
Journal of Energy Storage 53 (2022) 105187

Available online 29 June 2022
2352-152X/© 2022 Published by Elsevier Ltd.

Review article 

Fundamentals and recent progress of Sn-based electrode materials for 
supercapacitors: A comprehensive review 

Mohd Zahid Ansari a, Sajid Ali Ansari b,*, Soo-Hyun Kim a,c,** 

a School of Materials Science and Engineering, Yeungnam University, 280 Daehak-Ro, Gyeongsan, Gyeongbuk 38541, Republic of Korea 
b Department of Physics, College of Science, King Faisal University, P.O. Box 400, Hofuf, Al-Ahsa 31982, Saudi Arabia 
c Institute of Materials Technology, Yeungnam University, 280 Daehak-Ro, Gyeongsan, Gyeongbuk 38541, Republic of Korea   

A R T I C L E  I N F O   

Keywords: 
Sn-based 
SnOx=1&2 

SnSx=1&2 

Supercapacitors 
Electrodes materials 
Composites 

A B S T R A C T   

Supercapacitors are extremely capable electrochemical energy storage devices owing to their high power density, 
long cyclability, rapid charge-discharge rates, and environmentally benign nature. They are equipped with 
absolutely demanding commercial features, thus employed in a wide range of applications including convenient 
electronics to electric automobiles. Electrode materials are considered an important feature in the electro
chemical performance of supercapacitors, among which tin-based electrode materials (Sn oxides and sulfides) are 
quite attractive electrode materials. Their unique features involve numerous valence states, good redox chem
istry, high thermal and mechanical stability, enriching conductivity, and long cyclability. This review tries to 
summarize the importance and contribution of Sn-based electrode materials for supercapacitors to date via 
organizing them into various sections based on chemical composition. Also, the role of different nano
architectures in deciding the electrochemical performance is discussed. A brief history of the supercapacitor 
background, involving the charge storage mechanism is presented. The summary of the results intricates the 
association between the synthesis and the properties as well as the performance of the supercapacitor that would 
be helpful to set a guide for future research relying on the suitable preparation route for the variety of appli
cations which is aimed. Although Sn-based electrode materials for supercapacitors are not so much explored, 
highlighting the potential aspects of these materials with future perspectives and challenges is the main purpose 
of this review.   

1. Introduction 

The rapid development of the global economy has raised several 
major issues like depletion of fossil fuels, energy crises, and environ
mental pollution. Such development is not sustainable and therefore 
needs serious attention. Efforts should be made to utilize and develop 
such energy sources that are clean, abundant, efficient, and economic. 
The generation of energy from renewable energy sources and its storage 
is a sustainable way to bring both energies as well as environmental 
security. Such an approach undoubtedly can establish a balance between 
energy production and its utilization [1]. Among various energy storage 
technologies, electrochemical energy storage (EES) is the most effective 
and practical technology well known for a long time. This class com
prises batteries, fuel cells, and electrochemical supercapacitors (ES) [1]. 

Batteries and supercapacitors are the most widely explored ones [1,2].In 
recent time, supercapacitors or ultracapacitors has gained great atten
tion for commercial and research purposes. High energy/power density, 
fast charge/discharge, long cycle life, wide functioning temperature 
range compared to conventional capacitors, good efficiency up to 95 %, 
less maintenance and leakage current, long service, and reliability are 
the unique features of this device [3]. They are utilized in numerous uses 
including minuscule handy electronics to mixture electrical automobiles 
[4]. The whole device performance relies on several components 
including current collectors, separators, electrolytes, and electrode 
materials. Although the device possesses huge potential applications, it 
suffers from a low energy density and high manufacturing cost. Active 
electrode materials are played a crucial part in deciding the electro
chemical performance of SCs and can surpass the limitations of this 
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device. 
Carbonaceous materials, conducting polymers, metal oxides and 

hydroxides are the major classes of electrode materials for SCs [5,6]. 
Due to high energy density and excellent conductivity than carbon 
materials and conducting polymers, metal oxides are the most antici
pated electrode materials for SCs [6–9]. Ruthenium is the most 
favourable electrode material for SCs due to its large potential window, 
presence of multiple oxidation states, excellent conductivity, long cycle 
life, high reversibility, and large specific capacitance [10]. But its 
commercial utilization is hindered by the less abundance and hence high 
cost. Then, engineering and constructing suitable active materials with 
high charge density, long-term cyclic stability, and appropriate working 
potential is a major shortcoming presently facing SCs. Among various 
materials, metallic tin (Sn) and Sn-based materials such as its oxides, 
sulfides, nitrides and their composites have gained remarkable devotion 
recently and demonstrate abundant prospective as electrode materials 
due to their exceptional physicochemical properties [11–19]. Tin is 
among one of the most significant silvery-white metals from history and 
was discovered much earlier, with two popular forms of allotropes, 
which look and behave differently due to their various crystalline 
structure and nature. The most familiar variant of Sn is called white tin 
or beta tin, which mostly forms easily at ambient temperatures, and is 
silvery-white with a body-centred tetragonal structure. Alternatively, 
the second form is called grey tin or alpha tin, with a less dense powdery 
form (about two thirds as dense) and appears more suited in lower 
temperatures. This variant is not so useful because of its weaker and 
more brittleness and has face-centred cubic crystal systems. The process 
where white tin sudden deteriorates to its grey form is known as a tin 
pest. Sn has two oxidation states: divalent Sn (Sn+2) and tetravalent Sn 
(Sn+4). Depending upon its valency, tin forms two types of compounds: 
tin with divalent compounds known as stannous and tin with tetravalent 
Sn is known as stannic. Significant Sn compounds contain Sn + 2 
chloride which is popularly applied in galvanizing, dyeing, and perfume 
manufacturing; Sn + 2 fluoride is mostly used for fluoride in toothpaste, 
and tin IV oxide is a popular catalyst for industries. Besides, Sn is an 
earth-abundant and cheap element (~20$/Kg), moderately harmless to 
work with [10,20,21]. The major problems of most Sn-based electrode 
materials are mechanical issues (poor structural stability and flexibility) 
like large volume expansion and formation of the cluster. To overcome 
this drawback, a variety of Sn-based materials with various morphol
ogies and structures have been engineered. Recent research has 
emphasized that tin-based nanomaterials are quite promising for SCs 
due to their high conductivity, thermal and chemical stability, nontoxic 
nature, and huge natural abundance [20–22]. The electrochemical 
performance of tin can be enhanced by incorporating it with carbon- 
based materials in the form of nanocomposites such as Sn@C, SnO2@C. 

Table 1 provides the review literature that covered the studies about 
Sn-based materials for various applications so far. Although the elec
trochemical tests of Sn-based electrodes have been reported since 1998, 
there are numerous literatures since then. An organized review 
involving the preparation process, specific properties, and applications 
based on different reports are yet to be done. 

There are quite a few excellent review articles on the tin-based 
electrode materials, which mainly focused on specific rechargeable 
batteries as can be seen in Table 1, but based on our literature survey, no 
review has summarized the latest outcomes of this material for SCs. 
Therefore, an up-to-date summarization is necessary to review the rapid 
advancement of novel Sn-based nanostructures in the SCs field. Herein, 
we took an effort to summarize and focused on the development to most 
recent progress on the Sn-based electrode materials for SCs along with 
the storage mechanisms, different synthetic techniques, and the elec
trochemical performance. Foremost, we have given some introductory 
background of SCs that would help the understanding of the current 
review, including the types and charge storage mechanism. 

Table 1 
Existing review literature on Sn-based materials.  

Sr. 
No 

Title of paper Reviewed area or 
topic 

Year up to 
literature 
covered 

Topic 
covered 
for super 
-capacitors 

Ref.  

1 Green energy 
storage 
materials: 
Nanostructured 
TiO2 and Sn- 
based anodes for 
lithium-ion 
batteries 

Developments of 
nanostructured 
including rutile, 
anatase, TiO2 

(B), and coated 
TiO2, and 
pristine SnO2, 
and its 
composites.  

2009 Not 
available 

[11]  

2 SnO2-based 
nanomaterials: 
Synthesis and 
application in 
lithium-ion 
batteries and 
supercapacitors 

Different 
morphologies as 
well as their 
modifications by 
doping and 
compositing 
with other 
materials.  

2014 Not 
available 

[12]  

3 Promises and 
challenges of tin- 
based 
compounds as 
anode materials 
for lithium-ion 
batteries 

Design and 
synthesis of 
nano- and 
microstructures 
with different 
morphologies, 
and their 
relationships 
with Li-ion 
storage 
properties  

2015 Not 
available 

[13]  

4 Tin-based anode 
materials with 
well-designed 
architectures for 
next generation 
lithium-ion 
batteries 

Structural 
design, 
fabrication 
methods, and 
battery 
performance 
with focus on 
material 
structures  

2016 Not 
available 

[14]  

5 Tin-based 
nanomaterials 
for 
electrochemical 
energy storage 

Nanostructured 
Sn-based 
compound for Li- 
ion batteries, Na- 
ion batteries, 
supercapacitors  

2016 Partly 
discussed 

[15]  

6 Metallic Sn- 
based anode 
materials: 
application in 
high- 
performance 
lithium-ion and 
sodium-ion 
batteries 

Modification 
strategies 
including size 
control, alloying, 
and structure 
design to 
improve the 
electrochemical 
properties.  

2017 Not 
available 

[16]  

7 Tin-based 
materials as 
versatile anodes 
for alkali (earth)- 
ion batteries 

Effects of 
morphologies, 
and the 
integration with 
carbon for Li-ion 
batteries, Na-ion 
batteries, Mg-ion 
batteries  

2018 Not 
available 

[17]  

8 Advances in 
synthesis, 
properties and 
emerging 
applications of 
tin sulfides and 
its 
heterostructures 

Preparation 
strategies and 
applications in 
water splitting, 
rechargeable 
batteries, 
supercapacitor, 
photocatalyst 
etc.  

2020 Partly 
discussed 

[18]  

9 Advances in Sn- 
based catalysts 

Synthesis, 
catalytic  

2019 Not 
available 

[19] 

(continued on next page) 
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1.1. Charge storage mechanism of supercapacitors 

The energy storage process depends on basically two mechanisms 
that take part in the overall capacitance of electrochemical capacitors 
(ECs) [4,5]:  

(1) Electric double-layer capacitance (EDLC) - this charge storage 
principle relies on electrostatic storage of charges at the con
ducting interface of the electrode and electrolyte. It results in the 
formation of the Helmholtz double layer. The electrical energy is 
stored through reversible and physical adsorption of electrolyte 
ions at the electrode interface, with no actual transfer of charges 
between the two mediums. The extremely small separation dis
tance of static charges in a double-layer results in the enhanced 
capacitance of the electrode [6].  

(2) Pseudocapacitance – this principle of electrical energy storage 
depends on faradaic charge storage, where electrons generated 
with the help of reversible redox reactions are moved across the 
joint interface of electrode and electrolyte. The formation of no 

new chemical species occurs because of the highly reversible 
intercalation of electrolyte ions in the lattice of the electrode 
materials [7–9,23]. 

1.2. Supercapacitor types 

Based on the above-mentioned charge storage mechanism and design 
of the electrodes, SCs have been broadly classified into electric double- 
layer capacitors (EDLCs), pseudocapacitors (PCs), and hybrid 
capacitors. 

