethanol at
the same speed. The final NiCoCu LDH product was obtained by
vacuum drying the resultant-washed precipitate for eight hours
at 60 °C. A comprehensive schematic illustrating the process of
synthesizing NiCoCu LDH can be found in Fig. 1.

2.3 Synthesis of polyaniline (PANI)

The synthesis of PANI was initiated by dissolving 1 g of pure
aniline (ANI) in 12.5 mL of a 1 M HCI acid solution under
constant stirring in an ice bath.** Subsequently, 30 L of an acid-
saturated ammonium persulfate (APS) solution was gradually
added dropwise while maintaining a stoichiometric ratioof 1: 1
(ANI : APS) to ensure complete polymerization. After six hours of
magnetic stirring, a reaction mixture, the precipitated product
was obtained. Furthermore, it was neutralized with distilled
water and left to dry overnight. Acetone was used to purify the
product, then dried for 24 hours at 80 °C. A comprehensive
schematic illustrating the process of synthesizing PANI can be
found in Fig. 1.

2.4 Functionalization of single-walled carbon nanotubes
(SWCNT)

The following protocol was used when conducting acid func-
tionalization experiments. 250 mL of 10 M H,SO,/HNO; (3:1 v/
v) were mixed at the necessary concentrations to create acid
solutions, which were then added to a round-bottom flask.*
Then, 250 mg of precisely weighed single-walled carbon nano-
tubes (SWCNT) were added to the acid solution as received.
Next, a hot plate with a temperature setting of 120 °C was placed
underneath and used to heat the round-bottom flask. It
included a 5-hour refluxing phase that began as soon as the first
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reflux drops appeared. The process of acid refluxing was carried
out while magnetic stirring was quite strong. After refluxing, the
SWCNT solution was subjected to many dilutions and decan-
tation cycles utilizing vacuum filtering and centrifugation. The
SWCNTSs solution was dried in an electric furnace for 24 hours
at 80 °C once their pH had risen over 5. The dried functionalized
single-walled carbon nanotubes (f-SWCNTs) were then crushed
with a mortar and pestle into a powder.

2.5 Synthesis of silver citrate

For the synthesis of silver citrate, 1 g of AgNO; was dissolved in
50 mL DI water and stirred at 500 rpm at 100 °C. In a separate
beaker, 0.5 g of Naz;C¢Hs0, and 3 g of NaOH were mixed in
30 mL DI water, and room temperature stirring was done at
500 rpm. The resulting solution was added dropwise to the
AgNO; solution at a maintained stirring temperature of 100 °C
for 10 minutes. Afterwards, the solution was placed in a centri-
fuge machine for centrifugation. Silver citrate precipitates were
collected from the bottom of centrifuge tubes, and excess
solvents were drained into the sink. Lastly, the silver citrate
solution was dried for 12 hours at 110 °C in an oven. A
comprehensive schematic illustrating the process of synthe-
sizing silver citrate can be found in Fig. 1.

2.6 Synthesis of Ag/PANI/f-SWCNTs nanocomposite

The synthesis of an Ag/PANI/f-SWCNT nanocomposite, desig-
nated as Co, commenced with probe-sonication of 8 mg of f-
SWCNTs in 30 mL of ethanol for 10 minutes. Subsequently, to
achieve a targeted weight ratio of 3:1: 1 for Ag/PANI/f-SWCNTs,
8 mg of PANI and 24 mg of silver citrate were added to the
dispersed f-SWCNTs. Following that, a 10-minute probe-
sonication of the whole solution was followed by a 12-hour
drying process at 80 °C. This as-synthesized C, nanocomposite
was then mixed in appropriate proportions with NiCoCu LDH to
synthesize electrode materials. Fig. 1 shows a detailed sche-
matic of the steps involved in producing C,.

