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Abstract
In this study, tannin-derived porous carbon (TAC) with different microstructures was prepared via a microwave hydro-
thermal method, followed by KOH activation. Subsequently, the sea urchin–like NiCo-LDH/Tannin-derived carbon-based 
microsphere composite materials were rationally synthesized through a single-step microwave hydrothermal co-assembly 
process. The physicochemical characteristics and supercapacitive performance were systematically analyzed. TAC with a 
microspherical structure promoted and controlled the growth of LDHs, resulting in a more regular sea urchin–like structure, 
improved dispersibility, reduced resistance, and increased active sites. NiCo-LDH@TAC600-0 (without KOH activation) as 
an electrode material delivered a specific capacitance (Cs) of 1250 F  g−1 at 1 A  g−1 and 1035 F  g−1 at 10 A  g−1, with a rate 
performance of 82.8%. The asymmetric supercapacitor device using NiCo-LDH@TAC600-0 and TAC provided an energy 
density of 30.8 Wh  kg−1 at 800 W  kg−1 and a capacitance retention rate of 72.5% after 5000 cycles. This study offers a novel 
approach to enhancing NiCo-LDH properties for efficient energy storage.

Keywords Tannin · Porous carbon · Carbon microspheres · Layered double hydroxides · Supercapacitor · Electrochemical 
performance

1 Introduction

The increasing global demand for energy and heavy reliance 
on non-renewable resources pose significant challenges for 
sustainable development. To address this, research is advanc-
ing in diverse energy storage and conversion technologies 
[1–5]. These technologies not only offer alternative approaches 

for energy generation but also hold promise for integration 
into various environmental applications [6, 7]. However, chal-
lenges remain in enhancing efficiency, scalability, and cost-
effectiveness. Therefore, new sources of energy such as solar 
and wind power need to be explored and optimized in order 
to address this looming energy crisis [8, 9]. However, it needs 
to be pointed out that the biggest hurdle in the utilization and 
development of renewable energy sources is the lack of con-
tinuity and reliability in their supply, which is dependent on 
climatic and geographical conditions [10]. Thus, the develop-
ment of efficient energy storage devices is perhaps one of the 
most effective strategies that can be adopted to circumvent this 
problem. Currently, electrochemical energy storage devices are 
viewed as the most effective and practically feasible energy 
storage devices and are extensively used for various applica-
tions [11]. Traditional energy storage technologies often strug-
gle with limitations such as low power density and limited 
cycle life, which hinder their application in modern energy 
systems. Therefore, supercapacitors (SCs) have attracted sig-
nificant attention from the scientific community due to their 
high charging/discharging efficiency, excellent power density 
(Pd), and extended life cycles [12, 13].
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Supercapacitors are broadly classified into electric double-
layered capacitors and pseudocapacitors [14–18]. The former 
class of SCs mostly employs carbon-derived materials for the 
construction of its electrodes [19], such as graphite, carbon 
nanotubes, activated carbon, and carbon fibers. Such materi-
als utilize their surface and hierarchical structure to physically 
adsorb electrolytic ions for energy storage applications and usu-
ally provide high life cycles and large power densities. How-
ever, the theoretical capacitance and energy density (Ed) values 
offered by these materials are relatively low [20–23], far from 
meeting the requirements of future energy systems. In compari-
son to the carbon-based materials, electrode materials that are 
typically used in pseudocapacitors such as conductive polymers, 
transition metal oxides, hydroxides, and sulfides exhibit higher 
Ed and theoretical capacitance values based on the Faraday reac-
tion by storing energy through the redox reaction during the dis-
charging/charging process [24–27]. Layered double hydroxides 
(LDHs) [28, 29] are comprised of water molecules, positively 
charged metal layers, and interlayer anions. They offer tunabil-
ity of their chemical compositions, a high oxidation–reduction 
capability, as well as strong intercalation and anion exchange 
abilities. Thus, they are promising contenders to be used as 
electrode materials. The material NiCo-LDH [30, 31] has been 
studied extensively owing to its unique structure and high theo-
retical specific capacitance (Cs). However, its practical imple-
mentation for the development of supercapacitive devices has 
so far been restricted owing to several problems including seri-
ous agglomeration, large volume change, and poor conductivity 
[32]. These factors seriously limit the transport of electrons and 
diffusion of electrolytic ions in NiCo-LDH. Therefore, NiCo-
LDH falls quite short of achieving its theoretical capacity value 
and exhibits poor cycling stability during practical applications 
[33]. Previous studies have explored various combinations of 
NiCo-LDH with high-conducting materials (including polypyr-
role nanotubes, carbon nanotubes, MXene, graphene oxide, and 
porous carbons) [34–38] for the preparation of LDH/carbon 
composites with excellent values of Cs and cyclic stability, in 
order to address these concerns. However, the high cost limits 
the large-scale application of these materials.

