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Recent advancements in Ni material-based supercapacitors have focused on their composites with
carbon nanomaterials. These composites demonstrate improved electrical conductivity, enhanced
surface area, and superior electrochemical performance by addressing critical issues related to cycling
stability and low energy density. This review provides an overview of Ni material-based carbon
nanocomposites including graphene (Ni/graphene), carbon nanotubes (Ni/CNTs), and activated carbon
(Ni/AC) as potential electrodes for supercapacitors. The synergistic effects of Ni and carbon in
nanocomposites on electrochemical properties such as capacitance, cycling stability, and specific
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DOI: 10.1039/d3ma00609¢ capacitance are systematically outlined. The findings will serve as a valuable resource for understanding

the structure—property—performance relationship of Ni-based composite materials for energy storage
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1. Introduction

The development of stationary and automotive systems
requires effective and efficient energy storage devices. Super-
capacitors were introduced as promising energy storage sys-
tems due to their high-power density and long cycle life.
Recently, the development of supercapacitors has mostly
focused on increasing their energy density by fabricating
advanced electrode materials and electrolytes. Ni materials
are highly regarded in the realm of supercapacitors due to
their remarkable electrochemical properties including long
cycle life, fast charge/discharge rates, and high specific capa-
city. Ni material supercapacitors find wide applications in
energy storage systems, hybrid vehicles, portable electronics,
and renewable energy systems. Fig. 1 shows the advantages of
supercapacitors and the properties of carbon nanomaterials as
an electrode of supercapacitors. Also, different types of Ni
materials/carbon nanomaterials supercapacitors are shown in
Fig. 1.

The choice of materials for supercapacitor electrodes plays
a critical role in determining the performance and character-
istics. Some of the common types of materials used in
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supercapacitor electrodes are activated carbon, CNTs, gra-
phene, metal oxides, conducting polymers, transition metal
carbides, carbon aerogels, and hybrids and composites. Ni
itself is a good conductor of electricity, which allows for rapid
electron transport within the electrode material. Some Ni-based
materials, such as nickel hydroxide, exhibit pseudocapacitance.
This property leads to higher specific capacitance and overall
energy storage capacity. Ni is a relatively abundant and cost-
effective material compared to precious metals, is eco-friendly,
easy to use in manufacturing processes, and has good stability
and longevity. Ni-based materials can be combined with other
substances to form composites or hybrid electrodes. This
versatility enables researchers to develop supercapacitor elec-
trodes. The composite of Ni materials with carbon nanomater-
ials in supercapacitors improves performance by enhancing
conductivity, increasing surface area, improving stability,
facilitating ion diffusion, and leveraging synergistic effects
between the materials. These improvements contribute to
higher energy storage capacity, faster charging/discharging
rates, and improved overall device performance.” Fig. 2 shows
the cumulative growth of published articles in recent years on
Ni material supercapacitors. During the last decade, the growth
of scientific research on using nickel materials to fabricate
supercapacitor electrodes has increased significantly. The
cumulative number of scientific studies has reached more than
3000 published articles, of which about 71% are from China,
10% from India, 9% from South Korea, 5% from the United
States, and the share of other countries is 5%. Co-occurrence
analysis is the way to investigate using keywords. In this
analysis, the information related to the relationship between

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Advantages of supercapacitors and the properties of carbon nanomaterials as an electrode of supercapacitors.

3500

Ni-compounds Based supercapacitors
3000

2500
2000

1500

Number of publications

1000

7

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

Fig. 2 The cumulative growth in Ni material-based supercapacitor
publications.

keywords in different reports, the amount of repetition of
keywords, and the identification of different materials in the
fabrication of supercapacitor electrodes that use nickel materi-
als in their structure can be obtained. The VOSviewer image of
Ni material-based supercapacitors from Scopus for 2022-2023
publications is shown in Fig. 3.