2.7 Preparation of electrodes

A 10.1:1 ratio of Ni-Co-Cu LDH (A,, 5.45 mg) and Ag/PANI/
SWCNTs (Co, 0.55 mg) nanocomposite was mixed manually.
The electrode composition for electrochemical testing was an
80:10:10 mixture of active materials (A,/C, nanocomposite),
acetylene black, and an NMP-dissolved PVDF binder. In order to
prepare the electrodes, the slurry was mixed extensively using
a magnetic stirrer for a duration of 8 hours. The Ni-foam
substrate was progressively washed for 10 minutes with
acetone, ethanol, and HCI to get it ready for slurry deposition.
Additionally, probe sonication was used to wash it with deion-
ized (DI) water. Then, the mixture was uniformly deposited via
drop-casting onto a 1 cm x 1 cm Ni-foam substrate acting as
the current collector. The wet nickel foam was subsequently
dried for ten hours at 80 °C. On the electrode, an estimated 6 mg
of active mass was loaded. Similarly, two additional electrodes
were fabricated for electrochemical analysis using the same
process parameters. Different ratios of 10:1, 10: 5, and 10: 10,
as shown in Table 1, for the active materials (Ni-Co-Cu LDH

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and Co nanocomposite) and acetylene black were used, 2.8 Asymmetric supercapacitor device fabrication
respectively, for electrode preparation. A comprehensive sche-
matic illustrating the process of synthesizing electrode material
can be found in Fig. 1.

Activated carbon (AC) was used as the negative electrode, and
a NiCoCu LDH and Co nanocomposite were used as the positive
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Table 1 List of prepared samples with amounts of active material
added

NiCoCu LDH Ag/f-SWCNTs/PANI
Sample name (mg) (mg)
Ao 6 0
A, 5.45 0.55
A, 4 2
As 3 3

electrodes to create the hybrid asymmetric supercapacitor (ASC)
device. An electrolyte of potassium hydroxide (KOH) with 1 M
concentration was used, and a Hoffman filter paper served as its
separator. The negative electrode was prepared by combining
AC, PVDF, and acetylene black at a mass ratio of 80:10:10 in
NMP solvent. This mixture was then applied to a 1 cm” porous
Ni-foam piece using a micropipette. Subsequently, the slurry-
coated Ni-foam was dried for eight hours at 80 °C in
a vacuum oven.

2.9 Electrochemical analysis

The electrochemical testing of our material was conducted
using a Gamry three-electrode assembly. In this assembly, our
composites were the working electrodes: Pt wire as counter wire,
and Hg/HgO was used as a reference electrode. 1 M of KOH
solution in DI water was used as an electrolyte. A galvanostatic
charge/discharge (GCD), cyclic voltammetry (CV), and electro-
chemical impedance spectroscopy (EIS) were used to evaluate
the material's and the device's performance. A potentiostat
(Galvanostat, Reference 3000, Gamry Instruments, USA) was
utilized in testing electrodes and determining the cyclic stability
of the device. Using the following formula shown in eqn (1), the
specific capacitance, i.e., Cs of the electrode, was determined
from the cyclic voltammograms.

Ve
I xAV
C, = L/i (1)

mxvxAV

here, V, measured in millivolts per second (mV s '), is the
potential scan rate, m is the mass of the electrode material in
grams, AV indicates the potential operating window, and Cs is
the specific capacitance in farads per gram, and the area under
the CV curve is specified by the integral function. The discharge
curves can be used to calculate the specific capacity (Qs) using
the formula below.

(I x At)

Qs = (2)

where m is the electrode's mass, ¢ is the discharge period, and I
stands for the current density. The following equation was used
to determine specific capacitance from GCD curves using eqn

().

9
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The following eqn (4) and (5), were used to calculate the
device's energy and power densities in watt-hour per kilogram
(W h kg™') and watt per kilogram (W kg™ '), represented by E
and P, respectively.

Cy x V?

E= 3.6 x2 )
3600 x E

P=—a ©)

2.10 Characterization

Scanning electron microscopy (SEM) equipped with energy-
dispersive X-ray spectroscopy (EDS) (EVO 15 equipment from
ZEISS in the United Kingdom) was used to examine the surface
morphologies and elemental composition of the as-prepared
NiCoCu LDH and Co nanocomposite. An XRD LPD diffrac-
tometer from Proto, United Kingdom, was used to analyze
structural properties by X-ray diffraction (XRD) analysis. The X-
ray intensity vs. two theta (26) was obtained using Cu-Ko radi-
ation (A = 1.5418 nm), which covered a range of 10° to 80° for 26
diffraction angle. For electrochemical analysis, a potentiostat
(Galvanostat, Reference 3000, Gamry Instruments, United
States) was utilized. During electrode testing, a three-electrode
assembly containing a Hg/HgO reference electrode and a plat-
inum (Pt) wire counter electrode was used. As previously
mentioned, Ni-foam was used in the fabrication of the device
and the working electrode.