Biomass-derived porous carbons (including activated 
carbons, carbon microspheres, and carbon fibers) that are 
extracted from wood, bamboo, plant flowers, walnut shells, 
chicken bone, and lignin hold the greatest potential to be 
used as an electrode material for SCs. This is due to the fact 
that not only are they widely sourced, and low in cost but 
also exhibit a large specific surface area (SSA), excellent 
porosity, and stable physicochemical properties [39, 40]. 
Among them, carbon microspheres offer a unique structure. 
In this regard, carbon microspheres synthesized through 
the solvothermal technique are particularly interesting, as 
their highly porous surface contains rich oxygen-containing 
functional groups, which allows direct attachment of other 
functional groups or materials onto their surface without 

any further modification to obtain high-performance elec-
trode materials [41–43]. Tannin is a biomass derivative and 
is abundantly found in higher plants. It also has a wide range 
of other sources and is commercially available at low prices. 
It is well known that tannin is the most abundant compound 
obtained from biomass materials after lignin, cellulose and 
hemicellulose. This substantiates it as a renewable, green, 
economical, and nontoxic source for obtaining carbon-based 
microsphere materials. Moreover, it naturally consists of 
phenolic biomolecules that contain aromatic ring-bearing 
hydroxyl groups. Thus, this makes tannin a high carbon-con-
taining material, and therefore a highly attractive source for 
the preparation of carbon-based microsphere materials [44].

In this work, the biomass material areca tannin was uti-
lized as the precursor owing to its natural composition that 
contains phenolic biomolecules. The porous carbon micro-
spheres were synthesized through hydrothermal carboniza-
tion, followed by the KOH activation process. The micro-
wave hydrothermal method that was employed was more 
unevenly with high efficiency due to the inside-to-outside 
heating process in comparison to the conventional hydro-
thermal technique [45]. Therefore, the NiCo-LDH@TAC 
composite electrode materials were synthesized further, 
employing the microwave hydrothermal method as well. The 
porous carbon microspheres can lower the resistance sub-
stantially and effectively avoid the reaggregation of NiCo-
LDH. This provides a 3D framework with a high number of 
active sites and stability of the redox reactions. The impact 
of morphology and porosity of two different tannin-based 
carbons on the chemical properties, electrochemical perfor-
mance, microstructure and pore structure of the synthesized 
composite electrode materials was studied systematically.

2  Experimental section

2.1  Materials

Areca tannin (condensed tannin with a mass frac-
tion = 70 ± 2.0% and moisture content = 4–5%) was obtained 
from Xinhua Co., Ltd., whereas KOH (with purity equal to 
85%), HCl (with a mass fraction ranging from 36 to 38%), Co 
 (NO3)2·6H2O, Ni  (NO3)2·6H2O, ethylene glycol (EG) and urea 
were sourced from Shanghai Aladdin Biochemical Co., Ltd. 
Additionally, Ni foam, acetylene black and PVDF were pro-
cured from Cyber Electrochemical Materials Network. Further-
more, N-Methyl-2-pyrrolidone (NMP, N-methylpyrrolidone) 
was acquired from Tianjin Zhiyuan Chemical Reagent Co., Ltd.

2.2  Synthesis of tannin porous carbons

The details of the synthesis process for tannin-based porous 
carbon (TAC) materials can be found in a previous study 
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[44]. The mixture of tannin and water was placed in a micro-
wave hydrothermal reactor to obtain hydrothermal carbon 
(MHTC). Thereafter, the prepared MHTC sample was mixed 
with KOH for activation at a temperature of 600 ℃ with an 
alkali/carbon (KOH/MHTC) mass ratio equal to 2 (denoted 
as TAC600-2). The control sample prepared without the 
addition of any KOH during the pyrolysis process was des-
ignated as TAC600-0.

2.3  Preparation of the NiCo‑LDH@TAC composite 
electrode material

Firstly, 1-mmol mixtures of Co  (NO3)2·6H2O and Ni 
 (NO3)2·6H2O were added to a 60-mL aqueous solution 
containing 30% EG, which was then stirred vigorously 
for 5 min. Thereafter, 0.035 g of the TAC powder was 
added and then stirred for another 5 min. Finally, 1.5 g 
of urea was introduced as the precipitation agent, and the 
prepared solution was poured into a 100-mL hydrothermal 
synthesis reaction kettle followed by 50 min of intense 
stirring. The microwave hydrothermal reaction (XH-800S, 
Beijing Xianghu Co., Ltd, China) was carried out at a 
temperature of 120 ℃ for 30 min. The prepared composite 
material was taken out after completion of the reaction and 
centrifuged at 8000 rev/min for 5 min to separate out the 
obtained material from the solvent. The obtained material 
was then washed with 30% EG aqueous solution multiple 
times and dried within a vacuum oven for 12 h at 65 ℃. 
The prepared materials were designated as NiCo-LDH@
TAC600-0 and NiCo-LDH@TAC600-2 based on the TAC 
samples that were used. The pure control sample that was 
synthesized under the same test conditions was denoted 
as NiCo-LDH (Fig. 1).