1.2.1. Electric double-layer capacitors (EDLCs) 
The development of SC technology is still going on since its invention 

by General Electric in 1957. The Japanese company “Nippon Electric 
(NE)” was the first commercial-scale producer of double-layer capacitors 
in the year 1975 with the name supercapacitors. EDLCs share a similar 
charge storage mechanism as conventional capacitors. However, in 
place of a solid dielectric medium, they exhibit an ionically conducting 
solution between the electrodes. Thus, make use of the interfaces present 
between the electrode material and the conducting electrolyte solution 
for energy storage [22]. Fig. 1a [24] shows the underlying charge 
storage mechanism of EDLCs. An externally applied voltage across the 
EDLC induces the electrodes with different polarities, resulting in the 
movement of the oppositely charged electrolyte ions to the pores of the 
electrodes. The resulted molecular layer of adsorbed ions at the elec
trode surface, surrounded by solvent molecules, makes the actual 
‘dielectric’ of the double-layer capacitors [8,9]. The formation of such 
double layers takes place at the two adjacent positions in the device. The 
width of the double layer formed at the interface of electrode and 
electrolyte determines the EDLCs capacitance, which is much smaller 
than the thickness of the ion-permeable separator. This versatile change 
makes EDLCs possess much-enhanced capacitance compared to con
ventional capacitors according to Eq. (1) [25,26]. 

C = (Ԑ0ԐrA)/d (1)  

where C, Ԑ0, Ԑr, A, and d denote the specific capacitance of EDLC, vac
uum permittivity, the relative permittivity of the electrolyte, specific 
surface area of the electrode accessible to the electrolyte ions, and EDL 
effective thickness respectively. Owing to merely physical charge 
transfer, slight volumetric fluctuations happen in the electrode of 
EDLCs. Therefore, they possess enormous cyclic constancies. In this, 
carbon-based materials consider the favourable constituents for EDLC 
electrodes because of their high specific surface area, great mechanical 
and chemical strength, admirable electronic conductivity, and 
economical [8]. Endo et al. in-depth have summarized facts based on 
electric double-layer capacitors [27]. Currently, numerous carbona
ceous constituents like activated carbons (ACs), carbon nanotubes, 
graphene etc., obtained from many sources, were applied as electrode 
EDLCs [5,6]. Nowadays, EDLCs research is highly focused on improving 
energy density, without losing the remarkable power density and cycle 
life. 

1.2.2. Pseudocapacitors (PCs) 
The charge storage process of pseudocapacitors (PCs) occurs from 

the fast and highly reversible redox reactions taking place on the surface 
of electrode materials. Here, the genuine transmission of ions involves 
across the generated double layer, which is quite alike the storage 
mechanism of batteries. Except for the fact that instead of reactions 
taking place in the bulk, faradaic reactions majorly occur at the surface 
of synthesized electrodes. Depending upon the types of electrode ma
terials and electrolytes, the faradaic process occurs in three different 
manners: reversible adsorption, redox reactions of transition metal ox
ides, and reversible electrochemical doping–dedoping in conductive 
polymers [5,6]. However, all the transition metal oxides are not suitable 
for pseudocapacitance in SCs. Only reactions going on at the surface and 

Table 1 (continued ) 

Sr. 
No 

Title of paper Reviewed area or 
topic 

Year up to 
literature 
covered 

Topic 
covered 
for super 
-capacitors 

Ref. 

for 
electrochemical 
CO2 reduction 

performance, 
and reaction 
mechanisms for 
CO2 

electroreduction  
10 Research 

progress on tin- 
based anode 
materials for 
sodium ion 
batteries 

Synthesis of tin 
metal, tin alloy, 
and its 
composites with 
different 
nanostructures  

2020 Not 
available 

[78]  

11 Tin and tin 
compound 
materials as 
anodes in 
lithium-ion and 
sodium-ion 
batteries: A 
review 

Sn, SnO2,SnS2- 
based 
composites for 
rechargeable 
batteries  

2020 Not 
available 

[79]  

12 Tin oxide for 
optoelectronic, 
photovoltaic and 
energy storage 
devices: a review 

Experimental 
approaches to 
doping of SnO2 

with foreign 
elements for TCO 
and ETL 
application.  

2021 Not 
available 

[80]  

13 Sn-Based 
electrocatalyst 
stability: A 
crucial piece to 
the puzzle for the 
electrochemical 
CO2 reduction 
towards formic 
acid 

Highlighting the 
importance of 
correctly 
selected process 
conditions and 
an optimized 
reactor design  

2021 Not 
available 

[81]  

14 A review of tin 
disulfide (SnS2) 
composite 
electrode 
materials for 
supercapacitors 

Survey and 
summarize the 
findings of the 
studies on tin 
(IV) sulfide in 
supercapacitors.  

2021 Only SnS2- 
based 
discussed 

[82]  

15 Challenges and 
development of 
tin-based Anode 
with high 
volumetric 
capacity for li- 
ion batteries 

Discussion on the 
series of 
Sn–Fe–C, SnyFe, 
Sn–C 
composites with 
capacity 
retention and 
rate capability  

2020 Not 
available 

[83]  
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are limited by the solid-state diffusion show high-rate capability, e.g., 
RuO2. While the materials that use the bulk of the solid-state to store 
charges result in higher energy densities and are utilized in rechargeable 
batteries [9]. The fast and reversible faradaic redox reactions make PCs 
more capacitive than EDLCs, about 10–100 times larger. The enhanced 
capacitance is due to the occurrence of electrochemical reactions both 
on the electrode surface and near the surface [24]. A comparison of the 
charge storage mechanism of EDLCs and PCs is shown in Fig. 1 [25]. The 
frequently used electrodes for PCs are metal oxides and conducting 
polymers due to high specific capacitance, conductivity, high surface 
area, and high energy/power densities [25]. However, the power per
formance and cyclic stability of PCs are hindered by the slow faradaic 
mechanism, swelling, and phase transformations of electrode materials 
during charge-discharge processes [26]. Increasing the surface area 
through nanostructuring can improve the working efficiency of PC 
materials due to a decrease in diffusion distances and in some cases, 
control over phase transformations. 

1.2.3. Hybrid capacitors 
This category of supercapacitors takes advantage of both electro

static and faradaic storage of charges within the same system. The 
incorporation of both the capacitor type and the pseudocapacitive type 
electrodes results in high energy and power densities. Also, this class of 
SC provides better cyclic stability and low production cost. Based on 
designs and materials of various electrode configurations, the hybrid 
capacitors are classified as, asymmetric, composite, and battery-type as 
shown in Fig. 2 [26,27,29].  

a) Asymmetric hybrid supercapacitors (ASCs) 

The ASCs are well known for their superior energy and power de
livery, due to the presence of two different electrodes within the same 
system. These systems are devised to work together to address the high 
energy as well as power density requirement. Carbonaceous materials 
due to their high conductivity and large surface area work as an anode 

Fig. 1. Schematic representation of charge storage mechanism of (a) electric double-layer capacitors (EDLCs), (b) pseudocapacitors (PCs), and (c) hybrid capacitors 
(HCs). Reproduced with permission. [28] Copyright 2017, Oxford Academy. 

Fig. 2. Classification of hybrid supercapacitors based on electrode configurations [30].  
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and act as a power source while metal electrodes due to high intrinsic 
volumetric capacity behave as a cathode and act as an energy source 
[31]. Self-discharge and low working voltage are the major limitations 
of aqueous SCs. The incorporation of the asymmetric electrode config
uration helps in increasing the operating voltage window. Gao et al. 
[32], fabricated an asymmetric SC using 3D porous graphene hydrogel 
as anode and MnO2 nanoplates on Nickel foam as a cathode. The device 
exhibited a high energy density of 23.2 Wh kg− 1 at a power density of 1 
kW/kg with 83.4 % capacitance retention after 5000 charge-discharge 
cycles. The asymmetric configuration in aqueous electrolytes broadens 
the operating voltage window up to 2 V. However, organic electrolytes 
can provide large operational voltage, but their high ionic resistance 
increases the overall equivalent series resistance (ESR) of the device. 
ASCs can potentially deliver higher power densities as compared to fuel 
cells, batteries, and symmetric supercapacitors.  

b) Composite hybrid supercapacitors (CHSs) 

The CHSs are based on the combined properties of both carbon and 
metal oxides through merging the two types of materials within the 
same electrode [33,34]. The synergistic characteristics of both materials 
contribute positively to conductivity, specific capacitance, and cyclic 
stability. The enhanced performance is attributed to the high conducting 
and porous nature of carbon materials, which provide a short ionic 
diffusion path for electrolyte ions. Also, the extreme redox nature of 
metal oxides promotes high specific capacitance and high energy density 
[32]. The composite hybrids undergo several challenges of imbalance 
between the redox activity and conductivity of the composite. Also, 
dendrites' growth on the surface of porous carbonaceous materials 
during charge-discharge processes declines the successive ionic diffu
sion into electrode materials [33]. A composite based on graphene/ 
MnO2 was successfully synthesized through microwave irradiation by 
the group of Yan et al. [34]. The composite material displayed a 
maximum specific capacitance of 310 F/g at 2 mV/s, which is nearly 
three times larger than pure graphene. The overall performance is 
attributed to the effective interfacial area and conductivity of the elec
trode materials.  

c) Rechargeable battery-type hybrid supercapacitors 

So far, Lithium-ion batteries possess the highest energy density but 
have shortcomings of small cycle life, low power density, and high cost. 
These limitations hamper their widespread application in Hybrid Elec
tric Vehicles [35]. On the other hand, EDLCs store energy through the 
accumulation of charges at the electrode-electrolyte interface via elec
trostatic forces of attraction. Hence, can deliver very high-power density 
but suffer from low energy density. To fuel hybrid electric vehicles, both 
high energy as well as high power densities are required. In an approach 
to realizing such energy and power requirements within a single device, 
the concept of battery-type hybrid materials for SCs has emerged. Till 
now, many studies based on the hybridization of EDLC's, and Lithium- 
ion batteries materials have been explored [35,36]. In such configura
tions, the total stored charge is the sum of the charge stored by each 
component. It has been revealed that electrode configurations, surface 
modifications, and optimized composition of nanomaterials contribute 
significantly to the energy and power delivery performances [36]. A 
suitable example is a work performed by the group Zhang et al. [37]. In 
an urge to obtain high energy density with no sacrifice in power density, 
the hybrid SC based on Fe3O4/G//3D graphene delivered ultrahigh- 
energy of 147 W h kg− 1, at a power density of 150 W/kg. Interest
ingly, this energy density was comparable to that of Lithium-ion batte
ries. However, the major drawback of this approach is the decoupling of 
energy and power performances of individual counterparts in the hy
bridized systems. Such limitations can be overcome by optimizing such 
hybrid electrodes, that take the synergetic use of both battery and 
capacitor type materials equally rather than dominating. 

1.3. Supercapacitor performance parameters and components 

Before going through the detailed study and exploration of Sn-based 
electrode materials for SCs, a brief knowledge of the fundamentals of SCs 
is discussed here. The whole device comprises several components like 
electrode materials, electrolytes, separators, and current collectors, 
which work simultaneously to deliver desirable output. The operation of 
such physical components results in several key parameters such as 
voltage, capacitance, energy, and power density that need to consider in 
improving the overall device performance. These are quite important for 
determining the deliverable performances of SCs in numerous real-life 
applications. 

