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Abstract: The research of energy-storage systems has been
encouraged in the last ten years by the rapid development of
portable electronic gadgets. Hybrid-ion capacitors are a nov-
el kind of capacitor-battery hybrid energy storage device that
has earned a lot of interest because of their high power densi-
ty while maintaining energy density and a long lifecycle. Mostly,
lithium-based energy storage technology is now being studied
for use in electric grid storage. But the price increment and
intermittent availability of lithium reserves make lithium-based
commercialization unstable. Therefore, sodium-based tech-
nologies have been proposed as potential substitutes for lith-
ium-based technologies. Sodium-ion capacitors (SICs) are ac-
knowledged as potential innovative energy storage technologies
which have lower standard electrode potentials and lower costs
than lithium-ion capacitors. However, the large radius of the
sodium ion also contributes to unfavorable reaction kinetics,
low energy density, and brief lifespan of SICs. Recently, transi-
tion metal oxide (TMOJ-based candidates have been considered
potential due to the large theoretical capacity, environmental
friendliness, and low cost for SICs. This brief study summarizes
current advancements in research of TMOs and sodium-based
TMOs as electrode candidates for SIC applications. Also, we
have covered in detail the state of the exploration and upcoming
prospects of TMQOs for SICs..

Keywords: Transition metal oxides, Electrode materials, Energy
density, Power density, Sodium-ion capacitors.

1. INTRODUCTION

Scientists have made several attempts to create new and renewable
energy sources, such as solar power, wind power, and wave energy
driven by frequent and harmful indications of environmental deterio-
ration, such as smog, and significantly diminished fossil fuel supplies.
Yet, climate and sunlight frequently result in intermittent and fluctu-
ating energy supply [Yang et al., 2023; Halder et al., 2023; Peng et al.,
2023; Zhang et al., 2023; Thirumal et al., 2023]. Therefore, the demand
for electrochemical energy storage systems has grown in the market
globally. Lithium-ion batteries (LIBs) and supercapacitors (SCs) have
been marked significantly in the field of energy storage [Lee et al.,
2023; Jo et al., 2023; Li et al., 2023; Liu et al., 2023]. LIBs have a
high energy density (E,) of 150-250 Wh kg™, but their power density
(P,) is less than 1000 W kg™, which is generally insufficient, and their
cycling stability is fairly restricted (1000 cycles). This is due to the
slow insertion/extraction of Li* ions in electrode materials. Because
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of the quick adsorption/desorption of ions on the
electrode surface, traditional electrochemical dou-
ble-layer supercapacitors (EDLCs) often exhibit
high P, (>10,000 W kg™) and great cycling stability
(~ 10,000-1,00,000 cycles). Unfortunately, the E of
EDLC (approximately 5-10 Wh kg') is inadequate
[Fan et al., 2023; Sun et al., 2023; Das et al., 2023;
Diez et al., 2023; Zhang et al., 2023]. Thus, the per-
formance of ordinary LIBs and SCs has not been
enough to fulfill the rising demand for high-per-
formance energy storage devices with high E, and
P,. To overcome this issue, researchers created a
hybrid device called hybrid-ion capacitors (HICs).
HICs have earned considerable interest due to the
benefits of both batteries (low self-discharge and
high E,) and SCs (stable cyclability and high P))
[Jia et al., 2020; Deng et al., 2020]. HICs comprise
negative and positive electrodes that contain dif-
ferent charge storage mechanisms. At present, lith-
ium-ion capacitors (LICs) are commercialized in
the market for various power configurations [Zhang
et al., 2021]. LICs have demonstrated the integra-
tion of complementary charge storage methods of
LIBs and SCs while receiving their distinct merits,
drawing significant research interest. But, the key
issues regarding safety and price increments due
to the limited reserves are hindrances met in the
growing requirements for lithium-based systems.
Sodium-based energy storage devices are thought
to be a viable replacement for lithium-based ones as
sodium resources are relatively abundant and ex-
hibit similar physical and chemical characteristics
to lithium storage [Aristote et al., 2022; Zhang et al.,
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2020; Cai et al., 2021; Zhang et al., 2020]. Among
all the available HICs, sodium-ion capacitors (SICs)
have been chosen as potential candidates as an al-
ternative to LICs since they can instantaneously in-
volve high power and energy performances, involv-
ing capacitor-type cathode and battery-type anode
(fig.1) candidates [Zhu et al., 2020; Han et al., 2021].