3. Results and discussion
3.1 Microstructure analysis and crystallography

Fig. 2 displays the diffraction patterns of three distinct
composites that have been prepared and analyzed. According to
ref. 46 and 47, diffraction peaks correspond to the (006), (002),
(101), (104), and (101) planes of NiCoCu LDH (A,) can be seen in
the first spectrum at diffraction angles of 21.17°, 26.47°, 33.5°,
35.4°, and 59.81°, respectively.*® On the other hand, in accor-
dance with ref. 49 and 50, the spectrum of C, shows distinctive
peaks of silver citrate at 27.61°, 32.35°, 44.64° attributed to
(111), (200) and (220) planes respectively,™ the broad hump at
20.89°, 25.40°, corresponds to (020), (200) crystal planes of
PANIL,>* and finally the diffraction peaks 26° and 44.64° corre-
sponds to (002) and (100) crystal planes of f-SWCNT. The
diminished intensity is attributed to functionalization of
SWCNTs and also due to very small weight ratio in the C,.*
Notably, as reported in references, the modified composite A,
also showed characteristic peaks at diffraction angles of 26.76°,
33.5° and 59.7° corresponding to (002), (101), and (104) planes
Ao, and at diffraction angles 25.6°, 27.6°, 30.27°, 32.35° and
34.19° corresponding to (200), (111), (003), (200), and (031)
diffraction planes of C,. The absence of a few peaks is likely due
to low crystallinity, amorphous nature, and instrumentation
factors, as reported in several studies.>***

FTIR spectroscopy was used to investigate the bonding in our
SC material as shown in Fig. 3. In the A, and A, spectra, we

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The XRD analyses of the Ag, Cq, and A, electrodes throughout a 26 diffraction angle range of (a) 20° to 80° and (b) 30° to 35°.
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Fig. 3 The FTIR analyses spectra of the Ag, Co, and A, electrodes
throughout a wavenumber range of 500-5000 cm™™.

discovered broad bands at 3552 and 1420 cm ™" wavenumbers
are associated with bond vibration from alcohol hydroxyl
groups.*® While bands located at low frequencies i.e. 783, 605,
519, and 515 cm™ " are associated with the stretching of M-O
vibrations, where M represents Ni, Cu, or Co.*® The bands at
1463 and 1635 cm™ ' in the FTIR spectra of C, are because of
C-C stretching of benzenoid and quinonoid rings while bands
at 1107 and 1000 cm ™" represents C-N stretching of benzenoid
and quinonoid rings of pure PANI. Furthermore, bands at
2924 cm ™' shows O-H bond vibrations of carboxylic acid class,
and C=O0 vibration at 1635 cm ™' was observed because of the
presence of functionalization SWCNTSs. In FTIR spectra of A,, all
M-O bonds along with hydrogen bonding O-H bands of alcohol
were observed, indicating NiCoCu LDH. Moreover, bands at
2924 and 1635 cm ™! are due to the carboxylic acid O-H bond
and C=O vibrations because of functionalized CNTs, while

© 2024 The Author(s). Published by the Royal Society of Chemistry

widely spread band at 3552 cm ™" indicate the overlapping due
to N-H, O-H vibrations, thus conforming with the expected
composition of A,.