2.4  Materials characterization

The structure and surface morphology of the materials were 
studied via a Hitachi S3400 scanning electron microscope 
(SEM), as well as a JEM-2100 high-resolution transmis-
sion electron microscope (HRTEM) from JEOL, operating 
at 200 kV. An AXIS Ultra X-ray photoelectron spectrom-
eter (XPS) was employed to determine the chemical com-
position of the obtained specimens. A Bruker X-ray powder 
diffractometer (XRD) with Bragg–Brentano geometry was 
employed to investigate the planar structure of the materials. 
The specific surface area (SBET), total pore volume (V0.99), 
micropore volume (Vmicro), and mesopore volume (Vmeso) 
values were determined through the  N2 desorption/adsorp-
tion analysis [31, 36, 44].

2.5  Electrochemical characterization

The NiCo-LDH@TAC sample, PVDF and acetylene black 
were added together with a mass ratio equal to 8:1:1 and 
then granulated in an agate mortar for 5 min till an even dis-
tribution was achieved. Thereafter, an appropriate quantity 
of NMP was added and the resultant mixture was ground for 
an additional 5 min to form a uniform slurry. The obtained 
slurry was then evenly spread onto the Ni foam support (with 
dimensions of 1 cm × 2 cm) and finally dried within a vac-
uum oven for 12 h at 85 °C to prepare a working electrode 
for electrochemical testing. A 3-electrode system was then 
assembled using a working electrode, a saturated calomel 
utilized as the reference electrode, and a Pt-sheet acting as 
the counter electrode in a 6 M solution of KOH. The cyclic 
voltammetry (CV) plots were then obtained within a voltage 
range spanning from 0 to 0.55 V at ambient temperature, 
using a Zennium electrochemical workstation from Zahner. 

Fig. 1  Schematic diagram illustrating the synthesis scheme employed for the preparation of NiCo-LDH@TAC materials
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Additionally, constant current discharge/charge (GCD) plots 
were obtained in a voltage range from 0 to 0.5 V, whereas 
electrochemical impedance spectroscopy (EIS) readings 
were obtained in the frequency window spanning from 
10 mHz to 100 kHz. These results were then analyzed to 
determine the electrochemical characteristics of the synthe-
sized composites. The value of Cs was calculated from the 
data provided by the GCD measurements using the follow-
ing mathematical relationship:

where I (A) denotes the discharge current, m (g) refers to 
the mass of the active substance, ΔV (V) corresponds to 
the voltage window and Δt (s) refers to the discharge time.

The Nicko-LDH@TACS electrode was utilized as the 
positive electrode, whereas the TAC electrode acted as the 
negative electrode. The asymmetric supercapacitor (ASC) 
was assembled in a 6 M solution of KOH. Electrochemical 
tests were then performed on this prepared supercapacitive 
device. The cathode-to-anode mass ratio was obtained using 
the following relationships: 

The variables marked with the ‘ + ’ symbol refer to 
parameters associated with the positive electrode material 
whereas the ‘ − ’ symbol corresponds to the negative elec-
trode. The values of Ed and Pd for the samples were evalu-
ated by employing the following formulae:

3  Results and discussion

3.1  Analysis of morphological, chemical 
and structural characteristics

The microstructures of the synthesized samples were char-
acterized using SEM. The captured images are provided in 
Fig. 2a–h. Even though the porous carbon was acquired as 
a carbon unit consisting of stacked microspheres through 
microwave-assisted hydrothermal treatment and subse-
quent pyrolysis process without KOH addition, it still 
exhibited a somewhat smooth surface, quite similar to 
other biomass-based hydrothermal carbon materials, as 

(1)Cs = (I × Δt)∕(m × ΔV)