As shown in Fig. 3, electrodes based on Ni materials
and carbon nanomaterials are prominent keywords. Recently,
nanocomposites of Ni materials with carbon nanomaterials
as supercapacitor electrodes such as NiCo,Ss/graphene,®
Ni(OH),/graphene,” NiCo,0,/graphene,®® Ni-Co/graphene,"*"
NiMoO,/graphene,*° Ni(OH),/CNTs,*"** Ni-Co/CNTs,>*
NiC0,S,/CNTs,**>° Ni-Co/porous carbon,*® NiCo,S,/porous
carbon,** NiCo0,0,//AC,** Ni-Co//AC,**® Ni(OH),//AC,*” and
other materials have been developed.

NiCo,S; due to its high electrochemical stability offers
advantages such as good cycling stability, and compatibility
with flexible devices. Their primary components are widely
available, making them cost-effective. NiCo,S,/carbon nanoma-
terial electrodes combine the advantages of NiCo,S, and carbon
nanomaterials to enhance energy storage. The synergy of both
materials results in an improved power density and faster
charge rates.**** NiCo,0, belongs to the class of transition

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Co-occurrence keyword analysis of Ni material-based supercapa-
citors using VOSviewer.

metal oxides and exhibits favorable electrochemical properties.
Additionally, the properties of NiCo,0, can be tuned by
adjusting its synthesis parameters, allowing for optimization
of its electrochemical performance to meet specific application
requirements. The key distinction between NiCo,0, and
NiCo,S,-based supercapacitors lies in the redox reactions
occurring at the electrode material. NiCo,0, undergoes
redox reactions involving oxygen atoms, while NiCo,S, involves
sulfur atoms. Recently, several kinds of research have been
reported on supercapacitors based on NiCo,04/carbon
nanomaterials.**™*® Ni(OH),-based supercapacitors are widely
used due to efficient charge storage and are environmentally
friendly. In supercapacitors based on Ni(OH),/carbon nanoma-
terials, the performance characteristics are improved.**”>* The
specific capacitance, power density, energy density, and cycle
stability are important parameters in the classification of
supercapacitors. Cycle stability refers to their ability to main-
tain a consistent performance over repeated charge and dis-
charge cycles without significant degradation. It involves

Mater. Adv., 2023, 4, 6152-6174 | 6153
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mitigating factors such as capacitance loss, resistance increase,
leakage current, and mechanical stress. These degradation
mechanisms can impact the specific capacitance, power deliv-
ery, and overall efficiency of the supercapacitor.>>>® Wu et al.”’
reported a supercapacitor based on Ni;Se,@Co3Se,-1: 3//rGO-
Zn electrodes with a specific capacitance of 1120 F g~ *. Ternary
nanocomposites of nickel molybdate/reduced graphene oxide/
polypyrrole (NiMoO,/rGO/PPy), as a supercapacitor electrode
were investigated in ref. 58 This paper mentioned that with
NiMo00,/rGO-450/PPy@NF//AC/graphite@NF electrodes, the
energy and power densities of the supercapacitor were
43.65 W h kg™" and 600 W kg™, respectively. In another study,
a supercapacitor based on FeNiS, nanosheets decorated on rGO
showed a specific capacitance of 1013 F g~ '.°° Flexible super-
capacitors play a significant role in soft, wearable, and portable
electronics. Li et al.® investigated a CoNiP,0,/CNT nanocom-
posite as a positive electrode for micro-supercapacitors. They
obtained an areal capacitance of 20.9 mF cm ™2 at 0.08 mA cm >
and an energy density of 2.9 uW h cm 2. A supercapacitor
based on the MWCNTs@Ni;S,/Cu,S electrode presented a
specific capacitance of 1388.7 F g~ using the galvanostatic
charge-discharge method and cycling stability of 100% after
10000 cycles.®! NizP,0g nanodot anchored MWCNT nanocom-
posites as a supercapacitor electrode were reported in ref. 62
This structure achieved a specific energy of 72.3 W h kg™ with
a power density of 6.4 kW kg~ '. Recent research on Ni materials
and porous carbon nanocomposites as electrodes has shown
good progress.®>®® Nanomaterials and nanocomposites are
receiving more attention in making energy storage devices,
sensors, and different applications.®®”®> In this review, the
developments of Ni material/carbon nanomaterial-based super-
capacitors for 2022-2023 publications (Scopus) are studied and
compared. We have discussed the specific capacitance, power
density, energy density, cycling stability, and rate capability of
Ni-materials/carbon nanocomposites in supercapacitor applica-
tions. This article provides valuable insights into the introduc-
tion and development of recent Ni-based supercapacitors with
high performance. It serves as a comprehensive resource for
researchers and engineers working in the field of energy
storage, facilitating further advancements in the design of
efficient and sustainable energy storage systems.