Scanning Electron Microscopy (SEM) micrographs and the
Energy Dispersive Spectroscopy’s (EDS) elemental area mapping
of the A, are displayed in Fig. 4(a), (b) and (c1)-(c3). At low
magnification, a uniformly distributed cluster of nanoflakes
with a lateral size of 0.5-1 um can be seen in Fig. 4(a), which
corresponds to a typical layered double hydroxide microstruc-
ture. The image obtained at greater magnification, i.e., Fig. 4(b),
reveals that the NiCoCu LDH nanoflakes are highly nano-
crystallized with thickness in nanomaterial (<100 nm). The
nickel (Ni), cobalt (Co), and copper (Cu) elements are uniformly
distributed throughout the A, material, as confirmed by the EDS
elemental area mapping of the A, sample, see Fig. 4(c1)-(c3);
even dispersion of microstructure ascertains structure's
strengthened compositional integrity. Fig. 4(d) and (e) clearly
demonstrate the unique two-dimensional, plate-like structure
of Ag citrate through A, SEM images, thin tubular structures of
f-SWCNTs, and aggregates of PANI. A combination of Ag citrate
nanosheet-like structure covered with aggregates of amorphous
structure of PANI and 1D tubular structures confirms the nano-
composite formation. The EDS area mapping of the C, sample
is shown in Fig. 4(f1)-(f3), which shows an equitable distribu-
tion of silver (Ag), carbon (C), and nitrogen (N). Similarly,
Fig. 4(g) and (h) show the SEM analysis of A,, which shows the
presence of NiCoCu LDH nanoflakes and Ag citrate nanoplates
covered with particles of PANI and 1D tubular structure of f-
SWCNTs. EDS elemental maps shown in Fig. 4(i1)-(i6)
confirm the presence of Ni, Co and Cu from A, and Ag, C,and N
from C,, thus confirming the physical bonding of LDH with
nanocomposite.

3.2 Electrochemical analysis of three electrode assembly

3.2.1 CV analysis. Using a three-electrode arrangement,
cyclic voltammetry (CV) is carried out on A, and its composites

RSC Adv, 2024, 14, 14438-14451 | 14443
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Fig. 4 SEM images of (a) Ag (low magnification) (b) Ag (high magnification) (d) Cq (low magnification) (e) Cq (high magnification) (g) A, (low
magnification) (h) A, (high magnification) EDS elemental maps of (c1)-(c3) Ag (f1)—(f3) Co (i1)—(i6) A,.

A4, A,, and A; see Fig. 5(a)-(d). The electrolyte used contained
a 1 M solution of KOH, and the voltage range was 0-0.7 V. A 2—
50 mV s~ ' range was used for the scan rate of CV analysis. The
presence of redox peaks in the cyclic voltammetry (CV) curve of
A, shown in Fig. 5(a) indicates the faradaic reaction and elec-
trolyte ions. Faradaic processes governed by Faraday's law show
redox peaks which are primarily linked to M-O/M-O-ON,
where M denotes Ni, Co, or Cu ions and N denotes H or K
ions,***” suggesting that the generated electrode materials were
pseudocapacitive, accompanied by a significantly smaller area
under the curve, which suggests a less specific capacitance. The
peak current increasing and specific capacitance (C;) decreasing
resulted from increasing the scanning rate from 2 to 50 mv s~
is observed in all samples, which is due to insufficient time for
electrolyte ions to interact with the electrode material.
Furthermore, Fig. 5(b) displays a CV of A,, which supports the
synergistic effect of compositing with C,. Though the voltam-
mogram's shape slightly changes after the oxidation peak
potential is reached, the CV curve's larger area under the curve
than A, is indicative of a higher specific capacitance. Incorpo-
rating EDLC-type materials, such as SWCNTs, causes the peak
to expand, indicating hybrid behaviour. Fig. 5(c), which shows

14444 | RSC Adv, 2024, 14, 14438-1445]

the voltammogram of the best-performing sample A,, illustrates
hybrid behavior by showing a similar rise in redox peak spread
due to the larger weight percent of C,. Weight percent ratio
optimization for pristine and C, is supported by the largest
integrated area under the curve of A, out of all samples, indi-
cating enhanced C;. The voltammogram of Az, as seen in
Fig. 5(d), shows that peak broadening persists with additional
Co increment, indicating the retention of hybrid behavior.
However, the integrated area of the CV curve decreased, indi-
cating a lower Cg in comparison to A,, presumably as a result of
a reduced surface area from the agglomeration of composite
material.>®

3.2.2 GCD analysis. To examine the charge-discharge
process behavior, GCD analysis was carried out for each of the
four electrodes; Fig. 6(a)—-(d) shows the results. Fig. 6(a) shows
the discharging profile of A, with a voltage potential window
from 0 V to 0.5 V. The discharging duration of A, is plotted
versus potential (V vs. Hg/HgO) at various current densities
spanned from 0.5 A g " to 6 A g~ '. As we increased the current
density from 0.5 A g~ " to 6 A g . The reduction in discharging
time as the current density increases is related to the limited ion
diffusion rate, which is a commonly observed phenomenon in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Cyclic voltammogram of various samples, i.e., (a) Ao, (b) A, (c) A, and (d) As at scan rates of 2-50 mV s~ .