1.3.1. Supercapacitor capacitance, voltage, energy, and power density 
In a supercapacitor cell, the formation of double layers at the positive 

and negative electrodes acts as two capacitors connected in series. The 
overall capacitance (C) of the whole cell is given as Eq. (2) [33–36]: 

1/C = 1/C1 + 1/C2 (2) 

If the anode and cathode are of the same nature then C1 = C2 
therefore, total capacitance C would be equal to half of the capacitance 
of either electrode. Such configurations are called symmetric SCs. In 
another case, if C1 ∕= C2, that is when both electrodes are made from 
different materials such that their capacitances are different, then net 
capacitance would be dominated by the electrode with smaller capaci
tance. This configuration is present in asymmetric type SCs. During the 
charged state of SC, a potential difference V is developed across the 
electrode. The theoretical value of energy (E) and power densities (P) is 
expressed as Eqs. (3) and (4) respectively [33,34], 

E = 1
/

2 CV2 = 1
/

2 (QV) (3)  

P = V2/4R (4)  

where Q is the total charge stored in the supercapacitor, and R is the 
equivalent series resistance of the cell. It is clear from Eqs. (3) and (4) 
that C, V, and R are the key variables in determining the overall device 
performance. To increase the energy and power densities, one must 
focus to improve both V and C values along with reducing the value of R. 
Such values can be increased by the optimization of electrode materials 
and electrolytes. Aqueous electrolytes provide a voltage window of up to 
1 V, while organic electrolytes provide a wide operating voltage window 
more than 3 V. The cell voltage window depends on the electrolyte 
stability within the cell [38]. It is clear from Eqs. (3) and (4) that energy 
and power densities are directly proportional to the square of voltages. 
Hence the role of V is more dominant in the energy and power density 
performance. Also, inner resistance R should be small to enhance the SC 
performance in terms of power density. Eq. (3) expresses that energy 
density is directly proportional to the capacitance. The correct choice of 
electrode materials including their structures such as the utilization of 
layered electrode structure helps in capacitance enhancement. 

1.3.2. Electrode materials 
As discussed above, electrode materials are considered an important 

parameter in enhancing the capacitance and energy density of SCs. 
Further improvement in the existing electrode materials is essential for 
the execution of SCs for progressive applications [39–41]. The term 
specific surface area of electrode materials gives a general idea for the 
capacitance improvement, but in actuality, it is the electrochemically 
accessible surface area, which is within reach of the electrolyte ions 
[39]. Since all the available surface areas do not contribute to the spe
cific capacitance. Only the area with appropriate porous morphology 
and optimized pore size distribution comparable to the ionic size con
tributes significantly to the diffusion of electrolyte ions into the elec
trode materials. Electrode materials for SCs are generally classified into 
three categories: (1) carbonaceous materials [38], (2) conducting 
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polymers [25], and (3) metal oxides and hydroxides [32–34]. 

1.3.3. Carbon materials 
Carbon materials are the most employed electrode materials for 

EDLCs, more profoundly the carbon nanoarchitectures. Their advan
tages include huge abundance, low cost, smooth processing, high elec
tronic conductivity, mechanical stability, large specific surface area, and 
nontoxic nature. Based on the morphology, pore size distribution, sur
face area, and carbon content, the carbonaceous materials are classified 
as:  

1. Carbon foams (microporous), carbon nanofibers, carbon aerogels, 
and carbide-derived carbons [5,38]  

2. Graphene and carbon nanotubes (CNTs) [37,42,43]  
3. Activated carbons (ACs) [44] 

Several reviews have appreciably described these materials along 
with performance evaluations [5,6,26,41,42,44]. To match the theo
retically predicted high specific capacitance values of real SCs with the 
experimentally determined values, several approaches are going on. One 
such effective approach is the doping of heteroatoms such as nitrogen, 
oxygen, sulfur, or boron into the carbon nanoarchitecture [45], as 
shown in Fig. 3(a) [46]. It is reasoned that heteroatom doping in 
carbonaceous structures increases the hydrophilicity, leading to 
improved wettability of the electrode surface. Also, these heteroatoms 
boost the redox reactions through the generation of more electroactive 
sites on the surface of porous carbon structures. For example, Li et al. 
[47] prepared nitrogen/sulfur co-doped porous graphene hydrogels 
through the self-assembly technique. The device delivered a specific 
capacitance of 251 F/g, the energy density of 4.7 Wh kg− 1, at a power 
delivery of 25.47 kW/kg with 96.8 % of maintenance of capacitance 
after 2000 cycles (Fig. 3b). Another method to increase the capacitance 
of carbonaceous materials is the introduction of conducting polymers or 
transition metal oxides [32–34]. In summary, future research directions 
must focus on the development of carbon materials possessing large 
electrochemically active surface area, appropriate pore size distribution, 

and surface optimization to improve the overall performance without 
sacrificing stability. 

1.3.4. Conducting polymers (CPs) 
Conducting polymers due to their excellent redox behaviour are 

considered high-performance electrode materials for SCs. Their poten
tial advantages include low cost, rich conductivity in the doped state, 
low toxic nature, wide voltage window, excellent reversibility, and 
adjustable redox behaviour during chemical reactions [47,48]. The 
different conducting polymers are polythiophene (PTh), polyaniline 
(PANI), poly(3,4-ethylene dioxythiophene) (PEDOT), and polypyrrole 
(PPy) [49]. They exist in various morphologies, such as nanotubes, 
nanowires, nanofibers, nanorods, nanoarrays, and nanorings. Their 
working mechanism includes, during oxidation motion of ions occur 
towards polymer chain and during reduction, the same ions are ejected 
from the chain into the electrolyte medium. Here, the entire polymer 
body contributes to the redox reactions with high reversibility. Recently 
Zhou et al. [49] synthesized hydrogel of pure PANI nanofibers with the 
help of V2O5.nH2O using in-situ polymerization. The 3D assembled 
hydrogel consists of a cross-linked nanostructure and possesses high 
conductivity of 0.12 S/cm. The electrode achieved a specific capacitance 
of 636 F/g at a current density of 2 A g− 1 with 83.3 % capacitance 
retention after 10,000 cycles. The study reveals the high conducting 
behaviour of CPs in the field of energy storage. In another study, Yang 
et al. [48] successfully fabricated a flexible supercapacitor based on 
PEDOT/PANI hydrogel. The device showed good performance with 
deliverable outcomes of a high volumetric energy density of 0.25 mW h 
cm− 3 at a power density of 107.14 mW cm− 3. 

1.3.5. Metal oxides (MOs) 
MOs and their complexes have been used for conveying high energy 

density and excellent conductivity than carbon materials in energy 
storage [50–52]. One of the biggest limitations of SCs is their low energy 
density. Therefore, to improve this parameter, metal oxides are the most 
anticipated electrode materials for SCs. They are highly valued as they 
provide both electrostatic as well as faradaic storage of charges with 

Fig. 3. An effective approach to improve the surface chemistry is the doping of heteroatom: (a) graphene oxide doped with boron was synthesized by thermal 
annealing of GO/B2O3. Reproduced with permission. [46] Copyright 2015, Nature Publisher; (b) The representation for the synthesis, assembling process, and 
internal structure of the coin cell shaped SC. Reproduced with permission. [47] Copyright 2017, Elsevier. 
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large operating potential windows [37]. The major energy storage 
relevant properties of metal oxides are: (1) high electronically con
ducting nature, (2) presence of a large no of oxidation states, (3) huge 
natural abundance, and (4) easy tunability with various dimensional 
architectures. The most researched metal oxides include RuO2, MnOx, 
V2O5 etc. [50,51]. Many reviews have significantly described the latest 
advances made in metal oxides and their composites as electrode ma
terials for SCs [33,34]. For example, compared to the mono metal oxides 
NiO and Co3O4, the composite material spinel NiCo2O4 has two to three 
times higher electrical conductivity [53]. Also, compared to the bulk 
counterpart, the composites of metal oxides with porous nanostructures 
are highly desirable to obtain a large specific surface area. The opti
mized design of nanoarchitecture with unique pore size distribution and 
appropriate SSA helps in improving the capacitance of metal oxides- 
based electrodes. For instance, hierarchical mesoporous SnO2@Ni
Co2O4/N-MWCNT acquired a specific capacitance of ~728 F g− 1 (at 4 A 
g− 1) in 6 M KOH electrolyte with 92 % capacitance retention after 5000 
cycles [54]. Apart from the above-mentioned strategies, the hybridiza
tion of metal oxides with other high electronic conducting materials is 
quite popular to increase the electroconductivity of metal oxides. 

1.3.6. Electrolytes 
In addition to the electrodes, an electrolyte that exists between the 

two electrodes and the separator is a key component of SCs. A suitable 
electrolyte for SC must have a wide voltage window, rich ionic con
centration, low resistivity, large electrochemical stability, small toxicity, 
lost cost, and high purity [41]. Depending upon the constituents, they 
are classified into three categories: (a) aqueous electrolytes, (b) organic 
electrolytes, and (c) ionic liquids (ILs) [55,56]. Aqueous electrolytes 
provide a huge concentration of ions as well as high conductance than 
organic electrolytes. They include H2SO4 (aq.), KOH (aq.), Na2SO4 (aq.), 
NH4Cl (aq.) [57]. For high capacitance and power delivery, these are far 
better than organic and ionic liquid electrolytes. Their synthesis route is 
also cheap, simple, and does not require strict processes to control ionic 
size. However, a small voltage window of about 1.2 V is the major 
disadvantage of aqueous electrolytes and restricts SCs to deliver high 
energy density. It is suitable to use organic electrolytes to obtain a large 
voltage window [58]. These are propylene carbonate, acetonitrile, 
ethylene carbonate–diethyl carbonate, and so on [59]. The major ben
efits of organic electrolytes include a large electrochemical operating 
window, wide operating temperature range, environmental friendliness, 
and good conductivity. Organic electrolytes mainly suffer from high 
resistance and less chemical stability. Among various electrolytes, ionic 
liquids (molten state of salts at room temperature) are gaining huge 
research attention [60]. Their wide operating voltage window ranges 
from 2 to 6 V and their high conductivity of up to 10 mS cm− 1 makes 
them unique among all electrolytes [61]. Since these are solvent-free, so 
provide well-identified ionic size. Also, the low vapour pressure, and 
large thermal, and chemical stability make them extremely suitable for 
high-performance SC devices. 

1.3.7. Separators 
The good dielectrics that provide maximum conductance of elec

trolyte ions through them are called separators. Like other components 
of SCs, these are also of huge importance, as they help sustain cell 
functions [62]. A good separator must be: a) non-conducting, b) provide 
high permeability to electrolyte ions, c) must hold low intrinsic resis
tance to the flow of ions, d) must have high mechanical strength, e) 
possess high wetting nature, f) should possess electrochemical stability 
in the electrolyte. The available separators are made up of glass, ce
ramics, papers, conducting polymers, cellulose-based electrodes, etc. 
[63]. Polymer-based separators are in huge demand due to their low 
cost, flexibility, and porous nature. The various polymeric separators are 
polyamide, polypropylene, polyvinylidene difluoride, poly
propylene‑carbonate, and polyethylene [64]. Cellulose-based electrodes 
in SCs have been considered as a favourable separator because of many 

unique properties such as natural biopolymer, an excess of hydroxyl 
reactive surfaces, admirable wettability, low production cost, biocom
patibility, great mechanical properties [65]. Although huge research is 
going on SCs, very little research has been focused on exploring sepa
rators. But it should be noticed that separators also affect negatively the 
performance of SCs if not utilized properly. As they can either short the 
circuit or can induce additional resistance in the cell. The group of 
Szubzda et al. [66] has studied the effect of plasma modification on the 
separators made of polyamide and polypropylene polymer. They 
conclude that the modification improves the overall wettability of the 
separator by electrolyte and results in increased power performance. In 
an interesting study, Shulga et al. [67] have employed oxidized gra
phene oxide as separator materials for SCs. 