(2)q+ = q−

(3)q = mCΔV

(4)m + ∕m− = CΔV − ∕CΔV+

(5)Ed = (C × V2) ∕7.2

(6)Pd = (Ed × 3600 )∕Δt

shown in Fig. 2a [41, 43]. However, KOH activation treat-
ment (refer to Fig. 2b) resulted in increased roughness on 
the surface of the TAC600-2 sample and multiple pore 
structures started to appear while completely breaking 
the microsphere structures. It is clearly shown in Fig. 2c 
and d that the NiCo-LDH sample that was prepared via 
the microwave-hydrothermal method was composed of 
spherical structures formed by densely stacked nanosheets 
and nanorods. The NiCo-LDH@TAC600-0 sample dis-
played a more regular spherical structure, as depicted in 
Fig. 2e. More importantly, as the nanoneedle-like LDH 
that was anchored onto the carbon microspheres of the 
TAC600-0 sample (see Fig. 2f), it resulted in a structure 
that appeared similar to that of a sea urchin, which has a 
more flexible structure. This special composite structure 
efficiently prevented the aggregation of the nanoparticles, 
thereby effectively mitigating the structural degeneration 
issue. In addition, this structure provided more active sites, 
which substantially reduced the charge transfer resistance 
(Rct). It also led to improvement in the capacitance and 
rate performances (RPs) of the prepared materials [31]. 
The microscopic structures of the NiCo-LDH@TAC600-2 
sample are shown in Fig. 2g and h. The LDH-coated acti-
vated carbon sample of TAC600-2 exhibited a higher num-
ber of folded and curved sheet structures with a very small 
number of irregular spherical structures, as can be seen 
in the figures. It can clearly be observed that the LDH 
had successfully been anchored onto this irregular carbon 
TAC600-2 sample. It can be deducted from the results 
that part of the LDH must have extended into the pore 
structure, thus inhibiting the formation of LDH micro-
spheres. A large number of irregular composite structures 
and thick nanosheets lead to obvious stacking, which 
is not conducive to the exposure of active sites and the 
electron transport mechanism. It negatively impacts the 
electrochemical efficiency of the material. The acquired 
TEM images for the NiCo-LDH@TAC600-0 composite 
are shown in Fig. 2i–l, which provide further evidence 
that LDH forms a regular sea urchin-like structure with 
TAC600-0 carbon microspheres acting as the core. The 
scanned HRTEM image for the NiCo-LDH@TAC600-0 
composite is provided in Fig. 2k, from which the aver-
age lattice spacing between the (003) crystal planes was 
observed to be 0.79 nm [46]. The selected electron dif-
fraction (SAED) image is provided in Fig. 2i. Diffraction 
rings representing the (003) and (101) crystal planes of 
NiCo-LDH are clearly shown in the figure, which indicates 
that the prepared LDH had a polycrystalline structure [47]. 
The measured TEM–EDX spectra for the NiCo-LDH@
TAC600-0 sample revealed that there were five main ele-
ments (O, C, Ni, N and Co) present in the composite mate-
rial and that all the elements were distributed uniformly 
throughout the sample.
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The nitrogen desorption/adsorption isotherms (see 
Fig. 3a) along with the pore size distribution data (see 
Fig. 3b) revealed that both the TAC600-0 and TAC600-2 
samples were mainly composed of micropores. However, 
the micropores in these samples increased significantly as 
a result of KOH activation, which is also quite consistent 
with the SEM results. The obtained PSD curves provided in 
Fig. 3b confirmed that all the pores were less than 1.5 nm in 
size for both samples. Furthermore, pore structures of the 
NiCo-LDH and NiCo-LDH@TAC composites were exam-
ined and the obtained results are provided in Fig. 3c and d. 
All isotherms in Fig. 3c corresponded to the typical type 
IV with H3-type hysteresis loops in accordance with the 
IUPAC classification, which indicated that all the materi-
als were primarily mesoporous. The pore size in all three 
materials including NiCo-LDH, NiCo-LDH@TAC600-0, 
and NiCo-LDH@TAC600-2 predominantly ranged from 1 
to 100 nm, as demonstrated by the PSD curves in Fig. 3b. 

This observation was consistent with the findings presented 
in Fig. 3a. The values of SSA and pore volume for the 
TAC600-0 sample were found as 453.69  m2  g−1 and 0.23 
 cm3  g−1, respectively. These values increased to 733  m2  g−1 
and 0.35  cm3  g−1, respectively, for the TAC600-2 sample 
with KOH activation. A summary of these texture param-
eters is provided in Table 1. The SSA values for the samples 
NiCo-LDH, NiCo-LDH@TAC600-0, and NiCo-LDH@
TAC600-2 were quite close to each other, with values equal 
to 51, 56 and 51  m2  g−1, respectively. This observation in 
combination with the microscopic morphology results for 
the NiCo-LDH, and NiCo-LDH@TAC composites (see 
Fig. 1) confirmed that the rod, needle, or sheet structure of 
the nanostructure had coated the microspheres and carbon 
fragments of the TAC to form the core during the composite 
forming process. The pore structure of TAC was blocked as 
the nano-size LDH grew into it and then spread continu-
ously. Therefore, differences in the value of SSA for the 

(a) (b) (c) (d)

(h)(g)(f)(e)

(i)

(m)

(j) (k) (l)

Fig. 2  Morphologies of (a) TAC 600-0, (b) TAC 600-2, (c–d) NiCO-
LDH, (e–f) NiCo-LDH@TAC 600-0, and (g–h) NiCo-LDH@TAC 600-2. 
(i–j) The obtained TEM, (k) SAED, and (l) HRTEM images for the 
NiCo-LDH@ACF-120 material. (m) The acquired EDS spectra for 

the NiCo-LDH@TAC 600-0 sample with the following color codes for 
the different elements it contained: C (red), N (green), O (purple), Ni 
(blue), and Co (yellow)
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three materials NiCo-LDH, NiCo-LDH@TAC600-0, and 
NiCo-LDH@TAC600-2 can only be ascribed to the different 
morphologies and pore structures of their outer coated LDH. 
It was the sea urchin-shaped NiCo-LDH@TAC600-0 sample 
that offered the best structural morphology and the high-
est number of active sites. Therefore, it offers the greatest 
potential for achieving high electrochemical performance.

The phase composition and crystal structure of the 
NiCo-LDH and NiCo-LDH@TAC composites were exam-
ined using XRD characterization. All three samples exhib-
ited intense diffraction peaks at 2θ values equal to 12.3°, 
24.8°, 33.1° and 59° corresponding to the planar direc-
tions of (003), (006), (101) and (110) in the NiCo-LDH 

nanosheets, as shown in Fig. 4a [48]. No other peak was 
observed for either of the samples. The characteristic peaks 
of porous carbon appearing at 2θ values of 22° and 42° 
were quite insignificant, which suggested that the surface of 
the NiCo-LDH@TAC composite was constituted of almost 
pure NiCo-LDH. It proved that the nanoleaflets and nanorod 
metal hydroxides formed a fully coated structure with TAC 
as the core to produce a core–shell structure, which was also 
consistent with the SEM and pore texture results. 