The study of SICs began in the year 2012 and is
still in the early stages of scholarly validation with
several challenges to their practical use, whereas
LICs have been effectively commercialized in re-
cent years. The commercial LICs have been provid-
ed by Taiyo Yuden and JM Energy Company [Dong
et al., 2021]. Nowadays, a wide range of materials
has been investigated for their use as electrode ma-
terials for both LICs and SICs. Recently, transition
metal oxide (TMO)-based materials are considered
significant for both LICs and SICs due to their ad-
vantages over the other materials. Table 1 shows the
comparison of the electrochemical performance of
TMO-based electrode materials for LICs and SICs.
Because of the large size of sodium ions, many bat-
tery-type electrode materials for lithium-ion storage
cannot match the criteria of SIC devices. Further-
more, because the redox potential of Na/Na* is 0.3
V greater than that of Li/Li*, the operating voltage
ranges of SICs are estimated to be slightly smaller
than those of LICs, thereby influencing the energy
densities of SICs. Also, the electrolyte should allow
for the fast movement of Na* ions. As a result, find-
ing rational materials with enhanced electrochem-
ical performance will be a future challenge for im-
proving the overall performance of SICs.

capacitor-type
cathode

o O

battery-type
anode

Figure 1. Hybrid-ion capacitor arrangement illustrated schematically. Reproduced from Han et al. (2021).
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Table 1. Comparison of TMO electrode materials for LICs and SICs.

TMOs due to their large theoretical capacity
are of significant concern as electrode materials
for sodium storage resulting from the multiple
electron transfer per metal center, and play im-
portant roles for energy-related technologies due
to price advantage and ecologically benign nature
[Yang et al., 2018]. Some studies have also been
done on TMOs as electrode materials for SICs. But
there are still issues with poor conductivity, weak
reversibility, significant volume changes, and slug-
gish redox kinetics [Wang et al., 2021]. To accom-
plish this, binary transition metal oxides (BTMOs)
and multiple anions transition metal compounds
in addition to the single-ion have been created and
investigated as electrode materials for SICs [Yuan

https://doi.org/10.37819/nanofabh.008.303

et al., 2014]. Although BTMOs have substantial-
ly higher theoretical capacities and electronic
conductivities than TMOs, their ability to store
sodium is still constrained by the massive vol-
ume changes that occur during charge-discharge
cycles and slow sodiation/desodiation reaction ki-
netics [Su et al., 2016]. This study focuses on the
review of TMOs for SICs. In this review, we con-
clude with an outline of recent efforts to construct
high-performance SICs based on TMO electrodes.
To give some inspiration for the production and de-
sign of high-performance TMOs-based electrode
candidates for SICs, we conclude by sharing our
thoughts on the current obstacles and potential fu-
ture research areas.
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2. BASIC PRINCIPLE
AND MECHANISM OF SICs

The energy-storing process could be categorized as
an electrical double layer or faraday redox reaction
based on the various electrode materials. Electro-
lyte ions are adsorbed on the electrode-electrolyte
interface to create electrical double layers in the
first process. Carbon compounds with stability
and a high specific area, such as carbon nanotubes
(CNTs), graphene, and activated carbon (AC) are
used as electrode materials. The faraday pseudoca-
pacitance suggests that the electroactive constituent
is subjected to potential deposition on the surface of
the material, with fast reversible redox reactions to
store the charge. A complete SIC cell has two elec-
trodes (fig.1), with the anode made of a battery-type
electrode material and the cathode typically com-
posed of a capacitor-type electrode material sepa-
rated by an electrolyte-permeable separator, all of
which are submerged in the electrolyte. Sodium
ions in the electrolyte intercalate and deintercalate
the electrode constituent during the energy storage
and conversion process. During charging, cations
approach the negative electrode (battery-type),
where they are stored by processes such as interca-
lation, conversion, and alloying, while anions are
adsorbed on the positive electrode (capacitor-type).
The discharge process comprises cation extraction
from the negative electrode and anion desorption
from the positive electrode [Zhang et al., 2020; Cai
et al., 2021].