2. Materials manufacturing for
supercapacitors

2.1. Graphene-based supercapacitors

Various nanocomposites containing Ni and graphene have
been frequently employed in supercapacitor and electrochemi-
cal applications and the novel results from the reported papers
are tabulated in Table 1. From Table 1 the specific capacitance
of Ni-materials/graphene-based supercapacitors is obtained,
which is shown in Fig. 4. As can be seen from Fig. 4 the specific
capacitance of Ni-materials/graphene-based supercapacitors
reached 3268 F g~ '. For better comparison, the energy density
as a function of power density is also plotted in Fig. 4. From
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Fig. 4 the power density of most Ni-materials/graphene-based
supercapacitors is less than 2 KW kg™" and the energy density
is less than 100 W h kg™*.

The specific capacitance of the NiMo0O,/rGO composite
reached 2056 F g~' at a current density of 2 A g~ '. Using
NiMo0O,/rGO as the (+) electrode in supercapacitors combined
with AC as the (—) electrode led to the high-power density.”®
ZnFe,0,/NiMo0O, nanosheet/rGO-NF as the cathode and
MOF-derived hollow porous carbon as the anode was used
in the supercapacitor leading to a high energy density of
58.6 W h kg™ " at a power density of 799 W kg~ " with prolonged
cycling.”” Polyaniline/NiFe,0,/rGO hydrogel nanocomposites
on carbon cloth showed high characteristics that led to the
high properties in the corresponding supercapacitors attribu-
ted to its well-designed 3D microstructure and diffusion-
controlled mechanism.”® Also, rGO/NiFe,O, exhibited high
electrochemical characteristics including a high specific capa-
city of 1320 C g ' as well as high characteristics in the
corresponding supercapacitor.”®

Porous CuNi phosphide spheres/rGO as the cathode elec-
trode have advantages such as fast electrolyte diffusion,
better electron transfer, and better structural stability. Its
supercapacitor with AC-anode represented a satisfactory
energy density.®*>®* The 450 °C annealed nanocomposite of
NiMoO,/rGO-450/polypyrrole exhibited a specific capacitance
of 1805 F g_l. NiCoSe,/N-rGO were fabricated using a solvother-
mal method and NiCoSe,/N-rGO-20 presents a specific capacity
of 120 mA h g~ *. The NiCoSe,/N-rGO-20 (anode)//N-rGO (cath-
ode) supercapacitor demonstrated an ultra-high energy density
of 14 W h kg™ and good circulation stability.®* The spongy
nanocomposite of CoNi,S,//M0S,/rGO has a specific capaci-
tance of 3268 F g~ ' at 1.0 A g~ *. Its use in supercapacitors led to
the optimal potential window and the high energy density of
41 W h kgfl.s3 rGO/Ni,ZnS, was used as a cathode material
with a specific capacitance of 1150 F g '. The capacitor
composed of AC//rGO/Ni,ZnS,-1.5 h has an energy density of
31.06 W h kg~ ".%* Spinel Ni cobaltite nanoflowers/rGO as an
electrode material demonstrated a specific capacitance of
2695 F ¢ ' at 1 A ¢ ' and also exhibited a maximum energy
density of 93.57 W h kg ".%° The chalcogen-modified Ni-Mo
selenide/rGO composites indicated that the Se-based electrode
revealed the highest electrochemical properties. Also, a super-
capacitor of this (+) electrode and thermally rGO electrode (—)
presented a maximum energy density of 60.5 W h kg™ *.%° NiSe,/
rGO with various rGO weight ratios were fabricated and the
NiSe, (16%) rGO electrode outperformed the others due to its
interconnected network topology and decreased effect of
volume expansions. A supercapacitor with NiSe,-16% rGO
(anode) and AC (cathode) exhibited a high retention of capaci-
tance and energy density of 12.66 W h kg™ ".®” Nanorod Ni-MOF-
74 derived NiSe nanoparticles/rGO have been successfully
prepared (NiSe/rGO) and showed an improved electrochemical
performance so that the supercapacitor of NiSe/rGO (+)//(—) AC
delivered energy density of 52.8 W h kg™' and outstanding
long-term cycling retention.®® The optimized rGO/polyaniline/
NiMoS, electrode exhibited a high specific capacitance of