energy storage devices. As the current density rises, the rate at
which ions can move to and from the electrodes becomes
constrained, leading to shorter discharging durations. There-
fore, during the redox process, charge storage is limited to the
outer active surface of the electrode material. It is important to
note that the A, (LDH) electrode displays a total discharge
duration of 422 seconds. Additionally, Fig. 6(b)-(d) exhibit the
discharging curves corresponding to varying weight percentages
of Ag/f-SWCNTs/PANI added to NiCoCu LDH, as previously
abbreviated: A;, A,, and A;. A; and A; had discharge times of 656
and 616 seconds, respectively, at 0.5 A g~ " of current density,
whereas the composite of interest, A,, showed the highest dis-
charging duration of around 807 seconds.

3.2.3 Comparison analysis. Fig. 7(a) displays the CV
comparison curve for Ay, A, Ay, and A; at 10 mV s~ *. With C,
added (until 10:5), the performance of the composites
increased; A, had the largest integrated area under the CV curve
(10 mV s~') denoting highest specific capacitance as shown in
Fig. S1 of the ESL.{ From GCD analysis we realized that as the
proportion of C, rose above 10 : 5, the composite's performance
began to decline. The nonlinearity in the discharging curves of
the Ay, Ay, Ay, and A; (see Fig. 7(b)), which show conventional
hybrid characteristics exhibiting both faradaic and non-faradaic
processes, provide strong support for the conclusions made in

© 2024 The Author(s). Published by the Royal Society of Chemistry

explaining CV curves. For the same current density of 0.5 Ag™ !,
the A, composite shows a longer discharge time than Ay, A;, and
A;, indicating superior charge storage performance. The
observed extension in discharge time can be ascribed to the
optimal presence of composite materials, likely by the
enhanced conductivity and ion diffusion up to a specific
concentration. However, with a subsequent increase in
composite material, the discharge time diminished, presum-
ably due to agglomeration.>

The effect of C, addition on the electrochemical behavior of
A, was investigated further using electrochemical impedance
spectroscopy (EIS), improved charge transfer kinetics in elec-
trodes was observed across the board. The Nyquist plots of the
electrodes Ay, A, A,, and A; are shown in Fig. 7(c) and S2 of the
ESI,T where the high-frequency zone is represented by arcs and
the low-frequency region by linear forms. The curve at high
frequency represents the contact resistance of the electrode, the
ionic resistance of the electrolyte, and the internal resistance of
the active material. Higher capacitance retention is a result of
rapid electron transfer caused by A,'s low R.. According to this
result, there are more conductive transmission pathways avail-
able for electron transport when C, is added. Warburg imped-
ance (W), represented by the slope in the low-frequency zone,
shows capacitance properties having lower values for A, than A,

RSC Adv, 2024, 14, 14438-14451 | 14445
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Fig.6 GCD analysis discharge curves at potential window of 0.5 V of (a) Ao, (b) Ay, (c) A, and (d) As at current densities from 0.5Ag tto 6 Ag™™.

and A;. EIS fitted values, i.e., R,, R., and W for three electrodes,
are shown in Table 2.

The A, composite exhibits the highest specific capaci-
tances of the three electrodes, as shown in Fig. 8, and has the
longest discharge time, indicating superior charge storage
performance. The peak capacitance of A, is 807 F g~* (at
0.5 A g ), as derived from eqn (3). In addition, as shown in
Fig. S1 of the ESI,T the specific capacitance derived from CV
curves using eqn (1) shows a similar trend, i.e., comparably

higher specific capacitance for the A, sample. The specific
capacitance of an electrode material decreases gradually due
to the limited time available for electrolytic ions to diffuse
throughout the electrode structure. Notably, even beneath
high current densities (300 F g~" at 6 A g™ '), the electrodes,
especially A,, maintained their specific capacitance and
demonstrated superior performance overall, highlighting its
exceptional capacitance retention. Table 3 further distinctly
delineates the significance of the present study, as the specific