The general sodium storing mechanism in
TMO-based materials is described through the re-
action kinetics as given below [Jiang et al., 2018;
Karikalan et al., 2017]:

Na TMO,-Na _TMO, + yNa" + ye"
(during charging)

Na TMO, + yNa" +ye" — Na TMO,
(during discharging)

3. ELECTRODE MATERIALS

The electrochemical characteristics of SICs are
significantly influenced by the electrode materials.
SICs should contain anode materials with increased
surface-controlled pseudocapacitance, decreased
diffusion distance, and extended lattice spacing. For
instance, transition metal chalcogenides, heteroat-
om-doped carbon materials, transition metal oxides

4 | Nanofabrication (2023) 8

Gupta, Siwatch, Karwasra, Sharma, Tripathi

and compounds, nitrides, NASICON, MXenes, and
alloys are generally employed as anode materials.
Regarding the cathodes, it is vital to choose ma-
terials such as porous carbon, Prussian blue, and
MXenes that have strong electrical conductivity
and a large specific surface area. The advancements
in electrode candidates over the past few years are
explained in detail in the section that follows.

3.1. Transition metal oxides as electrode
materials for SICs

Many researchers have investigated TMOs as
electrode materials for SICs. Niobium pentoxide
(Nb,O,), Ti-based, and other transition metals (Ni,
Co, Fe, Cr, Mn, V, W, and Mo) based oxides are the
several categories of electrode materials that have
been investigated. The researchers employed sev-
eral design and control tactics to increase the cycle
life, capacity, and rate capability of the active com-
pounds for SICs [Su et al., 2016; Chen et al., 2019].

Song et al. (2022) examined a Mn,O,@TiO,
nanocomposite where Mn,O, nanoparticles are im-
planted in TiO, which serves as the anode for SICs.
The nanoparticles exhibit macro- and mesopores
in a hierarchically porous structure. To create a
balance between the heterostructured Mn,O,/TiO,
surfaces and the hierarchically porous structure, the
Mn_O, content in the nanoparticles can be changed.
This balance is achieved with 30 wt% Mn,O, in
Mn,O,@TiO,, which provides a significant capac-
ity of 247.8 mAh g' at 1 A g' current density af-
ter 1000 cycles in Sodium-ion batteries (SIBs). The
fabricated SIC utilizing AC as the cathode candi-
date and Mn,O,@TiO, as the anode candidate can
attain high E, and P, of 106.5 Wh kg* and 10.14
kW kg, respectively. Further, the system can de-
liver a superior cycle life of 92.8% after 5000 cy-
cles. Wang et al. (2022) synthesized single-crystal
transition metal selenite CoSeO, nanocomposites
with a particle size spanning from 80 to 200 nm for
SICs. In CoSeO,||Na SIBs, a specific capacity of 280
mAh g is attained at 0.01 mA g current density.
Additionally, the associated CoSeO,||AC SICs have
a P, of 2000 W kg™ along with an enhanced E of 51
Wh kg and a capacity retention of 72% after 3000
cyclesat 1 A g

Liangetal. (2022) prepared layered Fe2(MoO4)3
(L-FMO) material using the solvothermal meth-
od and utilized it as an anode candidate for SICs.
The enhanced extrinsic pseudocapacitance helps
the L-FMO material to have quick kinetics, a large
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capacity for storing sodium, and a long lifetime. A
P, of 20,050 W kg™ and a high E of 227.2 Wh kg
are achieved using the L-FMO material in SICs.
They also exhibit better cyclic stability, with a poor
capacity degradation over 3000 cycles at 1 A g
Fig. 2 depicts the X-ray diffraction (XRD) pattern
of L-FMO and the high-resolution X-ray photoelec-
tron spectroscopy (XPS) spectrum of Fe 2p, Mo 3d,
and O 1s. Furthermore, field emission transmission
electron microscopy (FESEM), transmission elec-
tron microscopy (TEM), fast Fourier transform
(FFT) pattern, high-resolution transmission elec-
tron microscopy (HRTEM), and Energy-dispersive

Transition Metal Oxides as the Electrode Material...