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ma00609c

Open Access Article. Published on 07 névember 2023. Downloaded on 12.9.2024 11:23:27.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

Table 1 The electrochemical results collected from various studies done on Ni/graphene nanocomposites
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Capacitance retention Specific capacitance Energy density Power density
Electrode material (CR%/Cycle) (Fg™ Whkg™) (W kg™ Ref.
NiMoO,/rGO 91.1/1000 2056 60.2 750.2 76
NiMo0O,/rGO-Ni/ZnFe,0, 89.6/7000 — 58.6 799 77
NiFe,0,/rGO/polyaniline — 1134.28 19.29 610 78
NiFe,0,/rGO 94/5000 1320C g* 75 2343 79
Ni-Cu/rGO 91.8/13 000 1075 C gf1 64 801 80
Ni molybdate/rGO — 1805 43.65 600 81
NiCoSe,/rGO 93/5000 120 mA h g71 14 902 82
CONi,S,/rGO/MoS, — 3268 41 700 83
Ni,ZnS,/rGO/ZIF-8 59.7/2000 1150 31.06 750.44 84
Ni cobaltite/rGO 96/2500 2695 93.57 250 85
Ni-Mo/rGO 83.4/— 1220 60.5 1470 86
NiSe,/rGO 99/8000 1845.5 12.66 3999.84 87
NiSe/rGO 90/5000 781 C g71 52.8 930 88
NiMoS,/rGO/polyaniline 93/6000 194mAhg™’ 30.75 1500 89
NiSe/rGO/C 75/5000 448.9 mA h g71 60.5 13340 90
NiSe,/rGO 78.13/5000 224.75 mA h g71 25.85 730 91
Ni;S,/rGO 95.4/10 000 1960 mF cm ™2 67.9 535.7 92
NiCoO,/rGO/MXene 77.29/10 000 1614 45.15 394.52 93
Ni/rGO 70/— 52.64 mA h gq 18.72 547.52 94
Ni/graphene — 1900 37 5000 95
Ni phosphide/graphene 85.2/10 000 1338.8 33.4 792.1 96
Ni/GO 92.5/10 000 1115.6 52.5 18000 97
Ni-Fe/graphene — 1541mAhg™’ 190 9600 98
NiWO;/GO/PANI 92.6/10 000 1380 47.8 — 99
NiGa/graphene quantum dots 87.5/5000 2160 78.8 1432.7 100
Ni-Co/rGO — 1913.5 59.2 750 103
Ni-Co/Co30,4/graphene 99.8/10 500 1866 66.7 800 104
Ni-Co phosphide/rGO 90/10 000 2384 39.7 8820 105
Ni-Co selenide/rGO 80.8/5000 2009 38 388 106
Ni-Co selenide/graphene 84.6/5000 421.3Cg" 40.4 533.3 107
Ni-Co sulfide/MnS/rGO 83.6/10 000 1248 C g71 42.0 793.8 108
Ni-Co/graphene 89.6/10 000 1740 41.6 750 109
Ni-Co/graphene 83.2/10200 — 40.6 400 110
Ni-Co/rGO 87.3/10 000 2137.8 54.25 750 111
Ni-Co/N-GH/NF//GH/CNT — 209 63.33 260 112
Ni-Co/rGO/MXene 70.87/10 000 248.13 mA h gf1 29.46 700.34 113
Ni-Co/rGO 85.1/10 000 582.1 mA h g71 56.0 515.0 114
Ni-Co/graphene quantum dots 86.2/8000 1628 46 7440 115
Ni-Co/MWCNTs-GO 91.92/10 000 2532.80 77.61 850 116
Ni-Co/rGO 75.5/5000 2020 mF cm 2 117.3 W h cm ™2 34000 pW cm > 117
NiC0,S,/rGO/g-C3N, 93.6/6000 1938 66 751 120
NiCo,S,/graphene — 1325.9 30.72 1280 121
NiCo,S,/graphene/Ni-Mo 80/10 000 1346 59.38 808.19 122
NiC0,S,/rGO/CoNi 80.52/10 000 1846.66 28.88 — 123
NiCo,S,/graphene 74.5/5000 1145 33.8 799.8 124
NiCo0,S,/rGO 82/3000 1072 41.52 1067 125
NiC0,0,/NG/MnOOH 88/2000 525.72 7.2 548.72 126
NiC0,0,/ZnCo0,0,/rGO/CNTSs 84.0/6000 1128.6 50.8 800 127
NiC0,0,4/Fe/rGO 78.8/12 000 2772 93.5 455 128
NiC0,0,/GO — 530 37.8 1350 129
NiCo,0,/graphene 85/50 000 369.8 24.7 799.6 130
NiC0,04/rGO 134/30 000 871 29.3 790.8 131
NiCo,0,/graphene 95.04/5000 1118 9.37 250 132
NiCo,0,/graphene/AC 100/1000 854 2.2 mW h em? 45.1 mW cm 2 133
NiCo0,0,/rGO 92/5000 758 Cg ! 61 — 134
NiCo0,0,/rGO/polymer 61/10 000 3160 mF cm ™2 0.64 mW h cm™? 2.7 mW cm 2 135
Ni(OH),:polyaniline/rGO — 381.67 76.33 3.3109 136
Ni(OH),/rGO 91.4/10 000 2776 39.24 1962 137
Ni(OH),/silver/graphene/PPy 108.37/5500 237.25Cg™* 43.26 750.00 138
Ni(OH),/GO/AC 80/1000 322 mF cm™? 0.134 mW h em™? 33.6 mW cm > 139
Ni(OH),/Ni foam/graphene 73.1/2000 2667.2 mF cm > 143 pW h em > 1400 pW cm > 140