50
— A O
— 1]
— A2 40
—A3
E 30
=
e
N 20

d ®

0.5
)
o0
=
< =
= z
e
=
<
5
~

(a)
010 . A . A . . : ! N
00 01 02 03 04 05 06 07 08 0 200
Potential(V vs Hg/HgO)
Fig. 7 (a) Cyclic voltammograms at a specified scan rate, i.e., 10 mV s™,

Nyquist plots of Ag and its composites A, Ao, and Az,
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Table 2 Pristine and composite electrodes with varying resistance
values (of Rs, R, and W), using an EIS-fitted solution

Electrode materials R, (ohms) R (ohms) W (ohms)
Ay 0.00009 3.502 0.00019
Ay 0.92630 3.807 0.06183
A, 2.508 3.422 0.006
A; 1.51100 1.802 0.02566
1000
== Ao
—9—Al
800 |- - A2
——A3

600

400

200

Specific Capacitance (F/g)

Current Density (A/g)

Fig. 8 Comparison of specific capacitance for
composites.

pristine and

capacitance attained surpasses that of other documented
research efforts.

3.3 Electrochemical analysis of asymmetric supercapacitor
device

3.3.1 CVand GCD analysis. To evaluate the electrochemical
performance of A, in practical applications, an asymmetric
device was made using A, as positive electrode material and AC
as negative material partitioned by filter paper dipped in a KOH
solution (1 M). Electrochemical studies such as GCD, CV, and
EIS were conducted. For the AC electrode, CV was performed
using alternating current in the potential range of 0 to —1 V,
resulting in a rectangular cyclic voltammogram, which indi-
cates the behavior of a double-layer capacitance. Conversely,
Fig. 9(a) illustrates that the A, electrode's cyclic voltammogram
clearly displayed redox peaks between 0 and 0.7 V, indicating
a hybrid behavior. A series of cyclic voltammetry (CV) curves was
obtained at a scan rate of 30 mV s~ ' under different potential
windows to determine the optimal operating voltage for the

View Article Online

RSC Advances

A,||AC device. The stable electrochemical performance of the
device can be extended to 1.7 V, suggesting that the assembled
system has real world application potential as shown in
Fig. 9(b). This allowed for the assessment of the optimal
working voltage. Hence, a potential window of 0 V to 1.7 V was
used for scan rates varying from 3 mV s~ to 100 mV s~ ', shown
in Fig. 9(c). The CV curve of AC||A, shows a consistent quasi-
rectangular profile at varying scan rates, which indicates
a hybrid charge storage mechanism. This indicates that there
are quick and reversible charge storage processes linked with
EDLC. However, any changes or sloping areas in the curve at
increased scan rates could suggest the involvement of pseudo-
capacitance from redox reactions or surface-bound charge
storage processes.®® The retention of the CV (see Fig. 9(c)), as
well as GCD curves (see Fig. S3 in ESIt) at varying scan rates and
potential windows, respectively, ascertain high reversibility and
exceptional overall electrochemical performance of our asym-
metric device by storing and delivering energy reliably over
multiple charging and discharging cycles.®® Fig. 9(d) shows the
GCD analysis of the AC||A, device at different current densities
varying from 1.5 A g~ ' to 14 A g " using a potential window of
1.7 V. The discharge time at 1.5 A g~ ' was used to calculate the
energy density and power density of the AC||A, device using eqn
(4) and (5); calculations revealed 62.15 W h kg™ energy density
and 1275 W kg~ " power density at a current density of 1.5 Ag ™.
At14 Ag", it showed 22.44 W h kg™ of energy density and 11
900 W kg * of power density.

3.3.2 Specific capacitance, Ragone plot, stability, and
impedance analysis. Fig. 10(a) demonstrates the A,||AC device's
specific capacitance trend as determined by spanning current
densities from 1.5 A g~ " to 14 A g~ ". Fig. 10(b) indicates the
Ragone plot depicting the power and energy density values at
various current densities. To assess the practical performance
of the ASC device, it was charged and discharged for 4000 cycles
at a current density of 14 A g~ ', which showed cyclic stability of
up to 100% and coulombic efficiency of up to 95% as shown in
Fig. 10(c). The Nyquist plots for the built device, displaying the
EIS spectra of the first (before) and after life cycle test, are
shown in Fig. S4(a) and (b) in the ESL.} As anticipated, the
device showed a straight line in the low-frequency zone which
represents the Warburg diffusion element, reflecting the
diffusion-limited processes. On the other hand, a semicircle in
the high-frequency region corresponds to the charge transfer
resistance. The semicircle diameter measurements indicated
a brief path traveled by an electron or ion due to the low cell
resistance prior to cycling. The longer ion/electron transport

Table 3 Shows the comparison of current research in light of previous works

Materials Method of synthesis Specific capacitance Electrolyte Ref.