X-ray spectroscopy (EDS) mapping images of
L-FMO have also been shown in fig.2. Zhu et al.
(2017) reported SIC that uses TiO,@CNT@C com-
posite as an anode candidate and biomass-derived
carbon material as a cathode candidate with high
surface area in an organic electrolyte. The sophis-
ticated design of the electrospun TiO,@CNT@C
nanorods exhibits great cycle stability and rate
capability in the half configuration of cells. The
assembled SIC offers a high P, of 12,400 W kg
and high E, of 81.2 Wh kg within 1-4 V. The SIC
retains 85.3% of its capacity after 5000 cycles of
testing at 1 A g,
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Figure 2. (a) XRD-plot of L-FMO and matching crystal structure, (b) XPS spectrum of (c) Fe 2p,
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(d) Mo 3d, and (e) O 1s, (f-h) FESEM, (i) TEM, (j) FFT plot, (k) HRTEM, (1) and EDS mapping pictures
of L-FMO. Reproduced from Liang et al. (2022).
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Zhang et al. (2018) prepared a layered MnO,/
CNT composite, a typical pseudocapacitive mate-
rial for SICs. An outstanding capacity retention of
about 90% over 5000 cycles and a high specific
capacitance of 322.5F g' at 0.5 A g are both pro-
vided by the composite. The layered MnO,/CNTs
as a cathode candidate, polyimide organic as an
anode candidate, and Na-ion water-in-salt elec-
trolyte work together to create a synergistic effect
that allows the as-assembled SIC to achieve the ca-
pacity retention of 77 % after 10,000 cycles along
with high E, and P, of 78.5 Wh kg* and 11,000
W kg'. Liu et al. (2020) reported sodium-ion con-
ducting gel polymer serving as the electrolyte
and layered FeTiO3 nanocomposite as the anode
to build a quasi-solid-state SIC. The end product,
which is among the most advanced SIC has a high
P, of 6750 W kg and a high E, of 79.8 Wh kg™
Additionally, the built SIC demonstrates a capacity
retention of 80% with a super cycling stability of
2000 cycles.

Yang et al. (2018) researched NiCo,O, parti-
cles inside a nitrogen-doped graphene framework
for SICs. Good electronic conductivity is ensured

ol
n

Gupta, Siwatch, Karwasra, Sharma, Tripathi

by the graphene structure, which also acts as a
buffer to lessen NiCo,O, size variations. The com-
posite electrode in a half configuration of the cell
can show a capacity of around 450 mAh g' at 1/10
A g' after the hundredth cycle. AC serving as the
cathode candidate and the composite serving as the
anode candidate, a full-cell SIC produced an E and
P, of 48.8 Whkg" and 9750 W kg™ with better cycle
stability. Gao et al. (2021) synthesized bimetallic
MnMoO, which performs satisfactorily in lithium
storage. A SIC based on Na,V,(PO,), as a cathode
candidate and MnMoO, as an anode candidate is
assembled which exhibits P, of 4000 and 240 W
kg and high E of 88 and 168 Wh kg™. This is due
to the pseudocapacitive nature of the MnMoO, can-
didate in sodium storage. Fig. 3 depicts the diagram
of the full cell configuration of SIC consisting of
MnMoO,@C//Na,V,(PO,), with three galvanos-
tatic charge-discharge (GCD) curves at 1/10 A g7,
rate performance, GCD curves at different current
densities, and cyclic performance of the full cell
configuration. Ragone scheme distinguishing the
equipped SIC with other defined SIBs and SICs has
also been shown in fig. 3.
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Figure 3. (a) Diagram of the full configuration. (b) SIC consisting of MnMoO,@C//Na,V,(PO,]),
with three GCD curves at 1/10 A g”". (c) Rate performance, (d) GCD curves at various current
densities, and (e) Cyclic stability of the full cell comprising of MnMoO,@C//Na,V,(PC,J,.

(f) Ragone scheme distinguishing the equipped SIC from other defined SIBs and SICs.
Reproduced from Gao et al. (2021).
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Qin et al. (2020) reported Mn?*/Nb*>* embedded
in linked hollow carbon nano boxes (NaNbO,@
HCNb and MnO@HCND) using a chemical va-
por deposition technique. As a result, the MnO@
HCND electrode exhibits a good lifecycle of great-
er than 10,000 cycles with capacity retention of
88.6% and exceptional rate performance, which
is uncommon for oxide-based anodes. These hy-
brid ion storage systems demonstrate consistent
capacitive electrochemical activity and favorable
compatibility. A complete SIC cell using AC as a
cathode exhibits a high E, of 56.4 Wh kg* at 1.8
Wh kg and 116 Wh kg* at 99 Wh kg'. Fang et al.
(2020) prepared a self-supporting foam electrode
as TiO,@reduced graphene oxide (M-TiO,@rGO)
for SICs. Excellent rate ability, better capacity, and
enhanced cycle performance are the results of the

Transition Metal Oxides as the Electrode Material...

pseudocapacitance-dominated process. SICs made
of M-TiO,@rGO/ hierarchical porous AC and sodi-
um complete cells made of M-TiO,@rGO/Na3V2(-
PO4)3 are constructed. The capacity of as prepared
SIB is 177.1 mAh g at 0.5 A g, and its capacity
retention after 200 cycles is 74%. Maximum E and
P, for the SIC are 101.2 Wh kg and 10,103.7 W kg,
respectively. After 10,000 cycles, it exhibits an en-
ergy retention of 84.7% at 1.0 A g™.