194 mA h ¢! and the GO/PANI/NiMoS,//AC supercapacitor
also showed a high energy density, good cycle stability, and
capacity retention. Polyaniline can provide an additional
Faradaic redox reaction.’* The selenized Ni/graphene oxide

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(Ni-MOF/GO) composites containing a hexa(4-carboxyl-phenoxy)-
cyclotriphosphazene (NiSe/C/rGO) electrode displayed a high
specific capacity of 448.9 mA h g~
type electrode NiSe/C/rGO with improved rate capacity and cycling

at 0.1 A g~ '. The battery-
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graphene-based supercapacitors.

stability enables an optimal SIHC with good properties.”® NiSe,
nanospheres/rGO showed an excellent specific capacity of
22475 mAhg 'at1Ag ', and good cycling performance. Also,
the NiSe,/rGO//AC supercapacitor showed a high energy density
and good capacity retention.”’ The NizS,/rGO electrode with
20 mg GO precursor showed the optimal areal and mass-
specific capacitances. Using NizS,-20 as both the anode and
cathode led to the supercapacitor with a wide potential window
and high electrochemical parameters.”” The (+) electrode of GO/
MXene/NiCoO,-5 wt% has a specific capacitance of 1614 F g~ " at
0.5 A g~ ' which is maintained at 1257.5 F g~ " when increasing the
current density to 10 A g~ . The supercapacitor of this electrode
with rGO/MXene as the (—) electrode revealed an energy density of
4515 W h kg .>* The positive electrode of thermally reduced
graphene oxide (TrGO)/Ni-Foam (NF) showed a specific capacity of
52.64mAh g 'at 0.5 Ag . The supercapacitor of TRGO/NF//PAC
revealed a high specific energy and outstanding stability.”* The
supercapacitor of pure graphene (—) with a Ni/graphene (+)
electrode reached a specific energy of 37 W h kg™ " at 5 kW kg ™"
and good reversibility.”> Moreover, carbon-coated nano-Ni,P
(phosphides)/rGO (Ni,P/C/rGO) was constructed and the optimal
Ni,P/C/rGO exhibited an excellent capacitance of 1338.8 F g~ . It
was enabled for use in supercapacitors containing an N-doped
porous carbon sheet (as the opposite electrode) representing an
excellent energy density of 33.4 W h kg™ " at 792.1 W kg~ . The
holey graphene oxide (HGO)/nano two-dimensional Ni (Ni(BDC)-
HGO30) (30 = the added HGO amount) was applied by Wang
et al.”” in a supercapacitor with AC (—) electrode and delivered a
high outstanding property. Ni-Fe layered double hydroxide/gra-
phene as the anode and superlong graphene nanoscrolls as the
cathode were used as an anode, delivered a stable discharge
capacity of 1541 mA h g™, and were employed for synthesizing
a supercapacitor with the energy density of 190 kW kg ".°®
N-doped GO/NiWO;/PANI nanocomposite showed an enhanced
specific capacitance of 1380 F g™, and thus was found to be
useful in highly stable supercapacitors.”® The structure of LDH is
prone to collapse during the redox reaction. A study assembled
nitrogen-doped graphene quantum dots (N-GQD) on nickel
gallium-layered double hydroxide (NiGa-LDH).'” That study
described the electrochemically interesting electrode of NiGa-