Furthermore, FTIR tests were performed on all samples 
in order to determine the functional groups present at their 
surfaces. The results of this characterization are presented 
in Fig. 4b. The figure clearly shows that characteristic peaks 

Fig. 3  (a, c) The acquired  N2 desorption/adsorption isotherms and (b, d) PSD curves for the prepared composites

Table 1  Pore structure 
parameters of LDH and LDH 
@ TACs

Samples SBET
(m2  g−1)

V0.99
(cm3  g−1)

VDR
(cm3  g−1)

L0
(nm)

VDR/  V0.99 Vmeso
(cm3  g−1)

TAC 600-0 453.69 0.23 0.180 0.87 0.79 0.05
TAC 600-2 733.00 0.35 0.290 0.68 0.84 0.06
LDH 51.00 0.19 0.019 5.27 0.10 0.17
LDH@TAC 600-0 56.00 0.16 0.020 1.71 0.13 0.14
LDH@TAC 600-2 51.00 0.18 0.018 5.60 0.11 0.16



Advanced Composites and Hybrid Materials           (2025) 8:215  Page 7 of 15   215 

of all samples remained consistent and appeared at the 
same wavenumber values. This confirmed the successful 
formation of the core–shell structure and the encapsula-
tion of TAC by LDH. The corresponding elemental per-
centage compositions are given in Table 2. These results 
matched well with the SEM and XRD analyses. The two 
peaks appearing at 465 and 521  cm−1 in the spectra of the 
NiCo-LDH and NiCo-LDH@TAC samples corresponded 
to the stretching vibrations of the Ni–O and Co–O bonds 
as well as the stretching vibrations of the bonds Ni-OH 
and Co–OH. This verified the successful preparation of the 
LDH material through the microwave hydrothermal method. 
The small peak observed at 1384  cm−1 was associated to 
the  NO3− vibrations. The peak found at 1610  cm−1 can be 
linked to the water molecules contained within the micro-
structure of the material, whereas the small peak appearing 
at 1485  cm−1, and the strong absorption band appearing at 
2241  cm−1 corresponded to the interlayer anion  CO3

2− and 
CNO species of LDH, respectively [49–51]. The appear-
ance of CNO can be attributed to the incomplete decom-
position of the added precipitant urea [52]. The peaks 
found at 3498.8 and 3636.7  cm−1 were associated to the 
-OH stretching vibrations, which in turn were also primar-
ily linked to the moisture attached to the surface of the 
prepared material [53]. These observations together with 

the XRD results indicated that the NiCo-LDH and the 
NiCo-LDH@TAC composites were prepared successfully 
employing the microwave hydrothermal method and that 
the  CO3

2− and  NO3− ions were embedded into the metal 
layer. The elemental composition of the material surface 
as well as the chemical states were further analyzed using 
XPS characterization. The XPS spectra acquired for all 
samples are presented in Fig. 5. The full XPS spectrum is 
provided in Fig. 5a. The elemental analysis further indicated 
traces of the Ni, Co, O, C, and N elements in the obtained 
samples, consistent with the TEM mapping analysis based 
on Fig. 2. The high-resolution (HR) spectrum of C 1 s 
(refer to Fig. 5b) revealed four peaks located at 283.8 eV, 
285.3 eV, 287.0 eV and 288.1 eV and were associated to 
the C–C, C-O/C-N, C = O and O-C = O bonds [54], respec-
tively. The peaks were fitted using Gaussian functions. The 
peak observed at 397.4 eV in the HR spectrum of N 1 s 
(see Fig. 5c) was ascribed with the C-N bond, whereas the 
peak found at 398.8 eV was associated to the N–H bond 
[55]. Three peaks at 530.2 eV, 531.0 eV and 532.2 eV were 
found in the HR spectrum of O 1 s, as shown in Fig. 5d. 
They were attributed to metal oxides [56] (such as Ni–O 
and Co–O), the OH- bond, and chemically adsorbed oxygen 
[57], respectively. The HR XPS spectrum for Ni 2p was fit-
ted using two spin-orbital and two vibrational satellite peaks 
(labeled “Sat.”), as depicted in Fig. 5e. The two prominent 
peaks observed at 855 eV and 872.6 eV had a spin energy 
difference equal to 17.6 eV and were associated to the Ni 
2p3/2 and Ni 2p1/2 orbitals, respectively. This result was 
indicative of the spin-orbital characteristics of  Ni2+ ions in 
NiCo-LDH. Two vibrational satellite peaks were found at 
878.5 and 860.6 eV, which provided further evidence of the 
presence of  Ni2+ ions within the NiCo-LDH nanosheets. 
The HR spectrum of Co 2p (refer to Fig. 5f) confirmed the 

Fig. 4  (a) The acquired XRD and (b) FTIR spectra for the NiCo-LDH, and NiCo-LDH@TAC samples