In brief, we have summarized TMOs as electrode
materials for SICs with enhanced performance. An
outline of TMO as electrode materials for SICs has
been shown in table 2. Further, research is still be-
ing carried out on sodium-based TMOs as electrode
constituents for SICs due to the abundance of Na and
price advantages of sodium resources which makes it
facile for production at a commercial scale.

Specific E P Capacity
1 1 d d
Material ca:na:::t:‘?acle / | Electrolyte (Wh kg™ | (W kg retention Ref.
0
Mn,0,@Ti0,// | 247.8 mAh g/ | 1 MNaPF, | oo | 101405 afif'gé"oo (Song et al,
AC Mn.0,@TiO in DME : A 2022)
374 2 cycles.
1 M NaCIO 72% after
-1
CoSeQ,/AC 28%;?522]9 /linPciomC | 51 2000 3000 [Wagrgeeg’;a"'
3 with FEC cycles.
130.3 mAh g’ | 1 M NaClIO 88.1% after | (Liang et al.,
FeoMoBJAC | ke tMon,), | inEC: DEC, | 2272 | 20050 4popeycles| 2022
Tio@%fﬂ'!lg@c” 165 mAh g* / | 1 MNaCIO, | gi5 | 40400 |B85-3% after| (Zhu et al,
dome®he | TIO,@CNT@C | in EC: PC : ’ 5000 cycles| 2017)
o)
MnO,/CNT/ | 322.5Fg?/ Na1f;Om/CJ’I| Ul e | 1ioon | AeSIer | zhang et al,
polyimide MnO,_/CNT 4 ' ’ 2018)
2 H,0 cycles
. 334.2 mAh g'/| 1 M NaCIO 80% after (Liu et al.,
FeTi0 IAC FeTiO, inec:pec | /98 | 8790 lopoocycles| 2020
1 M NaPF
. 450 mAh g/ . 8 83.7% after| (Yang et al.,
NiCo,0,/AC NiCo,0, DG | 488 1 9750 14000 cycles | 2018)
MnMaQ,// 288.7mAh g/ | 1 M NaPF; 168 4000 - (Gao et al.,
Na,V,(PO,), MnMoO, in EC: DMC 2021
o)
MnO@HCNb// | 81.7 mAh g/ |1 MNaCIQ, | .o, 1800 88'1%/00823” @Qin et al,,
AC MnO@HCNb | in EC: DEC : ' 2020)
cycles
Tio,@rGO// . | 1M NacIO 84.7% after
hierarchical 3%% %ﬁ%g /' linEc: DMC: | 1012 |10403.7| 10,000 (Fagngeeé]a’"
porous AC 2 EMC cycles

Dimethyl ether: DME, Propylene carbonate: PC, Diethyl carbonate DEC,

Fluoroethylene carbonate: FEC, Ethylene carbonate: EC, Dimethyl carbonate: DMC,
Diethylene glycol: DEG, Ethyl methyl carbonate: EMC

Table 2. Outline of TMO as electrode materials for SICs.
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3.2. Sodium-based transition metal
oxide electrode materials for SICs

Some researchers have investigated sodium-based
TMOs as electrode materials for SICs to obtain
high-performance grid-scale energy storage devic-
es. Sodium-based electrode materials are preferred
over others due to the abundance and price advan-
tage of sodium resources in the earth’s crust.
Maurya et al. (2021) prepared a 3D-nanofibrous
Na,Zn,TeO, (NZTO)-implanted poly (vinylidene
fluoride-co-hexafluoropropylene)  (PVDF-HFP)
electrolyte. AC is employed as the cathode and
Na, Co, Al ,O, (battery-type) as an anode to
create a coin cell-style SIC. The manufactured SIC,
Na, . Co, Al ,0,/AC, can produce a capacity retention
of 84% up to 1000 cycles with a specific capacity of
99.375F g'at 1 A g'. AP, of 1.6 kW kg' and E, of
35.33 W h kg were displayed by the SIC, respectively.
Que et al. (2017) reported Na, Ti,O_ nanowire arrays
as SIC anode to improve the Na* reaction kinetics. A
SIC device is fabricated with an rGO/AC film cathode
and Na,Ti,O, anode which can deliver P, of 240 W
kg' and high-level E, of 70 Wh kg". Volumetric E,
of 15.6 Wh L™ depending on the entire volume and a

Gupta, Siwatch, Karwasra, Sharma, Tripathi

high P, of 120 W L was obtained with outstanding
cyclic stability of 82.5% over 5000 cycles.