6156 | Mater. Adv, 2023, 4, 6152-6174
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LDH/N-GQD/NF was employed in the structure of a supercapaci-
tor device containing a carbon (—) electrode. The asymmetric
supercapacitor with NiGa-LDH/N-GQD/NF electrode stated a spe-
cific capacitance of 2160 F g~' at 1 A g ' and capacitance
retention of 87.5% after 5000 cycles. The fabrication schematic
of NiGa-LDH/N-GQD/NF and carbon nanosheets derived from Co-
MOF electrode and the electrical properties of the asymmetric
supercapacitor with electron transport of NiGa-LDH/N-GQD/NF is
shown in Fig. 5. The N-GQD nanosheets can enhance the elec-
trical conductivity, material surface polarity, and surface area
with more active sites. The N-GQD nanosheets also improved
the ion flow efficiency, reduced the ion transport resistance, and
enhanced the redox reaction.'*"'*>

2.1.1. Nickel cobalt/selenide and graphene composites.
NiCo-based supercapacitors, also known as hybrid supercapa-
citors, combine the high energy density of batteries with the
high-power density of traditional electrochemical capacitors.
They are designed to provide both high energy and power
capabilities for rapid energy storage and release. NiCo-based
supercapacitors offer advantages such as high-power density,
enabling them to deliver and absorb large amounts of energy
quickly. They also have a long cycle life and good thermal
stability, operating over a wide temperature range. However,
their energy density is lower compared to lithium-ion batteries.
NiCo-based supercapacitors are used in devices like portable
electronics, electric vehicles, regenerative braking systems, and
renewable energy integration, benefiting from their high-power
density and rapid charge/discharge capabilities. NiCo-layered
double hydroxides (NC-LDH)/rGO composites were prepared as
high-performance electrodes for employment as the positive
electrode in supercapacitors and AC as the negative electrode,
which displayed a high electrochemical performance.'® 3D
hierarchical Ni-Co layered double hydroxides (LDH) wrapped
around a porous Co3;0, nanocube derived from ZIF-67
were synthesized as an electrode (Ni-Co LDH/Co03;0,4 Nc). The
supercapacitor constructed from this electrode and three-
dimensional spongy graphene (3DSGr) showed a high energy
density and superior recyclability.'®* The NiCo phosphide nano
horns are formed by the Kirkendall effect for preparing the
NiCo phosphide/phosphorus-doped rGO as the anode with a
specific capacity of 384 F g~ ' at 1 A g ".'® The synthesized
process of NiCo phosphides wrapped with phosphorus-doped
rGO the and electrical properties of the asymmetric super-
capacitor were presented in Fig. 6. The supercapacitor prepared
from this electrode and AC (cathode) yields an energy density of
39.7 W h kg™ " at a high power density of 8.82 kW kg™ '. The
(Nig.g5S€)3(C0g.855€)/rGO composite was synthesized by micro-
wave heating followed by a solvothermal method to present
the microstructure with an excellent specific capacitance of
2009 F g~' at a current density of 2 A g '. The (Nigg5S€)s-
(Coy.855€)/tGO//AC supercapacitor exhibited a high energy
density."®® Ni/Co selenide/GO (NiCoSe/G) was synthesized
using a water bath and selenization process and the optimized
electrode (NiCoSe/G-10) exhibited a high specific capacity and
an excellent cycling performance as well as a high performance
of NPC//NiCoSe/G-10 supercapacitor as tabulated in Table 1.*%7
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Fig. 5 (a) The fabrication of NiGa-LDH/N-GQD/NF and carbon nanosheets derived from Co-MOF electrode. The SEM images of (b) Ni-MOF/NF, (c)