Table 2  Element content of LDH and LDH@TACs

Samples C
(%)

O
(%)

N
(%)

Ni
(%)

Co
(%)

NiCo-LDH 45.52 36.31 4.57 6.34 7.26
LDH@TAC600-0 34.40 41.98 5.30 9.71 8.60
LDH@TAC600-2 43.55 36.47 5.26 8.15 6.57
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presence of two satellite peaks (785.1 eV and 801.6 eV) 
and two spin-orbital peaks that were observed at 780.9 (Co 
2p3/2) and 796.3 eV (Co 2p1/2). The low intensity of the 
two satellite peaks suggested the coexistence of  Co2+ and 
 Co3+ ions within NiCo-LDH. The peaks appearing at 796.7 
and 781.2 eV were associated to the  Co2+ ions, whereas the 
peaks observed at 795.4 and 779.1 eV were associated to 
the  Co3+ ions [58].

3.2  Electrochemical performance

The electrochemical properties of the obtained materials 
were analyzed through GCD, EIS and CV measurements 

using a 3-electrode configuration in a 6 M electrolytic solu-
tion of KOH. The CV plots for the pure NiCo-LDH, as well 
as both the NiCo-LDH@TAC composite specimens, were 
acquired at a scan rate (v) of 5 mV  s−1 and are provided 
in Fig. 6a. A distinct pair of redox peaks appeared for all 
samples in the voltage window spanning from 0 to 0.55 V. 
This suggested that the capacitive contribution of the NiCo-
LDH@TAC composite electrode mostly came from Faraday 
pseudocapacitance. The pseudocapacitive behavior can be 
attributed to the following reactions [31, 49]:

(7)Ni(OH)
2
+ OH− = NiOOH + H

2
O + e−

Fig. 5  (a) The acquired XPS 
full survey spectra. The meas-
ured XPS spectra for the (b) C 
1 s, (c) N 1 s, (d) O 1 s, (e) Ni 
2p, and the (f) Co 2p orbitals
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It should be noted that the CV plots of all NiCo-LDH@
TAC samples exhibited a smaller gap between the reduc-
tion and the oxidation in comparison to the pure NiCo-LDH 
sample, which indicated better reversibility of the redox 
reactions for the prepared composite [59]. Almost all of 
the GCD plots provided in Fig. 6b maintained high sym-
metry at a current density (Id) of 1 A  g−1. The NiCo-LDH@
TAC600-0 sample provided the highest value of Cs equal to 
1250 F  g−1, followed by NiCo-LDH@TAC600-2 and NiCo-
LDH with values of 1120 and 1022 F  g−1, respectively. 

(8)Co(OH)
2
+ OH− = CoOOH + H

2
O + e−

(9)CoOOH + OH− = CoO
2
+ H

2
O + e−

Interestingly, the pores of TAC were mostly concentrated in 
the micropores following KOH activation treatment accord-
ing to a previous study, where the pore size distribution 
moved to the higher end with an increase in the number of 
micropores. The micropores offer a larger contact area and 
thus lead to the availability of more active sites within the 
material. This also enhances the wettability of the mate-
rial, as the mesopores provide a faster diffusion tube for the 
electrolytic ions [60]. It must be noted that the value of Cs 
for the NiCo-LDH@TAC samples was found to be nega-
tively correlated with the porosity of the porous carbons. 
This implied that the properties exhibited by the resulting 
composite were not just a simple combination of individual 
advantages of its constituents, but were dependent on the 
new composite structure that was formed. The structure of 