Gu et al. (2019) selected zeolitic imidazolate
framework-8 (ZIF-8) derived carbon (ZDC) as
an anode candidate and battery-type P2-Na
Co, .Mn_ O, (P2-NCM) as a cathode candidate
for the fabrication of SICs. The ZDC/P2-NCM SIC
demonstrated a high P, (12.75 kW kg") and an E_
(18.8 Wh kg?) due to the high-rate performance
and kinetic match of both electrodes. Fig. 4 depicts
the diagram of ZDC//P2-NCM coin-type SIC along
with the electrochemical performance of the full-
cell SIC, GCD, Cyclic Voltammetry (CV) curves
at 2-10 mV s scan rates, and cycling stability with
coulombic efficiency at a current density of 5 A g.
Chen et al. (2018) described a unique Na, ,,MnO,
nanorod-based symmetric SIC. Na , MnO, offers
shorter diffusion channel lengths with its distinc-
tive iso-oriented properties and nanoarchitecture
for both electrical and sodium-ion transport and
lowers the stress related to the insertion and ex-
traction of Na*. The symmetric device makes use of
these advantages to retain a capacitance of 85.2%
after 5000 cycles and attain an enhanced P, of
2.4327 kW kg* with an E, of 27.9 Wh kg
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Figure 4. (a) Diagrammatical representation of ZDC//P2-NCM based SIC, (b-d) Electrochemical activity
of the ZDC//P2-NCM based SIC, (b) GCD, (c) CV curves at different scan rates of 2, 5, 8 and 10 mV s,
(d) Cycling stability with Coulombic efficiency at 5 A g'. Reproduced from Gu et al. (2019).
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Gao et al. (2018) used Na,Ti O, arrays with po-
rous structure acting as the anode and CNTs on Al
foils acting as the cathode to assemble SIC. The de-
signed SICs can provide a P, of 825 W kg" and a
high E, of 49 Wh kg in the voltage range of 1-4
V. The SICs displayed the P, of 4000 W kg™ at an
E, of 35.6 Wh kg'. The SICs, on the other hand,
had improved electrochemical performance at 3.3
A g, with a 73.89% capacity retention after 2000
cycles. Bhat et al. (2018) examined the structural
features of hydrothermally produced nanostruc-
tured Na,Ti O,, as it undergoes electrochemical
cycling. Additionally, Na,Ti O, exhibits superior
Na* kinetics with a capacitive behavior of 86% at
1.0 mV s, representing that it would prove to be a
beneficial anode candidate for a hybrid device that
stores sodium ions. Utilizing Na,Ti,O,, as the an-
ode candidate and AC as the cathode candidate, a
complete cell hybrid SIC with an E, and P, of 54 Wh
kg and 5000 W kg is created.

Dong et al. (2015) prepared Na,Ti, O @CNTs
as an anode candidate for SICs. The Na,Ti,0.@
CNT composite demonstrates remarkable electro-
chemical activity with superb cyclic stability and
rate capability due to the distinctive 1-dimensional
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nanoarchitecture and the occurrence of a pseudoca-
pacitive charge-storing nature. A SIC is also created
employing Na,Ti, O, @CNT as an anode candidate
and AC acting as a cathode candidate (made from the
outer shell of peanuts). This SIC offers high P, and
E, of 3000 W kg and 58.50 Wh kg™ with a superior
life cycle. Fig. 5 shows the diagrammatical represen-
tation of SICs, GCD curves, and cycling stability ex-
perienced for 4000 cycles at 4/10 A g'. Ragone out-
line of the hybrid gadgets compared to the numerous
described LICs and SICs has also been depicted in
fig.5. Kim et al. (2020) described a layered tunnel,
Na, .Mn _Co,, Mg O, composite as an electrode
material for SICs, whose binary structure was vali-
dated by scanning electron microscope and high-res-
olution transmission electron microscope. Along
with the occurrence of Mg?* ions as well as the 3D
tunnel and 2D layered structure, a high capacity of
145mAh g'at 0.085 A g with a better rate capability
and cyclic stability is also produced. A battery-type
electrode made of a layered-tunnel structured com-
posite and a counter electrode made of commercial
AC is used to create a SIC. A 35 Wh kg! maximum
E, and better cyclic stability were displayed by the
SIC, which retained 72% of E  after 3000 cycles.
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Figure 5. (a) Diagram of SICs comprising of anode and cathode, (b) GCD curves, (c) Cycling stability
performance done for 4000 cycles at 4/10 A g™'. (d) Ragone outline of the hybrid gadgets compared
to the numerous stated LICs and SICs. Reproduced from Dong et al. (2015).