NiGa-LDH/NF, and (d) and (e) NiGa-LDH/N-GQD/NF. (f) A schematic of the electron transport of NiGa-LDH/N-GQD/NF. (g) The assembly diagram of
NiGa-LDH/N-GQD-2/NF//Carbon NSs. (h) The CV curves of NiGa-LDH/N-GQD-2/NF and carbon NSs at 10 mV s~ (i) The CV graphs of an asymmetric

supercapacitor at different scan rates. (j) A Ragone plot.*%°

Ni-Co sulfide/crystalline MnS/rGO cathodes have long-term
cyclic stability and a high specific capacity of 1248 C g™ " at
2 A g ' while ultra-small Fe,0; nanodots/rGO anode
showed a specific capacity of 734.2 C ¢! at 2 A g~ '. The
corresponding supercapacitor showed a high specific energy
of 42.0 W h kg "' A supercapacitor based on 3D carbon
microtubes and a vertical graphene nanosheet electrode (+)

© 2023 The Author(s). Published by the Royal Society of Chemistry

with AC electrode (—) revealed high power and energy
densities.’® The Ni-Co LDH/graphene supercapacitor showed
87.1% capacity at a high rate, whereas only 50.5% was retained
for Ni-Co LDH.''® The NiCoP/rGO-NF electrode (prepared
using a hydrothermal method and low-temperature phosphat-
ing method) has a specific capacitance of 2137.8 F g~ ' (at
1 Ag " current density). The NiCoP/rGO-NF//AC supercapacitor
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(a) Synthesis of NiCo phosphides wrapped with phosphorus-doped rGO and (b) ion-exchange reaction and morphology transition mechanism of

NCP@P-rGO. (C) SEM image of NCCOH@rGO. (d) TEM image of NCCOH@rGO. (e) Schematic of the supercapacitor. (f) Comparison of CV curves at

5 mV s7%. (g) Comparison of GCD curves at 1 A g~110%

exhibited novel electrochemical traits."'" The NiCo-LDH/N-
doped graphene hydrogel (N-GH)/Nickel foam composites were
prepared using a simple one-pot hydrothermal method. The
NiCo-LDH/N-GH/NF//GH/CNT supercapacitor showed novel
electrochemical behavior as reported in Table 1.''? rGO/
MXene/Fe,O; (—) and rGO/MXene/NiCo-P (+) have an intercon-
nected nanostructure with specific surface areas at 17.1 and
131.9 m> g~ '. An asymmetric supercapacitor showed a max-
imum energy density of 29.46 W h kg™ * at a power density of
700.34 W kg~ ".'"* A Hausmannite/sulfur rGO (MO/rGO-S)/Co-
Ni layered double hydroxide (MO/rGO-S-50/CN) composite and
the device consisting of MO/rGO-S-50/CN (+) and AC (-)
delivered excellent results for using in a high specific energy
supercapacitor.”* NiCo-LDH hollow micro-tunnels strongly
coupled with a higher-Fermi-level graphene quantum dots
(GQDs) (GQDs/LDH-2) electrode yield an excellent capacitance
of 1628 F g ' at 1 A g ' that when coupled with an rGO
electrode (—) showed a 46 W h kg ' energy density.'"®
MWCNT/GO nanoribbon/Graphitic carbon nitride NNi-
colayered double hydroxide/Ni foam was prepared and exhib-
ited high specific capacitance and exceptional performance. Its

6158 | Mater. Adv, 2023, 4, 6152-6174

supercapacitor with AC delivers a high capacitance and long
cycle life."'® The Ni-Co layered double hydroxide/rGO fibers
(NCLDH/rGOFs) exhibited an outstanding area-speci