Fig. 6  (a) The acquired CV 
plots for the pure NiCo-LDH 
electrode, and both of the 
NiCo-LDH@TAC composites 
electrodes at 5 mV  s−1. (b) The 
obtained GCD plots for the pure 
NiCo-LDH electrode, as well as 
both of the NiCo-LDH@TAC 
composite electrodes at Id = 1 A 
 g−1. (c) The measured CV plots 
for the NiCo-LDH@TAC 600-0 
electrode at various values of v. 
(d) The acquired GCD plots for 
the NiCo-LDH@TAC 600-0 elec-
trodes at different Id values. (e) 
A comparison of the plots dis-
playing the variation in Cs with 
an increase in the value of Id for 
the pure NiCo-LDH electrode, 
and both of the NiCo-LDH@
TAC composite electrodes. (f) 
The measured EIS curves for 
the pure NiCo-LDH electrode, 
as well as both of the NiCo-
LDH@TAC electrodes
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TAC was primarily composed of relatively regular carbon 
microspheres for the composite TAC600-0 that was pre-
pared without KOH activation treatment, and the compos-
ite exhibited a spherical structure formed by nanosheets 
and nanorod-like LDH-coated carbon microspheres. Such 
a structure can provide a higher number of active sites and 
a larger electrolyte/electrode contact area [31]. Also, the 
porous carbon microspheres present inside can provide 
improved and stable support to form an excellent urchin-like 
core–shell structure. Therefore, the NiCo-LDH@TAC600-0 
electrode offered the best Cs and RP values. For the TAC 
sample with KOH activation treatment, the microspherical 
structure was disintegrated into smaller carbon fragments. 
Thus, the nano-size LDH structure in this case grew into the 
pores of the carbon material during the combination process, 
owing to the irregularity of the carbon sheet and the rich 
pore structure on the surface. This led to an irregular coating 
structure, coils and agglomerations, which resulted in a low 
number of reaction sites for the electrode and thus low elec-
trochemical efficiency. The CV plots for the NiCo-LDH@
TAC600-0 electrode obtained at values of v spanning from 5 
to 50 mV  s−1 are provided in Fig. 6c. Apparently, the reduc-
tion and oxidation peaks gradually moved towards negative 
and positive potentials, respectively, as the value of v was 
increased. This can be associated to charge diffusion polari-
zation. However, the shape of the CV curve was preserved 
and the oxidation and the reduction peaks did not completely 
disappear, indicating that the prepared electrode offered an 
excellent value of RP. The GCD plots of the NiCo-LDH@
TAC600-0 electrode in the Id range spanning from 1 to 10 
A  g−1 are provided in Fig. 6d. All curves exhibited good 
symmetry, which implied that the composite electrode was 
highly suitable for reversible redox reactions and delivered 
high Coulomb efficiency during the discharge/charge cycle. 
Furthermore, the values of Cs for the obtained samples were 
calculated from the GCD plots obtained for the NiCo-LDH 
and NiCo-LDH@TAC electrodes at different values of Id in 
order to gain a more intuitive assessment of the improve-
ment in the RP of NiCo-LDH after the introduction of TAC. 
The obtained results are presented in Fig. 6e. The maximum 
RP of the NiCo-LDH@TAC600-0 electrode (82.8%) was 
clearly much higher in comparison to the value that was 
obtained for the NiCo-LDH (53.5%) electrode prepared 
under the same conditions. It was also either comparable 
to or higher than the values achieved in prior studies [31, 
49, 55, 59, 61]. This excellent performance highlights the 
synergistic advantage of using a sea urchin-like core–shell 
of NiCo-LDH with a 3D-graded porous carbon TAC act-
ing as the support substrate. Additionally, the charge trans-
fer dynamics and conductivity of all electrodes were also 
investigated using EIS, the results of which are presented in 
Fig. 6f. The obtained Nyquist plot consisted of a semicircle 
curve in the high-frequency (HF) regime and a straight-line 

graph in the low-frequency (LF) regime. The intercept in 
the HF regime denotes the series resistance (Rs), whereas 
the diameter of the small semicircle gives the value of Rct. 
The slope of the linear plot in the LF regime corresponds 
to the diffusion resistance (Rd) [62]. As shown in Fig. 6f, 
the curve obtained for the electrode of the NiCo-LDH@
TAC samples was nearly vertical in the LF regime, indicat-
ing an extremely low value of Rd. All electrodes exhibited 
low series resistances, which were much lower compared 
to the values reported in previous studies on NiCo-LDH 
[47, 50–53]. The values of Rct and Rd for all composite 
electrodes were found to be smaller in comparison to the 
pure NiCo-LDH electrode. This can be ascribed to the rapid 
transfer path of electrolytic ions provided by the 3D porous 
carbon with a highly porous structure.

3.3  Electrochemical properties of the ASC devices

The efficiency and performance of the electrodes were evalu-
ated for practical applications by assembling ASC devices 
using a 6 M solution of KOH as the electrolyte, with NiCo-
LDH@TAC600-0 acting as the positive electrode and 
TAC600-2 taken as the negative electrode (the mass load 
ratio of the two electrodes was calculated using Eq. (4)). 
The highest stable operating voltage of the assembled ASC 
device was determined by conducting CV and GCD tests 
on the device at different voltage ranges. The CV tests were 
conducted at v = 5 mV  s−1, whereas the GCD readings were 
taken at an Id value equal to 1 A  g−1. The results of these 
characterizations are provided in Fig. 7a and b, respectively. 
The obtained CV curve clearly showed an absence of any 
significant polarization as the voltage reached a value of 
1.6 V. Furthermore, the charging phase of the GCD curve 
did not exhibit a pronounced slow increase, while also main-
taining high symmetry. This confirmed the stability of the 
prepared ASC devices at a voltage equal to 1.6 V. The CV 
plots of the prepared device that were taken at various v 
values ranging from 5 to 100 mV  s−1 at 1.6 V are presented 
in Fig. 7c. Distinct redox peaks corresponding to the Fara-
day pseudocapacitance of the NiCo-LDH@TAC600-0 elec-
trode were clearly observed in the figure. It must be noted 
that all the CV curves exhibited similar shapes and did not 
experience heavy distortion even at a high v value equal to 
100 mV  s−1. This clearly suggested that the prepared ASC 
device provided exceptional reversibility and RP values 
[63]. In addition, GCD curves of the ASC devices that were 
acquired at different values of Id are presented in Fig. 7d. It 
can clearly be seen that all these curves are symmetric and 
no obvious drop in voltage (iR) had occurred. This indicated 
a low value of Rs and good electrochemical reversibility 
of the ASC devices [64]. The values of Ed and Pd for the 
devices were determined by employing Eq. (5) and Eq. (6), 
respectively. The corresponding Ragone plot is provided in 
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Fig. 7e. The NiCo-LDH@TAC600-0//TAC ASC exhibited 
a maximum Ed value of 30.8 Wh  kg−1 at Pd = 800 W  kg−1. 
The obtained Ed and Pd values were comparable or higher in 

comparison to their values for NiCo-LDH reported in previ-
ous studies (as summarized in Table 3). The long-term cycle 
stability data for the ASC device, obtained from the constant 