1.3.8. Current collectors 
The role of current collectors (CCs) in SCs is quite appreciated, as 

they take the responsibility to efficiently transfer the charges during 
charge-discharge processes. They usually do the collection and con
duction of electric charges from electrodes to the load as well as from 
supply to the electrodes [68]. An ideal CC must possess low contact 
resistance with the electrodes, high electrical conductivity, high chem
ical stability, and a large conductive surface area [69]. The commonly 
used CC are aluminium, iron, nickel foam, steel, etc. [70]. Since CC 
enhances the electrochemical performance of SCs, therefore recent 
research is focusing to modify them. For example, surface modification 
of CC by using laser ablation, nanostructured morphology, and chemical 
activation [70]. Recently, Liu et al. [71] have summarized the recent 
advancements made in the nanostructured current collectors for pseu
docapacitive electrode materials. They emphasized that the utilization 
of both nanosized current collectors and electrode materials improves 
the charge transfer efficiency by providing a large conductive surface 
area to the electrodes. Furthermore, recently a group by Huang et al. 
[72] employed laser treatment on aluminium CC to obtain hierarchical 
nanoarchitectures on the surface. Such modifications contribute posi
tively to the overall device performance. 

1.4. Applications of supercapacitors 

If we explore the past and present of SCs, we will realize huge 
development in all the aspects of this technology [1–7]. Such advances 
include improvements in both the energy and power densities of SCs. 
Simultaneously, SCs possess a wide range of applications [73]. Due to 
rapid power delivery with ultralong cycle life, the SC demand is pro
gressively increasing in consumer electronics. Since such devices require 
instantaneous power to operate their various features. The various SC- 
driven consumer electronics are LED flashlights, internet, wireless 
remote control, screwdriver, signal transmission in mobile phones, etc. 
[74]. Another broad area is the automotive industry where SCs are 
currently utilized in electric vehicles (EVs) and hybrid electric vehicles 
(HEVs) [74]. They are used under applications such as regenerative 
braking, powering of onboard electronic features, and start and stop 
systems. Since batteries with low power density are not able to provide 
peak loads during acceleration hence, SCs are utilized to fulfil such 
demands. Also, combining SCs with batteries in HEVs result in highly 
improved performances such as easily starting in extremely cold 
weather, enhanced battery life, and powerful acceleration. Railways are 
also part of SC applications as they provide safety, efficiency, power 
quality, energy conservation, and power recuperation [75]. In the 
renewable energy sectors such as wind energy and solar energy, SCs are 
quite potential devices for energy storage. Presently, SCs are extremely 
applied in wind turbines. Their usage involves pitch control and powers 
them to adjust their blades in the wind direction for smooth power 
output [76]. According to Maxwell technologies [77], nearly 20–30 % of 
the global wind turbines are equipped with SC pitch control systems. 
With the progress in the deployment of renewable energy sectors, SCs 
will be in huge demand for energy storage in the future. According to the 
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new studies, SCs can effectively be applied in the grid integration of 
renewable energy sectors [78]. 

2. Sn-based electrode materials for supercapacitors 

Tin-based electrode materials are quite promising and well known 
for electrochemical energy storage. Its unique properties like low cost, 
high chemical stability, large theoretical capacity (~992 mAh g− 1), and 
environmentally benign nature make it a superb energy storage material 
[15,17]. 

Although tin possesses outstanding properties, its low electrical 
conductivity and poor electrochemical stability are the major limitations 
that need to be overcome. Introducing conducting phases like the 
incorporation of carbon-based materials, other metal, or metal oxides, 
and conducting polymers are a few approaches proven to improve the 
cyclic stability and rate capability. The tin-based materials are enor
mously explored in gas sensors, solar cells, photocatalysts, lithium-ion 
batteries, and supercapacitors [15,17,18,79–84]. Herein, we provide 
an in-depth review of Tin-based oxides, sulfides, and the hybrid form 
reported in the literature (Fig. 4). 

2.1. Tin based oxides (SnOx=1&2) 

The hydrous RuO2 electrode material is found to be the most suitable 
material for supercapacitor electrodes due to its extraordinary capaci
tance properties. However, due to the inadequate abundance and 
therefore high cost, the wide usage of RuO2 in supercapacitors is limited. 
Hence, efforts have been derived to explore inexpensive metal oxides, 
such as MnO2, Fe2O3, SnO2, NiO, and Co3O4 for supercapacitor appli
cations [50]. Among various metal oxides, SnOx is a suitable semi
conductor and gained huge attention as an SC electrode material due to 
its significant advantages. Firstly, they possess a large theoretical ca
pacity (≈780–1378 mAh g− 1), better electronic conductivity (21 Ωcm), 
high electron mobility (100–200 cm2/Vs) and thus show high power 
density [85,86]. Secondly, these possess a low potential window and 
charge-discharge plateau, excellent corrosion-resistant electrode against 
acidic/alkaline electrolyte with wide stable potential window. Third, 
these are high temperature and chemically stable compared to other 
metal oxides and thus hold a long lifetime. Forth, these are cheap and 
environmentally friendly and allow for a long range of morphology and 
structures [87]. These unique features make them high-performance 
electrode materials for SCs. Generally, Sn possesses two valences 
which make two different oxides, one is Sn with divalent leads to the 
formation of tin monoxide (SnO), and the other one is Sn with tetrava
lent which leads to the formation of tin dioxide (SnO2). The phase of 

SnO2 is more thermodynamically strong than that of the SnO under 
usual environments and therefore it has been extensively explored for 
various applications. On the other hand, the synthesis of pure SnO is 
comparatively challenging compared to SnO2 due to its valence state of 
SnO to SnO2 might be impulsive under a basic room environment based 
on the formation of standard Gibbs free energy [87]. Many research 
studies conducted on Sn oxides have shown the different methods for the 
synthesis of electrode materials like sol-gel synthesis [72], arc plasma 
[88], hydrothermal synthesis [89], chemical precipitation [90], pulse 
microwave deposition [91], and electrochemical deposition [92]. These 
studies have specified the use of tin-based oxides in SCs. Supercapacitor 
performance is extremely dependent on the morphology of electrodes, 
and therefore improved performance is quite observed with porous 
morphology of various dimensions [93–95]. Thus, facilitates the better 
penetration of electrolyte ions within the pores of electrode material. 

2.1.1. Pure SnOx=1&2 
Sn-based materials with porous architectures have been widely 

explored. Zhao et al. [15] have summarized Sn-based nanomaterials for 
electrochemical energy storage, specifying the direct relation between 
nanostructures and electrochemical performance. For example, Liu et al. 
have synthesized hierarchical SnO2 nanostructures by a facile hydro
thermal method. This technique is simple, cost-effective, and provides a 
green synthesis route for the industrial production of SnO2 nano
structures. The 3D hierarchical SnO2 morphology allows short ionic 
diffusion pathways for the electrolyte ions to penetrate as well as can 
alleviate the volume changes occurring during the charge/discharge 
process [23]. In 2004 for the first time, Prasad et al. introduced nano
structured SnO2 for redox SCs application. The active materials were 
directly deposited on the stainless steel electrode and used for evaluating 
SCs performance. A high capacitance value with 285 F/g at 10 mV/s and 
101 F/g at 200 mV/s were achieved which were higher than some of the 
other reported composites SnO2 values [96]. Next year, Rao et al. pre
pared SnO nanoparticles by hydrothermal process from urea hydrolysis 
and applied them for the first time as electrode material for the SC. A 
maximum specific capacitance of 17.3 F/g at a scan rate of 100 μA was 
obtained with 1000 charge/discharge stability [97]. The obtained 
values and exploration are very low and limited and therefore further 
electrochemical performance for SC materials needs to be explored. In 
this regard, Wang et al. [87] established a simplistic, straight ultrasonic 
synthesis of gram-scale and shape-controlled SnO using anhydrous SnCl2 
and the organic solvent of ethanolamine (ETA). The ETA alkalinity and 
ultrasound play a vital role in the formation of SnO as the prepared SnO 
in nanocluster form and changes to microplates after the hydrothermal 
process. The prepared SnO with the morphology of nanoclusters and 
microplates shows a high specific capacitance of 208.9 F/g at a scan rate 
of 0.1 A/g and an admirable rate capability of 65.8 F/g at the scan rate of 
40 A/g with better cyclic performance (10,000 cycles with 119 % 
retention). The innovative synthetic method for SnO is an appropriate 
and prospective means for other energy materials which are believed 
that will be open a new way for the synthesis of large-scale other metal 
oxide nanoparticles with higher SCs performance [87]. 

In general, the preparation of innovative nanostructured electrode 
materials by tailoring the shape, size and morphology play an important 
role in their properties and nanotechnology applications. The layered 
SnO micro-plates were prepared using ammonia as a reducing agent via 
a low-temperature hydrothermal method. By altering the ammonia 
concentration, the surface morphology, crystal structure and thickness 
of SnO (Fig. 5(a)) can be easily altered which has notable effects on their 
supercapacitor performance. It exhibited a great specific capacity of 
1080 Fg− 1 at the scan rate of 1 A g− 1, which achieves ~75 % of its 
theoretical faradaic capacitance. Also, the specific capacity preserves 
about 849 F/g after the 1000 charge-discharge process, displaying great 
cyclic stability that is presented in Fig. 5(b) [99]. Controlling shapes and 
structures of SnO2 nanostructure to be considered an important factor in 
their chemical, physical, and optoelectrical properties, which influences Fig. 4. Timeline of key strategies and results for Sn-based material for SCs.  
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electrochemical performance. There is various kind of morphology of 
SnO2 like nanoparticles, nanowires, nanosheets, nanorods, nanotubes, 
nanobelts etc. have been reported. The 3D assembled construction has 
been hardly found because of very slow progression which restrictive 
the structures in few nanometres with poorly organized aggregation as 
Zhuang et al. found out the aggregation-induced growth from nano- 
SnO2 to bulk SnO2 for a longer treatment time [98]. In this case, Wei 
et al. prepared SnO2 nanostructured materials with uniform pores dis
tribution by a gas-liquid interfacial reaction in an autoclave and allows 
to adjust the aggregated particle sizes through the amount of ethylene 
glycol and water. The prepared electrode exhibited outstanding charge- 
discharge cyclic performance over 1000 cycles with ~97 % capacity 
retention. The improved electrochemical performance could be ascribed 
to the presence of the nanopores SnO2 aggregation nanostructure, which 
enhances the surface area between the as-prepared electrode and 

electrolyte, prominent to an improved supercapacitor performance 
[100]. 

One of the key disadvantages of SnO2 as electrode material is the low 
specific capacitance, which hinders its practical use. Nanocrystalline 
porous SnO2 thin films as electrode materials were successfully syn
thesized by Pusawale and co-workers by applying a chemical route onto 
a directly stainless-steel substrate. The prepared electrode showed high 
pseudocapacitance activity of 66 F/g in 0.5 M Na2SO4 electrolyte with a 
scan rate of 10 mV/s [20]. Similarly, Yadav et al. [101] deposited SnO2 
films by spraying pyrolysis technique with the effect of SnCl4 which 
affects the film properties such as crystallinity, shape and size, optical, 
and SC properties. The films displayed a better SC activity with a 
maximum capacitance value of 119 F/g at a scan rate of 10 mV/s. Thus, 
based on the above results, it could be said that the SnO2 thin films based 
electrode could be one of the capable electrodes for use in SCs. 

Fig. 5. (a) XRD pattern of all prepared samples, and (b) CV and CD profiles of all SnO electrodes measured at the same scan/current rate. Reproduced with 
permission. [98] Copyright 2017, Elsevier. 