https://doi.org/10.37819/nanofabh.008.303

Nanofabrication (2023), 8 | 9



REVIEW

Liu et al. (2020) reported Na2Ti7O15/graphene
as an anode candidate using an atomic layer deposi-
tion (ALD) approach, resulting in Na2Ti7015 with
an interwoven structure and graphene nanosheets
with an extremely high aspect ratio. The composite
offers 90% cyclic stability retention at 8.85 A g
after 10,000 cycles with a capacity of 60 mAh g
at 17.7 A g'. The assembled SIC can distribute high
P, and E of 25,000 W kg* and 16 Wh kg™. Gui et
al. (2019) researched Na,Ti,O, nanosheet array an-
ode which exhibits 66% capacity retention at 120 C,
superior Initial Coulombic Efficiency of 91%, and
high cycle Coulombic Efficiency of 100%. A SIC
gadget is invented using a commercially available
AC as a cathode candidate and a Na,Ti,O, array
as an anode candidate. This device exhibits long

Gupta, Siwatch, Karwasra, Sharma, Tripathi

cyclic stability of more than 10,000 cycles and high
E, of 0.0172 Wh cm™ and 54.50 Wh kg™

As summarized above, SICs have demonstrat-
ed encouraging P /E,. An outline of sodium-based
TMO as electrode materials for SICs has been
shown in table 3. It should be emphasized that
the kinetic behavior and decay process of elec-
trode materials require more in-depth research for
SICs. Therefore, exploring battery-type candidates
with intercalated/surface pseudocapacitive na-
ture through structural strategy and management,
surface/interface, and particular nanostructures,
requires a lot of work. Additionally, creating com-
pounds with improved conductivity is required for
the enlargement of high-staging electrodes for SIC
commercialization.

Specific E p Capacit
Material capacitance/ |Electrolyte (Wh i’(g'ﬂ (w kdg"'l retintio‘lz Ref.
Material
84% (Maurya
99.375 F g/ | 1M NaPF
Nay .,C0,,Al, ,0./AC P Y& | 35.33 | 1600 |after 1000 et al,
Na, .,Co, Al ,0, | in EC: DMC oles | 2021)
1 mol L 82.5% | (Que
-1
Na,Ti,0.x /rGOAC | 232 MANSY | Nacio, in | 70 240 |after 5000| et al,
2 275 EC: DMC cycles. 2017)
1 mol LT (Gu
-1
oo oo o oY | NaCio,in | 188 12750  — et al,
- aD.E7CUO.5 nD.SOE aO.B7COO.5 nOYSOE EC PC 20"9)
1 mol L 85.2% | (Chen
-
NaoasMnO M8 min gt/ NaCio,in | 279 | 24327 |after 5000 etal,
Fo.aa™MMe 042 | EC: DMC cycles | 2018)
73.89% | (Gao
K
Na,Ti,0,//CNT 1000 mAh g’/ |1 M BeC0. | 355 | 4000 |after 2000| eal,
2'’3™7 ' cycles 2018)
75% after | (Bhat
-1
Na,Ti,0,.//AC peomang | 1MNae | 54 | s000 | 2000 | eral,
278718 ' cycles 2018)
1 M NaClIO 75% after | (Dong
-1
Na,Ti,0,@CNTs/AC | \oof B &7 | inEC:PC’| 585 | 3000 | 4000 | etal,
2’ '3™7 with FEC cycles 2015)
Na. Mn 145 mAh |1 M NaCIO, 72% after | (Kim
Co I\/c|]'5 (%5//AC g’/ Na, ;Mn, in PC with 35 150 3000 et al.,
0480022 .C0,,eMg, 0,0, FEC cycles | 2020)
. 60 mAh g/ 1 M NaCIO 90% after (Liu
NeeTiOJorephenell | “NaTi0,/ |inEC:DEC| 16 |25000| 10,000 | etal,
graphene with FEC cycles 2020)

Table 3. Outline of Sodium-based TMO electrode materials for SICs.
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4. CHALLENGES
AND FUTURE PERSPECTIVES