Fig. 7  The obtained performance parameters for the assembled NiCo-
LDH@TAC 600-0//TAC 600-4 ASC. (a) The measured CV plots for vari-
ous potential ranges at v = 5 mV  s−1. (b) The acquired GCD plots for 
various windows of potentials at Id = 0.5 A  g−1. (c) The obtained CV 

plots at different v values. (d) The measured GCD plots at different Id 
values. (e) The Ragone diagram and (f) results for the cycling stabil-
ity of the assembled ASC devices
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current discharge/charge test at Id = 10 A  g−1 after complet-
ing 5000 cycles is presented in Fig. 7f. The results showed 
that the ASC device managed to achieve a capacitance reten-
tion value of 72.5% even after completing 5000 cycles at a 
high Id value of 10 A  g−1. Additionally, the NiCo-LDH@
TAC600-0 electrode prepared in this work exhibited a higher 
value of Ed along with excellent cycling stability in com-
parison to pure or modified NiCo-LDH electrodes reported 
by other studies (see Table 2). In general, the NiCo-LDH@
TAC600-0 electrode material prepared by the microwave 
hydrothermal method provided a high Cs value, excellent 
RP, and impressive cycling stability for the assembled ASC 
devices. A schematic diagram illustrating the preparation 
process and mechanism is provided in Fig. 1. The carbon 
microspheres provided good support for the LDH mate-
rial, resulting in the high dispersion of NiCo-LDH and a 
large number of ion channels. The rod- and sheet-shaped 
nano-LDH was able to form 3D frameworks with regular 
sea urchin-like spines as the shell and TAC600-0 as the core, 
as a result of the microwave hydrothermal treatment. This 
provided a high number of active sites and lent stability to 
the redox reactions This positively impacted the cycle stabil-
ity as well as the capacitance and rate performances of the 
prepared composite electrode.

4  Conclusions

In this study, tannin-based porous carbons with vary-
ing microstructures, pore structures, and physicochemi-
cal characteristics were developed via a two-step process, 
including microwave hydrothermal pre-carbonization fol-
lowed by KOH activation treatment using areca tannin as 
the precursor. The NiCo-LDH@TAC composites were 
prepared through a microwave hydrothermal co-assembly 
process using TAC as the substrate. The results of the study 
revealed that the morphology and structure of TAC affected 
the growth of the LDH nanosheets. The relatively smooth 
carbon microspheres (TAC600-0) enabled and facilitated 

LDH to form a 3D interwoven structure with more regular 
sea urchin-like spines as the shell, while activated porous 
carbon (TAC600-2) resulted in a more disordered structure, 
leading to a certain amount of accumulation. The prepared 
NiCo-LDH@TAC600-0 electrode material exhibited excel-
lent electrochemical performance in the 3-electrode test sys-
tem with a 6 M solution of KOH employed as the electrolyte. 
The highest Cs value equal to 1250 F  g−1 was achieved at 
Id = 1 A  g−1, whereas the rate performance for the material 
reached as high as 82.8%. The ASC device assembled using 
TAC was able to deliver a high Ed value of 30.8 Wh  kg−1 
(at Pd = 800 W  kg−1), having a capacitance retention rate of 
72.5% following 5000 cycles at Id = 10 A  g−1. Therefore, the 
findings of this study provide sufficient evidence that it has 
good application prospects in SC devices. The work also 
opens pathways to explore innovative ideas along similar 
lines for mitigating the issues of high agglomeration, large 
volume change, and poor electrical conductivity of LDH 
materials.
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Table 3  The performance of the 
supercapacitors obtained in this 
work is compared with similar 
devices reported in the literature

Material Energy density
(Wh  kg−1)

Power density
(W  kg−1)

Cyclic stability
(%)

Reference

NCNRs@NCNSs 22.8 375 90.85/5000 cycles [61]
ZnCo2O4/NiCo-LDH//AC 44.5 800 71.5/5000 cycles [56]
NiCo LDH/ IPC//IPC 29.6 744 88/4000 cycles [64]
NF@F-NCCH12// AC 35.3 375 91.6/10000 cycles [65]
Co0.75Ni0.25(OH)2: D//AC 26.7 800 75/1000 cycles [66]
NCPS@C@G//AC 33.2 800 87.1/1000 cycles [67]
NiCo-LDH-S/PNTs// GF-LDH 16.3 650 75/8000 cycles [68]
NiCo-LDH@rGO//AC 32.2 236 80.4/10000 cycles [69]
NiCo-LDH @ TAC 600-0//TAC 600-4 30.8 800 72.5/5000 cycles This work
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