Fig. 6. (a) Schematic diagram of the preparation of SnO2 nanospheres, and (b) specific capacitance and cyclic performance of the samples. Reproduced with 
permission. [105] Copyright 2017, Elsevier. 
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Furthermore, the electrochemical activity of SnO2 can be upgraded 
by dropping the particle size and morphology of the prepared nano
particles and current collector, which was experimentally confirmed by 
several studies. With the advantage of hollow geometry, several hollow 
structures such as hollow spheres, and hollow fibers with promising 
energy storage properties have been reported [102,103]. The unique 
hollow geometry not only provides a higher surface to volume ratio area 
that contributes to higher capacitance but also facilitates shorter ion 
diffusion pathways and accommodation for large volume variation, 
hence improving the rate capability and providing good cycling stability 
[104]. For example, Kang et al. [105] prepared the hollow SnO2 nano
spheres from carbon spheres as the template in the autoclave, which has 
a uniform and single shelled structure (Fig. 6). The prepared SnO2 ma
terials showed a significant capacitance value of 332.7 F/g at 1 A/g and 
better cycling performance over 2000 charge-discharge times, which is 
considerably higher than the pristine SnO2 particles (143.5 F/g). 

The higher capacitive behaviour could be credited to its single shell 
and nanoscale size hollow SnO2 structure, providing high surface area 
and hierarchical porosity, which ultimately enhance the performance. 
Dodoo-Arhin et al. [106] prepared well crystalline SnO2 particles with 
various morphology and structure in the range of 2–10 nm by hydro
thermal synthesis under mild conditions using different surfactants and 
reducing agents and checked its effect on the electrochemical analysis. 
CV results in Fig. 6 [106] showed two main peaks, a broad cathodic peak 
and anodic peaks related to the redox peak of Sn+4 and Sn+3. The 
electron addition phenomena for the SnO2 electrode is shown in the 
following reaction scheme [106]: 

SnIVO2 + e− (external)+H+ (solution)→SnIIIO (OH− )

A capacitance value over 1.6 F/g at a 5 mV/s scan rate with pseu
docapacitor behaviour was achieved. This low capacitance values noted 
possibly be ascribed to the poor conductivity of the synthesized SnO2 
nanoparticles, which is apparent from the high internal resistance [106]. 
Studying the unique characteristics of smaller size nanocrystals like 
quantum dots (QDs) can provide the increased interface for the inter
action between SnO2 and other phenomena on facts behind the 
improved performance and it also helps in applying QDs or reduced size 
nanoparticles vast in diverse applications. Bonu et al. prepared pure 
SnO2 quantum dots and bigger size nanoparticles with different com
positions by a simple soft chemical method and studied them as elec
trode materials for SCs and compared them with bigger size 
nanoparticles [107]. The specific capacitance of the SnO2 QDs was ob
tained at 10 F/g at a 20 mV/s scan rate which is about 9 % decay in the 
capacitance upon increasing the scan rate to 500 mV/s. A set of broad 
peaks showed up at 0.12 (cathodic) and 0.135 (anodic) for SnO2 QDs 
whereas one set of distinctive redox peaks showed up at 0.25 (cathodic) 
and also at 0.32 (anodic). Redox transformation of SnO2 related to those 
peaks could be written as [107]: 

SnO2 +K+
a + e− ↔ SnOOKa 

Change in the peak position towards the higher possible potential 
side in the instance of 25 nm NPs of SnO2 is because of the prevented 
redox/electronic shift in the SnO2. In the instance of QDs, there is a 
presence of a simplistic diffusion layer of ions as a result of its hydrous 

Fig. 7. (a) specific capacitance as a function of scan rate, (b) charge-discharge profile with different ethanol to water content, (c) specific capacitance with the 
variation of current density, (d) Cyclic stability from specific capacitance as a function of cycle number at 1 A/g. Reproduced with permission. [94] Copyright 
2017, Elsevier. 
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structure which hampers the ionic flux in the direction of the electrode. 
Capacitance decay for the SnO2 QDs is less than 2 % after 1000 cycles 

of stability, while 8 % remained for the bigger particle size [107]. 
Similarly, Geng et al. [94] took an effort to prepare a simple, greener and 
fast synthesis of SnO2 QDs with 4–6 nm particle size using only precursor 
without any surfactant/reagent as an active material for solid-state 
asymmetric supercapacitor (ASC) for the first time. The capacitance 
values decrease with scan rate for all the samples that are ascribed to the 
diffusion result as represented in Fig. 7(a). The prepared electrode dis
plays a pseudocapacitive nature with the capacitance over 315 Fg− 1 at 1 
A g− 1 current density in a 3-electrode testing scheme. Further, the ASC 
system, exhibited higher capacitance, energy density, and long cycle 
performance (Fig. 7(b–d)). The reason behind the improved perfor
mance is the high surface area which allows more interaction or active 
sites between SnO2 and the other species [94]. The novel studies about 
the SnO2 quantum dots can benefit in applying it capably in a wide range 
of application from electronic and optoelectronic. 

It is well understood that the reasons influencing the performance 
depend on particle sizes and testing conditions such as electrolyte, and 
its concentration scan rate. Few other characteristics such as surface 
electrode activation, oxygen content, surface oxides and lattice defects 
influence the performance which is resulting from the preparation 
process. Mevada et al. [86] successfully synthesized SnO2 nanoparticles 
using gallic acid monohydrate with the help of the precipitation method 
as shown in Fig. 8. The nanocomposite consists of spherical morphology 

with a size under the range of 6–55 nm as mentioned in Fig. 8(b). The S- 
SnO2NPs@ETCC electrode exhibited a high specific capacitance of 523 
F/g at a scan rate of 5 mV/s. As a device, the symmetrical supercapacitor 
displayed good specific capacitance (156 F/g at a scan rate of 5 mV/s), 
and capacitance retention of up to 94.7 % after 5000 charge-discharge 
cycles at 20 A/g current density [86]. In order to store charges, two 
steps are involved, as shown in the following process [86]: 

SnO2 + αH+ + αe− ↔ SnO2− α (OH)α 

While proton transfer from the electrolyte to the electrode surface is 
observed during discharging (S-SnO2NPs@ETCC), the phenomenon is 
reversed upon charging when the proton departs from the electrode 
surface and moves back into the electrolyte. The general low capaci
tance recorded for the SnO2 nanoparticles from the various treatments 
can be attributed to the low conductivity of SnO2. Although SnO2 has the 
characteristics to be used as an SC electrode, this material further needs 
attention to improve both the capacitance and conductivity. 

Many researchers tried to synthesize tin oxide-based composite 
materials, as a strategy to improve both the capacitance and electronic 
conductivity. Hence, these are incorporated with other materials like 
carbonaceous materials [26], metal oxides [50] and conducting poly
mers [108]. 

2.1.2. SnOx on carbonaceous materials 
Tin oxide is considered one of the widely explored metal oxides for 

Fig. 8. (a) Schematic diagram of preparation of S-SnO2NPs@ETCC, (b) TEM images of S-SnO2NPs, and (c) cyclic performance of the samples for 5000 charge- 
discharge process. Reproduced with permission. [86] Copyright 2017, Elsevier. 
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supercapacitor electrodes, due to its capability for fast redox reactions at 
the electrode surface. However, this oxide faces the drawback of low 
electrical conductivity [109–111]. Substantial efforts like the incorpo
ration of highly conducting carbon-based materials such as graphene, 
carbon nanotubes, and activated carbon have been done to enhance the 
supercapacitive performance of tin oxides. Carbon-based electrode 
materials are of particular interest due to their low cost and ability to 
possess both high specific capacitance and power density delivered by 
their high surface areas. Their incorporation with the active electrode 
material improves the electrical and electrochemical properties. 

2.1.2.1. Graphene. Graphene is a monoatomic-thick two-dimensional 
single layer of C atoms, that has been applied as a unique class of 
electrode materials because of its excellent electrical conductivity, bet
ter capacitive performance, large surface area, suitable porosity, and 
explosive interest from the past. It is well understood from the studies 
that carbonaceous and metal oxide materials are taking immense 
attention as electrode materials for various energy storage applications. 
If coupling the SnO2 and graphene materials into the active electrodes of 
SCs, their capacitive activity would be significantly improved as most of 
the metal oxide contributes pseudo-capacitance behaviour to the overall 
capacitance values apart from the EDLC from carbonaceous electrodes. 
Therefore, coupled SnO2 with graphene for the SCs can boost electro
chemical capacitance. In dealing with graphene, one of the essential 

points is to emphasize the well-organized interaction between the gra
phene and the other dimensions materials. Associated with the other 
phases such as SnO2 nanoparticles and nanowires, the desired phase 
would be two-dimensional SnO2 materials because of the 2D phase of 
graphene. Therefore, suitable surface-to-surface interaction between 
SnO2 nanomaterials and graphene pieces could be designed. Li and co- 
workers prepared for the first time 2D SnO2 nanoplatelets/graphene 
nanocomposite by facile hydrothermal process. The proposed composite 
electrode delivered an improved capacitance value of 294 F/g and better 
cycling performance compared to pristine SnO2. The synthesized SnO2 
nanoplatelets attached very well on every edge of graphene sides which 
barred the graphene sheets from aggregation [112]. In another study, 
Hsieh et al. fabricated SnO2/graphene oxide 3D framework for SC 
electrodes [113]. A high specific capacitance value of 384 F/g at 50 mA/ 
g current density was achieved at almost 98 % compared to the only 
graphene electrode due to high surface area which enhances the fraction 
of hydrophilic area, allowing more accessible sites in the electro
chemical test. Further, Chang and coworkers introduced a new fabri
cation process of an atmospheric pressure plasma jet for rapid synthesis 
of SnO2-rGO nanocomposites on carbon cloth for SC electrode materials 
[91]. In this work, they directly used SnCl2 liquid precursor instead of 
SnO2 particles blended into the rGO paste which is directly converted 
into SnO2 by NAPPJ (Fig. 9(a)) [91]. 

The areal capacitance of the prepared flexible rGO-SnO2 

Fig. 9. (a) Schematic representation of rGO-SnO2 SC fabrication process, and (b) cyclic stability of 10,000 cycles at a scan rate of 200 mV/s. Reproduced with 
permission. [91] Copyright 2017, Elsevier. 
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nanocomposites increases with the APPJ treating time and achieves the 
highest value of 97.5 mF/cm2 for a treating time of 300 s. It is also 
showed a capacitance retention rate of ~85 % after a 10,000 long-term 
cycling test (Fig. 9(b)) and further capacity enhanced by 11 % after a 
1000 cycle number under a flexible limit of 7.5 mm with no degradation, 
markedly due to strong electrode/electrolyte interaction and reduction 
in the ions transference resistance after the mechanical test. 

The basic flexibility of textiles is considered appropriate substrates 
for smart wearable materials. In the view of SCs, textile flexible sub
strates are taken as wearable substrates due to their superior flexibility. 
Kim and co-workers [114] presented a scalable facile, and speedy 
fabrication procedure supersonic spraying, to coat rGO and SnO2 on a 
wearable fabric for flexible SCs applications as shown in Fig. 10. 

As can be seen in Fig. 10(a), the rGO/SnO2 solution was fed on the 
carbon cloth using a syringe with an atomizer. The atomizer created 
droplets comprising rGO/SnO2 and after that fell into hot steam air and 
vapourised and hence coated directly on the fabric. They studied the 
consequence of the SnO2 concentration on the SCs performance of the 
flexible supercapacitor. 

In this system, rGO contributes to the electrical conductivity of 
fabrics, whereas SnO2 contributes to active energy storage capabilities. 
The synergetic behaviour of the mixture of rGO and SnO2 on the com
plete electrochemical performance through changing the SnO2 concen
tration. Mechanical durability in terms of stretched and relaxing tests 
for1100 cycles over a time interval of the 2000s, validated the 

mechanical strength of the wearable and flexible SC (11 (a)). The 
optimal electrode showed the highest specific capacitance of 1008 mF/ 
cm2 at 1.5 mA/cm2, with capacitance retention of 93 % over the 10,000 
charge-discharge processes as mentioned in Fig. 11(b). These favourable 
outcomes endorse that the supersonic spraying method could be 
appropriate for making large scale wearable SC based on fabrics. 