The SICs are predicted to play key roles in energy
storage industries due to their high E, high P , and
earth-abundant sodium supplies. Yet, SICs are still
in their infancy, and further study and investigation
are required. The battery-type electrode, capaci-
tive-type electrode, and electrolyte engineering all
have a substantial influence on the energy-power
characteristics and cycle stability of SICs. Finding
sodium-ion electrode materials with quick electro-
chemical kinetics and high capacity is critical for
the development of improved SICs. Because of the
large theoretical capacity, low price, and environ-
ment-friendly nature of TMO-based materials, SICs
using TMO-based materials as an electrode are
particularly sustainable prospects. Several tactics,
including morphological design, porous structure
modification, and heteroatom doping, can be used
to improve the redox kinetics of battery-type elec-
trodes and the capacitance of capacitive electrodes,
allowing for high E, and high P_. Following that, in
addition, to increasing the electrochemical perfor-
mance of electrode materials, the rational design
of electrode structures is critical. 3D architectural
electrodes can offer channels for electrical conduc-
tion and ion migration, as well as voids that reduce
electrode strain during the charging/discharging
process. Moreover, employing 3D architectural
electrodes can result in SIC devices that do not re-
quire an extra current collector or binder, as well as
lowering the difficulty of designing flexible devic-
es for wearable electronics. Last but not least, the
electrolytes must still be tuned to assure the safety
and performance of SICs. Aqueous energy storage
technologies, in particular, provide significant ben-
efits in terms of cost, high safety, and large power
densities. Yet, the theoretically restricted working
voltage prevents it from progressing toward large
energy densities. Efforts such as utilizing low cata-
lytic activity electrode materials and “water-in-salt”
electrolytes should be considered to broaden the
voltage window even more. Moreover, the use of gel
polymer electrolytes removes the requirement for a
separator, which is advantageous for flexible device
applications. The issue of low ionic conductivity and
poor interfacial contact between the electrode ma-
terial and the gel polymer electrolyte, on the other
hand, should be addressed. In more cases, solid-state
architecture is seen to be an efficient technique for
broadening the application area of SICs devices.

https://doi.org/10.37819/nanofabh.008.303
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5. CONCLUSION

Energy usage is an essential element in human
development, and the fast development of science
and technology necessitates suitable energy as an
assurance. The development of energy storage com-
ponents has progressed and appeared as a signifi-
cant key in solving the issues related to energy. The
market for HICs is propelled by their distinctive
electrochemical properties, which combine high
E,, quick charging time, and good cycling stabili-
ty. SICs are essential because they can be utilized
for extensive energy storage devices and are safer,
cheaper, and more abundant on earth than LICs. In
conclusion, this review examined current develop-
ments and obstacles in TMOs for encouraging their
use in SICs. TMOs are one of the earliest and most
promising materials that have been proposed for
SICs. TMOs have significant benefits in terms of
plentiful resources and inexpensive manufacturing
costs. Moreover, they have a larger specific capac-
itance than carbon-based materials and conductive
polymers. Because of their developed production
technique, they have been utilized in the commer-
cial field. Nevertheless, it has been shown that the
greatest obstacle to large-scale commercial uses is
their comparatively poor electrical conductivity,
which limits the electrode material’s fast charge/
discharge kinetics. As a result, numerous approach-
es have been developed to address this issue, such
as the synthesis of electrode materials with nano-
structures and greater active surface areas, a com-
posite with an electrically conductive material, and
multiple metal composites with synergistic effects.
At the same time, the electrode material manufac-
turing process is growing more sophisticated. For
commercial applications, the synthesis of electrode
materials with high electrochemical performance
via a green, ecologically friendly, easy, and low-
cost technique is still required. This work reviews
TMOs and sodium-based TMOs with multiple
structure compounds as electrode materials for
SICs in terms of specific capacitance, electrolyte
type, E,, P,, and capacity retention. The compari-
son of TMO-based electrode materials for LICs and
SICs has been mentioned. This paper also high-
lights several significant investigations with low-
cost and ecologically friendly materials such as
Na, Mn . Co Mg O, and Na, , MnO,, as well as
compounds with different structural types in recent
studies. In recent years, the electrochemical perfor-
mance of TMOs in SICs has improved steadily. The
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developed SICs with high electrochemical prop-
erties that can compete with LICs will be used in
battery systems in the future. SICs are expected to
be crucial in both our daily lives and energy storage
technologies soon.
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