3D Co-Al-LDHs Hydrothermal 801@5A g " 2 M KOH 60
CNTs/CoNiFe-LDH Hydrothermal 170.6@1 A g " 6 M KOH 61
NPCs-2-700 Carbonization/activation 341@1Ag " 6 M KOH 62

Ce doped NiCo-LDH/CNT Hydrothermal 187.2@1A¢g " 1 M KOH 63
CoFe-LDH@ZnO®@CC Hydrothermal 299.8@2 A g™ 1 M Na,SO, 64
NiCoCu-LDH/CNT/PANI/Ag Hydrothermal at 120 °C for 12 h 807 Fg '@0.5A¢g " 1 M KOH This work

© 2024 The Author(s). Published by the Royal Society of Chemistry
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channel was later discovered by the EIS spectrum, as seen by the
increased charge transfer resistance. Similarly, the Nyquist
plot's high line gradient in the low-frequency zone prior to
cycling indicated low interfacial diffusion resistance (rapid ion
diffusion and mass transport at the electrode/electrolyte
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interface).®” As a result, the device's charge transfer resistance
values were obtained from the Nyquist plots as R, = 2.048 Q
(before) and R, = 157.2 Q (after).

3.3.3 Device's behavior analysis. The study of diffusive and
capacitive behavior required the calculation of b-values from
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Fig. 10 (a) Specific capacitance at different current densities (b) Ragone plot (c) cyclic stability for 4000 cycles at a current density of 14 A g~* of
AC||A; device.
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the CV curves using the power law equation represented by
eqn (6).

i=a’ (6)

In the above equation, which represents the relationship
between the electric current (i), scanning rate (v), and adjustable
factors (a and b), the gradient value is represented by the symbol
b. Applying a logarithmic transformation to both sides of the
eqn (6) allows for the analysis of the relationship between i and
v, which is beneficial for understanding underlying behavior
through eqn (7)

log(i) = log(a) + blog(v) (7)

Parameter b spans three different intervals: (i) 1 denotes
a supercapacitor; (ii) 0.5 denotes a battery-grade caliber mate-
rial; and (iii) a value between 1 and 0.5 represents a mixed
nature of the device. Fig. 11 provides a visual representation of
the entire evaluation of b coefficients. Upon careful analysis,
b coefficients are distributed between 0.5 and 1 (see Fig. 11). It
emphasizes the simultaneous occurrence of both faradaic and
non-faradaic responses, therefore capable of accommodating
both high power delivery (supercapacitor-like behavior) and
high energy density (battery-like behavior), hence attesting to
a hybrid charge storage mechanism. The determined b coeffi-
cients substantiate our postulation of a coupled hybrid super-
capacitor arrangement.

4. Conclusion

In conclusion, the integration of layered double hydroxides
(LDH) and highly conductive materials has shown significant
promise in bridging the energy and power density disparities
within energy storage technologies. Through the synthesis and
evaluation of four distinct electrodes, this study has demon-
strated the exceptional electrochemical properties of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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optimal electrode, through specific design and composition,
allowing for improved charge storage capabilities and overall
efficiency in supercapacitor applications, notably achieving
specific capacitances of 807 F g ' at 0.5 A g™, twice as high as
those of pure samples. The assembled A,/AC ASC device
showcased impressive energy densities of 62.15 W h kg™* and
22.44 W h kg™, corresponding to power densities of 11 900 W
kg " and 1275 W kg™, respectively, while maintaining high
coulombic efficiency of 95% and operational capacity over four
thousand cycles. The characterization of the power law further
supports the proposition of a hybrid-grade supercapacitor, with
b-values falling in the range of 0.5 to 1.
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