Haldorai et al. [92] reported a facile, and easy route to prepare 
flower-like SnO2 nanoparticles decorated graphene electrodes by ther
mal reduction process composites and used them for SCs application. 
The nanocomposite displayed a high capacitance value of 396 F/g at 4.5 
A/g current density and 1000 cyclic stability (92.6 % capacitance 
retention) due to the synergetic effect from both SnO2 and rGO. Simi
larly, SnO2 nanoparticles decorated on a flexible cellulose/rGO hybrid 
framework by a simple hydrothermal process followed by a freeze- 
drying process. The 3D porous cellulose-based framework was 
believed to be higher accessibility of electrode-electrolyte through 
higher surface contact and a short diffusion path for ions/e− trans
portation. The prepared electrode showed a high capacitance value of 
4.3 F/cm2 with great cyclic stability and capacitance retention. Thus, the 
CNFs/RGO/SnO2 electrodes adequate intersected macrostructured net
works that allowed them to realize better capacitive activity which 
could be applied for flexible supercapacitors [115]. As cellulose-based 
electrodes have been taken promising for flexible SCs for their flexi
bility, porous nature, lightweight, and cost-effective, Liu and co-workers 
have prepared the flexible SC electrode composed of SnO2 nanoparticles 

Fig. 10. (a) Schematic diagram of the preparation of flexible rGO-SnO2 electrode, and (b) TEM images, SAED pattern, and elemental mapping of the electrode. 
Reproduced with permission. [114] Copyright 2017, Elsevier. 
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incorporated GO flakes into cellulose matrix followed by conducting 
polymer coating. The SCs electrode showed a noteworthy enhancement 
with the integration of SnO2 nanoparticles into the framework, e.g. 
specific capacitance of 445 F/g with almost 84 % capacity retention 
after the 2500 charge-discharge process. These recent reports further 
signify the advantages of cellulose with the rGO for applications in en
ergy storage. However, compared to hybrid supercapacitors, EDLCs 
exhibit relative low specific capacitance. 

Recently, the N-doped GO-metal oxide is widely used as electrode 
material for various applications due to its synergistic effect. The porous 
SnO2@NGO nanocomposite for the SC electrode was prepared using 
urea as a catalyst through a thermal reduction process in the NH3 
environment (Fig. 12). The TEM images show that the nanocrystalline 
SnO2 nanoparticles with 10-20 nm size successfully incorporated in 
NGO presented in Fig. 13(a–c) for low internal resistance and high 
electrical conductivity [116]. 

The electrochemical activity of the composite electrode in Fig. 13 
(d–e) showed a specific capacitance of ~378 F/g at 4A/g and higher 
cycle stability with better capacitance retention (89 % after 5000 cy
cles). The improvement of SCs performance is primarily due to the 
greater surface area and suitable porosity ascends in the SnO2@NGO 
nanocomposite. 

Based on the literature studies, reducing the particle size to the 
nanoscale is one of the possible ways to attain better electrochemical 
performance due to its unique characteristics. Jayachandiran and co
workers [117] prepared ultra-small SnO2 nanoparticles by hydrother
mal process and blend them with rGO through an ultrasonic-assisted 
route for SC electrode and compared them with bare SnO2. The particle 
size was measured to be with an average size below 10 nm. This is 
significant for the present synthesis method as the polyvinyl alcohol 
work as a template, which can hinder the nanoparticle overgrowth and 
cluster. Additionally, the diethylamine capping agent efficiently 

Fig. 11. (a) Resistance change and zoomed view of the optimal sample subjected to cyclic stretching, and (b) SC performances with LED lighting test performed on 
the electrodes. Reproduced with permission. [114] Copyright 2017, Elsevier. 

Fig. 12. Schematic diagram of the preparation of SnO2@NGO by the thermal reduction process. Reproduced with permission. [116] Copyright 2019, Na
ture Publisher. 
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passivates the surface and so, precise the particle size, resulting in the 
development of ultra-small nanoparticles that were uniformly distrib
uted and decorated over and above the surface and the interior of rGO 
nanosheets. The electrochemical performance of SnO2 and rGO/SnO2 
nanocomposites exhibited a higher specific capacitance value (545 F g1) 
at 1 A/g and long cyclic stability and better capacity retention (96 % 
after 5000 charge-discharge cycles) compared to bare SnO2 electrode. 
The values are even higher than the earlier reported values, and the 
reasons are the uniform distribution of ultra-small SnO2 nanoparticles 
on GO sheets which works as a synergistic effect [117]. Lim and co- 
workers reported a facile solvent-based synthesis of SnO2/graphene 
nanocomposite, resulting in an excellent specific capacitance of 363.3 F/ 

g, which is five times more than the graphene-based electrode (68.4 F/g) 
[118]. The group of Zhang et al. synthesized SnO2 nanoparticles uni
formly distributed on the reduced graphene oxide (rGO) sheets through 
a colloid electrostatic self-assembly method. The dimension of SnO2 
nanoparticles was found around 5 nm. The output-specific capacitance 
of the nanocomposite was reported as 347.3 F/g at 5 mV/s in 1 M 
Na2SO4 electrolyte solution [119]. This set of investigations suggests 
that the construction of nanomaterials with a suitable amount of SnOx 
on graphene oxide has been explored as a useful approach for the con
struction of numerous functional nanomaterials for charge storage ap
plications [120–130]. 

Fig. 13. TEM images of (a) only N doped GO, (b–c) HR-images of SnO2@NGO composite, (d) CV at the different current rate of SnO2@NGO nanocomposite, and (d) 
Cyclic stability of SnO2 and rGO/SnO2 nanocomposite as an electrode for SCs. Reproduced with permission. [116] Copyright 2015, Nature Publisher. 

Fig. 14. (a) TEM images and (b) XRD patterns of the SnO2/MWCNT composite, and CV and CD profiles of (c) SnO2/VC and (d) SnO2/MWCNT in 1 M Na2SO4 
electrolyte. Reproduced with permission. [131] Copyright 2017, Elsevier. 
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2.1.2.2. Carbon nanotubes (CNTs). The EDLC storage mechanism is 
mainly detected for carbon black, GO, mesoporous carbon, carbon 
nanofibers (CNF) and CNTs with high surface area. Carbonaceous ma
terials tend to show a comparatively high electrical conductivity. 
Whereas, the pseudocapacitive behaviour with Faradaic reactions is 
mostly detected in the transition-metal oxides. For instance, the con
ductivity of MWCNT (1.85 × 103 S/cm) is higher than that of graphene 
(3.51 × 102 S/cm). CNTs are being considered a promising material for 
their feasibly suitable structural, optical, mechanical, and electrical 
properties. CNTs also possess a unique 1D cylindrical nanostructure with 
a vastly available surface size, low resistivity, and great stability. A 
comparison in the specific capacitances of SnO2/MWCNTs and SnO2/VC 
nanocomposites (Fig. 14) is reported by Vinoth et al. [131]. A facile 
sonochemical method is adopted for the synthesis and accordingly, the 
specific capacitance of SnO2/MWCNTs electrode is found to be 133.33 
F/g, at a charge-discharge current density of 0.5 mA cm− 2, while for 
SnO2/VC electrode, it is 112.14 F/g. They used the sonochemical 
method to decorate SnO2 nanoparticles with highly dispersed carbon 
materials. 

This method permits to activation of carbon nanoparticles via 
avoiding the development of aggregates and inducing more uniformity 
coverage permitting the coating of a high SnO2 nanoparticle loading 
without aggregation which is not so easy to control by other conven
tional methods. 

Xu and co-workers [132] group used an atmospheric pressure plasma 
jet sintering process at several APPJ scan rates to fabricate the electrode 
for SCs. Changing the APPJ scan rate and duration influences the 
properties of SnO2/CNT nanocomposite including the wettability that 
improved better contact between the electrolyte and the active electrode 
material, and then, improved electrochemical performance and specific 
capacitance are achieved. Generally, graphene nanosheets fold to form 
MWCNTs while unfolded MWCNTs form unzipped MWCNTs by well- 
ordered graphene nanosheets that possess high surface area and con
ductivity, promising for electrode materials. Krishnaveni and co- 
workers [133] synthesized unzipped MWCNTs by an ultrasound- 
assisted method in the presence of tin chlorides as Lewis catalyst and 
reducing agent in a short range of time and used them for SC electrode. 
Here, Sn2+ cleaved the C–C bond in the nanotubes ensuing in the cre
ation of a nanosheet shape through ring-opening to form nanosheets to 
reduce their surface energy. At the same time, Sn2+ self-oxidized to 
Sn4+ to form SnO2 with the corresponding insertion into the nanosheets 
to avoid the agglomeration of sheets. After the electrochemical test, they 
obtained higher specific capacitance of 351 F/g and 148 F/g in 1 M 
Na2SO4 and 6 M KOH respectively. Further, this composite showed 
enhanced charge storage capability and strong cyclic stability with 
better retention of 64 % in 1 M Na2SO4 and 52 % in 6 M KOH after the 
3000 charge-discharge processes. Further, the group of Rakhi et al. 
[134] successfully synthesized SnO2–MWCNTs uniformly dispersed onto 
graphene nanosheets (GNs/SnO2–MWCNTs) by a chemical method fol
lowed by calcination. The resulting SnO2–MWCNTs nanoparticles were 
homogeneously anchored on graphene nanosheets (GNs). Compared 
with GNs, the synthesized material can be charged-discharged very fast 
and had higher capacitance. The specific capacitance of GNs/ 
SnO2–MWCNTs nanocomposite electrode is 224 F g1, with 81 % 
capacitance retention after 6000 cycles. The improved electrochemical 
performance is attributed to a positive synergistic effect from all the 
individual components of the nanocomposite. Nitrogen-doped MWCNTs 
reveal notable electrical, mechanical, and electrochemical properties 
because the nitrogen valence electrons are combined into the graphitic 
plane, and thus p-electrons are formed, resulting high surface energy 
and polarization effect. A study based on N-MWCNTs with SnO2 elec
trode exhibited a high specific capacitance of ~728 F/g at 4 A/g in 6 M 
KOH solution [135]. The hybrid nanocomposite showed admirable 
capacitance maintenance with~92 % after the 5000 charge-discharge 
processes. Therefore, these studies show that the development of SnOx 
with CNT allows available active sites for electric charge and offered 

potential use of SnO2-CNT for SCs application [113,114]. 

2.1.2.3. Carbon nanofibers (CNFs). In addition to CNTs, CNFs have been 
fascinated more and more consideration as a class of chemically stable 
backings designing and constructing SnO2-based nanocomposites as the 
effective electrode materials because of their 1D properties such as large 
specific surface area and better electrical conductivity [138]. Mu et al. 
[139] SnO2/CNFs nanocomposites with uniform distribution of SnO2 
particles synthesized by a simple merging of the electrospinning and 
support-free solvent–thermal method. The characterization outcomes 
show that the coverage of SnO2 nanoparticles on the electrospun 
nanofibers can be easily managed by adjusting the mass ratio. The 
electrochemical performance was measured through CV and GCD 
measurement in a 1 M H2SO4 electrolyte. As suggested by the following 
equation [129], a reaction occurs in the H2SO4 electrolyte [139]: 

SnO2 +H+ + e− ↔ SnO OH 

The optimal electrode prepared with a 1:7 mass ratio delivered a 
specific capacitance of 187 F/g at 20 mV/s and after the 1000 charge- 
discharge process, the capacitance retention was over 95 %. As a 
result of the presence of the one-dimensional CNFs, the electric con
ductivity of the SnO2 particles can be increased, the thermodynamic/ 
kinetic stability preserved, and the charge-transfer resistance lowered. 
By using the same technique, Liu et al. [140] have used the thermal 
reduction process (TRP) of fibers comprising Sn precursor to prepare 
cage-like mesoporous CNFs. In this process, the TRP allowed the SnO2 to 
metallic tin simultaneously with the depletion of carbon that allows Sn 
to roam out from the carbon fibers and thus mesoporous formed in the 
CNFs. A specific capacitance of 105 F/g with high energy density and 
long cyclic strength (4200 cycles) was achieved. 

The core-shell structure enables decreasing ions/e− diffusion path 
using the carbon shell, resulting high rate capability performance. Also, 
the redox process improves by moving e− through a continuous 1D 
morphology. Samuel and co-workers [141] set an example for the 
fabrication of SnOx (core)/CNFs (shell) heterostructure using a single 
nozzle tip and used them as flexible electrodes for SCs. In that system 
shown in Fig. 15(c–i), PMMA was used as sacrificial material which 
generates pores and replaced by SnOx and forms a core after the heating 
process. 

The prepared composite attained the excellent specific capacitance 
of 289 F/g at 10 mV/s. Also, it maintained high capacitive retention with 
86 % after a long 5000 charge/discharge process due to the large 
expanse of Sn and appropriate hollow space (Fig. 15(g)). Also, Luan 
et al. [142] introduced novel architectures of SnO2/CNFs where SnO2 
dots are homogenously confined in the activated CNFs using support 
templates of Cu and its oxides for creating porous. The prepared flexible 
electrode used in the quasi solid-state asymmetric SC achieved better 
energy density (10.3 Wh kg− 1) and power density (325 W/kg) with 
stable cyclic performance over 2500 times, suggesting the strong po
tential for practical uses. Most of the studies discussed above-used car
bon sources containing PAN and other complex polymers that are 
unsustainable and complex. Because of this, a sustainable lignin pre
cursor of multichannel CNFs obtained from poplar sawdust by Cao and 
co-workers [143] was used as an electrode shown in Fig. 16(a–e). The 
optimized CNFs with a 5:5 lignin to PMMA ratio, a satisfactory capaci
tance value of 406 F/g and long term cyclic stability with 95 % capacity 
retention after 10,000 cycles. Further, the optimal composite delivered 
the highest power density of 18,514 W/kg. 

These admirable performances are ascribed owing to the hierarchical 
channels of multichannel CNFs, high surface area, faradaic pseudoca
pacitance of SnO2, and hole-creating effect of Sn precursors (Fig. 16 
(b–c)). As shown in Fig. 16(e), both positive and negative electrode 
layers of the supercapacitors were made from MCNFs@SnO2-5 nano
composites, which were directly contacted with the electrolyte and 
separated by cellulose membranes. The symmetric supercapacitor would 
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be capable of storing two different kinds of charge, including EDLCs 
provided by MCNFs and pseudocapacitance provided by SnO2. In 
EDLCs, the charge is stored electrostatically: positive electrodes are 
balanced by anions, whereas negative electrodes are balanced by cations 
at the interface of electrode and electrolyte. At or near the electrode 
surface, the proton or alkali metal cations adsorb on the surface of SnO2 
and its oxidation state can change. SnO2 would then demonstrate 
pseudocapacitance unlike EDLCs [143]. The ability to produce high- 
performance supercapacitor electrode materials by such a simple pro
cess may lead to enhanced commercial opportunities for supercapacitors 
across a wide range of applications where high-power density is 
required. 

In general, the physical/chemical properties of material strongly 
depend on the size and morphology of the specific material. Same with 
SnO2 as an electrode material, decreasing the scale of SnO2 to nanosize is 
a specific approach to improve the electrochemical performance 
because of the big surface area and providing a more electro-active site. 
Thus, researchers are keenly involved in emerging SnO2 materials with 
several morphologies and dimensions for supercapacitors electrode. For 
example, He's group [144] designed a simple and facile preparation of 
SnO2/C porous carbon composites that has uniform spherical 
morphology which is ascribed as the mosaic-designed microspheres by 
ethanol-thermal carbonization and steam activation method. The 

resultant electrode showed a high specific capacitance of 420 F/g with 
strong cyclic stability and a high energy density of 34.2 Wh kg− 1. These 
improvements might be belonged to the novel mosaic nanostructure 
where the spherical nature improved the electroactive surface, and the 
internal porous nature helped the electrolyte to entirely interact with 
SnO2 nanoparticles. 

In addition to this, SnO2 is encapsulated in a tunable hollow double- 
shell novel structure (H-SnO2/MesCHS) with a high surface area (747.7 
m2/g) and pore size (4.9 nm) prepared by hydrothermal and in-situ 
polymerization and silica template as sacrificial mesocarbon templates 
and used them for SCs electrode (Fig. 17) [145]. The prepared com
posites showed an excellent electrochemical response in Fig. 17(h–i) 
such as high specific capacitance of 470 F/g and long cyclic stability 
with ~88 capacity retention after 4000 cycles to their competitive 
electrodes. The achieved performance is attributed to the synergistic 
effects of MesCHS and SnO2, where mesoporous double-shell hollow 
structure facilities more electrolyte penetration to react with SnO2, and 
offers higher electrode/electrolyte interaction for ample active sites. 

Le and co-workers [146] utilized an emerging wetness impregnation 
technique to incorporate SnO2 nanoparticles in N doped mesoporous 
carbon framework followed by a thermal-reduction process and the 
surface area and pore size was affected by the amount of SnO2 
impregnation. The resultant optimized electrode with 15 wt% of 

Fig. 15. (a) CV graph of the as-prepared CS3 elec
trode, (b) the graphical representation of the charge 
storage mechanism of SnO2/CNFs electrode in SCs. 
Reproduced with permission. [129] Copyright 2017, 
Elsevier. (c) Schematic diagram of the preparation of 
SnOx/CNF via electrospinning, (d) digital picture of 
flexible SnOx/CNF, (e) LED test executed by two 
symmetric SCs, (f) TEM image, (g) HRTEM image of 
SnO-3, (h) EDS mapping for C, Sn, O, and (i) elec
trochemical stability measurements of SnOx/CNF 
electrode. Reproduced with permission. [141] Copy
right 2017, Elsevier.   
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impregnated SnO2 showed improved specific capacitance of 344 F/g at 
50 mV/s and cycling stability of 5000 charge/discharge cycles with 92 
% capacity retention. 

The structure and surface area greatly influence the physic-chemical 
properties of SnO2, which also plays an important factor in the choice of 
electrode constituents. So, it is greatly vital to make distinct morpho
logical species which hold a large surface to volume ratio that helps to 
obtain more electro-reactive sites and superficial ion transport. Scalable 
and simple one-step synthesis way for the construction of Sn/SnO2@C 
with high surface area (500 m2/g) prepared by deep eutectic solvents 
assisted process [147]. Due to 3D interconnected buildings, the opti
mized electrode with high conductivity that was prepared at high- 
temperature graphitization showed high specific capacitance with 
about 100 % capacity retention over 5000 cycles. 

Hong and co-workers [7] functionalized carbon cloth using acidifi
cation treatment and represented a flexible substrate growing SnO2 
nanoclusters by a solvothermal reaction followed by a calcination route. 
The functionalized carbon cloth wrapped with SnO2 displayed a 
capacitance of 197.7 F/g or 1265.3 mF cm2 at 1 A g 1 with over 95 % of 
capacitance retention over 5000 charge-discharge processes which are 

higher than the only graphene containing carbon cloth in two-electrode 
SC. In the prepared FCC@SnO2 electrode, the functionalized carbon 
framework provided several growing spots for rising SnO2, which 
offered conductive networks for fast ions transportation. Furthermore, 
the wrapped SnO2 on the surfaces of carbon microfibers enables the 
charge storage via surface adsorption/desorption and contributes to 
their pseudocapacitance [148–154] Some pioneering examples of the 
addition of SnO2 on the graphene substrate have been demonstrated 
with enhanced electrochemical performances. 

2.1.3. SnOx on conducting polymers 
Pristine SnO2 suffers from the limitations such as poor conductivity, 

agglomeration during continuous charge-discharge cycles, less stability, 
and difficulty in sustaining hydrous SnO2 form. Such restrictions can be 
resolved by the hybridization of SnO2 with other materials such as 
conducting polymers. For example, Polypyrrole (PPy) is a promising 
electrode material for supercapacitors due to its high electrical con
ductivity as well as good energy storage capacity. The group of Wang 
et al. [155] successfully synthesized a ternary nanocomposite graphene/ 
SnO2/PPy (GSP) as supercapacitor electrode material under a one-pot 

Fig. 16. (a) Schematic diagram of the preparation of MCNFs@SnO2 via electrospinning, (b) SEM image of MCNFs@SnO2, (c) TEM image of MCNFs@SnO2, (d) 
electrochemical stability measurements of MCNFs@SnO2 electrode, and (e) Graphical illustration of charge storage mechanism of the symmetric supercapacitor. 
Reproduced with permission. [143] Copyright 2017, Elsevier. 
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synthesis process. The composite delivered a large specific capacitance 
of 616 F/g at 1 mV/s current density in a 1 M H2SO4 electrolyte. The 
electrochemical performance is attributed to the synergistic effect of all 
three components. The homogeneously dispersed graphene sheets act as 
a framework to sustain both the pseudocapacitive materials SnO2 and 
PPy. The PPy film not only enhanced the surface area but also restricts 
the aggregation of SnO2 during charge-discharge cycles. Also, Polyani
line (PANI) has attracted tremendous attention as an SC electrode due to 
its non-toxic nature and good electrical conductivity. Merely PANI dis
plays a great capacitance, nevertheless, substantial capacitance 
declining observes due to various types of mechanical instability of PANI 
including puffiness, contraction and cracking upon charge-discharge 
practice. In this regard, the effect of morphology and crystal structure 
on the electrochemical performance of SCs was well explored by Hu 
et al. [156]. The SnO2 nanoparticles embedded within netlike polyani
line not only provide good wettability by electrolyte but also facilitate 
rapid charge transfer and ionic diffusion. The material delivered a spe
cific capacitance of 305.3 F/g at 5 mA cm− 2 with 96 % of capacity 
retention after 500 cycles. 

The synergistic contact between SnO2 and PANI endorses the elec
trochemical performances of PANI. A binary nanocomposite of PANI/ 
SnO2 nanorod array was prepared using a combination of electro- 
polymerization and seed-assisted hydrothermal process and exhibited 
a higher specific capacitance of 367.5 F/g compared to pure PANI 
(232.4 F/g) and retained almost 90 % capacity retention after 2000 
cycles [157]. In another study, Wang and co-workers [158] synthesized 
SnO2@PANI composite began from SnO crystals, after that an in-situ 
oxidation to SnO2 using ultrasonication and the polymerization of ani
line where SnO2 homogeneously dispersed on the surface and inserted 
into the PANI texture. The variation of inorganic constituent and 

polymer framework greatly influenced the morphology and electro
chemical performance of the prepared electrode. The resultant opti
mized electrode shows a higher capacitance value (335.5 F/g) and cyclic 
stability (10,000 cycles) due to the synergetic effect of SnO2 with PANI 
which enlightens the capacitance and reduces the mechanical depriva
tion. The study showed opportunities for the combination of polymer 
with SnO2 as electrode material for SCs [156,159,160]. 

2.1.4. Doped SnOx 
Foreign element (especially with transition metal) doping is a modest 

and effective way to modify the properties of materials and thus enhance 
the performance of the SnO2 nanostructured and functional properties. 
The decoration of element dopants into active material yields an 
increased active surface, large surface area and extra diffusion trans
portation of e− /ions diffusion. Also, the doping encourages the oxygen 
vacancies in the host lattice, resulting enhancement in electrical con
ductivity. Recently, various metal doping such as Ag, Zn, Co, Zr etc. has 
been tried to enhance specific capacitance and cycle stability. For 
example, Karthikeyan et al. [161] synthesized altered cobalt doped SnO2 
by the hydrothermal process at low temperature for the first time and 
exhibited a high capacitance value of 840 F/g compared to the pure 
SnO2 (742.6 F/g) due to high crystallinity and porous structure, and the 
cobalt doping. Inspired by the importance of doping, Saravanakumar 
and co-workers [162] synthesized Zn doped SnO2 NPs by sol-gel process 
using optimization of various surfactant effects and roles, and homog
enous spherical Zn-SnO2 NPs formed with the PEG-400 surfactant. This 
is due to the contribution of the vast amount of oxygen present in 
lengthy chains of PEG-400 adds the coordinative saturation of dangling 
bonds present on the out surface of the prepared materials. From the 
XRD results, there was a minor shift in the peak detected diffraction 

Fig. 17. (a) Schematic diagram of preparation of 
hollow double-shell H-SnO2/MesCHS nanospheres, 
(b) XRD pattern of H-SnO2/MesCHS composites, (c) 
TEM images of H-SnO2/MesCHS nanospheres, (d) 
EDS elemental mapping for C, Sn, O, and (g) elec
trochemical measurements through (h) comparative 
CV curves of the H-SnO2, H-SnO2/MicCHS, H-SnO2/ 
MesCHS and NF at a scan rate of 20 mV/s− 1, and (d) 
Cyclic stability test for H-SnO2/MesCHS at 5 A/g 
current. Reproduced with permission. [145] Copy
right 2017, Elsevier.   
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peaks of Zn-SnO2, which might be the outcome of the replacement of 
incorporation of Zn2+ into the lattice points of the tetragonal SnO2 
structure. The assisted PEG-400 Zn-SnO2 showed a better specific 
capacitance value of 312.7 F/g with 90 % retention after the 500 cyclic 
processes. The same author in the same year has tried to explore the 
effect of Zn and Ag doping with SnO2 NPs as electrode materials on the 
basis of high conducting dopant to low conducting dopant [163]. The 
uniform spherical Ag-SnO2 electrode enabled high active sites due to 
Ag+2 dopant which exhibited a specific capacitance of 308 A/g at 0.5 A/ 
g and a long GCD charge/discharge process for 5000 times at 2A/g with 
67 % capacity retention. 

Very similarly, Asaithambi et al. [85] synthesized SnO2 spherical 
nanostructures with the doping effect of highly electrical conductive 
elements (Fe, Cu) and lower electrical conductive transition metal (Zn) 
dopant. The XRD pattern in Fig. 18(a) suggested that the peaks are 
somewhat shifted towards a lower 2theta value while matched to 
undoped SnO2 and the peak intensities are also reduced caused by the 
possessions of the dopant of Fe, Cu, and Zn ions into the tetragonal SnO2 
lattice. The SEM analysis (Fig. 18(b–e)) of the samples shows that the 
undoped SnO2 has spherical morphology, partaking grains in the size 
range of ~43 nm and decreases upon doping due to lower surface/grain 
boundary energy. Among them, Fe doped SnO2 sample provided an 
enhanced specific capacitance (270 F/g at 0.5 A/g in Fig. 18(f)) and 
outstanding retention (98 % retention) after 2000 cycles (Fig. 18(g)). 
Similarly, Suthakaran et al. [164] introduced a hydrothermally syn
thesized surface assisted Zn-SnO2 NPs using sodium hexametaphosphate 
(SHMP) as a capping agent and compare them with only SnO2 and 
SHMP-SnO2, where SHMP was used to hinder the SnO2 NP from 
agglomeration. The electrochemical performance of the Zn doped SnO2 
electrode exhibited a greater capacitance compared to the undoped and 
SHMP assisted SnO2 electrode. In addition to the different metal doping, 
the same author has introduced a novel Zr doped SnO2 NPs using the 
same surface/capping agent and method in their aforesaid study [165]. 

In this, Zr was considered a suitable dopant for SnO2 due to a similar 
ionic radius as the ionic radius of Zr ion (0.72 Å) is adjacent to Sn ion 
(0.69 Å) which could modulate the bandgap. Thus, Zr ions would simply 
substitute Sn ions in the crystal lattice and the obtained complex can 
alleviate the lattice configuration. The electrochemical results suggested 
that the doping of Zr in SnO2 would substantially enhance the capacitive 
performance as compared to pure ones. Thus we can conclude that 
doping of metal in SnO2 lattice act as an acceptor and the presence of 
oxygen vacancies work as a donor that progresses mass transport, 
consequently improving the SCs performance [165–167]. 

2.1.5. SnOx on MxOy (M = Co, Ru, Mn, Fe, Mo) and others 
Ruthenium is considered the most potential electrode material for 

SCs but, Ru-based SCs are not available commercially due to their less 
natural availability. However, due to its unique supercapacitive prop
erties, it can be used in trace amounts with other metal oxides such as 
SnO2, TiO2, MoO, and Ta2O5 materials present in bulk. Their possible 
synergistic effect can boost the electrochemical performance of SC 
electrodes. For example, Shakir et al. reported Tin oxide-coated mo
lybdenum oxide nanowires (SnO2/MoO3), synthesized through a hy
drothermal and wet chemical process. MoO3 nanowires have an average 
diameter of 100 nm while SnO2 has a thin coating on MoO3 nanowires 
with a uniform thickness of about 5–20 nm. The reported composite 
material delivered a specific capacitance of 295 F/g at 0.5 A g− 1 in 1.0 M 
Na2SO4 electrolyte solution, which is better than the capacitance of its 
individual counterparts MoO3 (69 F/g) and SnO2 (96.6 F/g), with 97 % 
capacitance retention after 1000 cycles [151]. Alone SnO2 and SnS2 
have generally been shown poor electrochemical performance due to 
volume expansion and poor capacity and electronic conductivity, but 
their heterostructure showed improved SCs performance. The low 
electrochemical performance of SnO2 arises mainly from the disconti
nuities in the electrode material affected by the realization of agglom
eration and cracks. In this regard, Prabukumar and co-workers [168] 

Fig. 18. (a) XRD pattern of undoped and Cu, Fe and Zn doped SnO2 NP, (b) SEM images of (b) undoped SnO2 NP, (c–e) Fe, Cu, and Zn doped SnO2 NP, and 
electrochemical measurements through (f) comparative specific capacitance at different current density for the electrode, (g) cyclic stability test of optimized Fe-SnO2 
electrode at a current density of 0.5 A/g. Reproduced with permission. [85] Copyright 2017, Elsevier. 
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designed an electrode containing SnO2 NPs decorated MoS2 nanosheets 
by ligand exchange process where the MoS2 nanosheets work as the 
support framework and conducting path between the SnO2 NPs, 
exhibited an improved specific value to 61.6 F/g with 5 % capacity 
retention after 1000 cycles than that of bare SnO2 NPs. A similar concept 
was adopted by Asen et al. [169] where SnS2-SnO2 nanocomposites were 
prepared by a simple and economical solvothermal process using two 
different precursors. The obtained electrode showed improved capaci
tance performance because of its compositional and structural advan
tages. It has been observed that in the neutral Na2SO4 electrolyte, the 
charging process is performed by adsorbing and desorbing Na + ions on 
the surface of the optimized SnO2 nanoheterostructures as shown by the 
following process [169]: 

(SnO2)surface +Na+ + e− →(SnO2
− − Na+)surface 

SnS2 can also undergo the following reaction as shown in equation: 

(SnS2)surface +Na+ + e− →(SnS2
− + Na+)surface 

Hence, this facilitates the effective storage of charges through 
adsorption and desorption processes. 

The literature survey suggested that combine of SnO2 with others 
shows a synergistic effect on SCs activity, particularly via improving 
electrical conductivity and shortening electron/proton pathways. 
Daneshvar et al. [170] designed a composite electrode using a MWCNT 
as a template for the preparation of porous SnO2/CuxO by a facile 
electroless deposition process where morphology was controlled by pH 
and bath composition. The obtained SCs results showed higher elec
trochemical performance such as high capacitance (662 F/g) and long 
cyclic stability (retention of 94 % after 5000 cycles) that was high 
compared to several Sn-based electrodes. In this system, Sn acts as high 
wettability and electrical conductivity, and the middle layer between Cu 
and the MWCNTs offers a robust contact between them. Binary mixing of 

Fig. 19. (a) Schematic diagram of preparation pro
cess of S-SnO2NPs–RuO2@BCC electrode, (b) SEM 
surface images of S-SnO2NPs–RuO2@BCC composite 
and inset image of the particle size distribution of S- 
SnO2NPs. (c) Graphic illustration of a probable 
charge transfer mechanism involved in the electrode, 
and electrochemical measurements through (d) 
comparative specific capacitance at different scan 
rates, (c) cyclic stability test for optimized electrode 
at a current density of 10 mA/cm2. Reproduced with 
permission. [172] Copyright 2017, Elsevier.   
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RuOx and SnOx based on quite similar crystal parameters materials 
considered attention for SCs electrode due to the addition of SnO2 in 
metal oxide expands the consumption amount of metal species and 
improves the electrochemical activity. For instance, Wu et al. [171] 
decorated RuO2 onto SnO2 xerogel to enhance its specific capacitance 
(15 Fg− 1) by three times than that of bare xerogel (5 Fg− 1) specific 
capacitance. The mass loading/coating thickness of electroactive ma
terial plays an important role in the electrochemical performance of SC; 
low mass loading reveals high capacitance but is not applicable for 
practical use while large mass loading retards the specific capacity 
owing to agglomeration, poor mechanical strength, low conductivity 
and diffusivity. Mevada et al. [172] synthesized a novel composite of 
SnO2-RuOx electrode prepared by electrodeposition of RuO2 followed 
by spin-coated as-synthesized SnO2 NPs on carbon cloth which was used 
as a current collector as shown in Fig. 19. The prepared electrode with 
good compositional constancy and a large surface-to-volume ratio, 
confirming the better electrochemical performance including high areal 
capacitance of 794 mF/cm2 and long cyclic stability of 5000 times with 
87.5 % capacity retention than that without SnO2 based electrodes. 
Hierarchical core-shell nanostructures have been demonstrated to be an 
effective way to enhance electrochemical performance. Core-shell het
erostructures have several advantages over bulk materials, including 
providing a large interfacial area for charge transport and shortening the 
diffusion path for intercalation and de-intercalation of active species, as 
well as being able to achieve synergetic behaviour and multi- 
functionality [102,104,173]. Wang and co-workers [174] proposed a 
novel design of core-shell hierarchical nanostructure via combining 
SnO2 nanowires and Ni(OH)2 nanoflakes to synthesize 3D core-shell 
structures on flexible carbon cloth using a simple solution-based tech
nique. Higher electrochemical performance of 1553 F g− 1 (at 0.5 A g− 1) 
is achieved and it retained a capacitance of 934 F/g at a higher current 
density, indicating a very promising candidate for high energy 
supercapacitors. 

Recently, the effect of doping of metal and non-metal ions in the 
electrochemical performance of SnO2 nanostructures (Co, N-SnO2) is 
studied by Xu et al. This results in band edge reconstruction of tin di
oxide, thus showing 2.29 eV for SnO2 to 0.68 eV for Co, N-SnO2. A 
wearable bracelet-supercapacitor based on Co, N-SnO2/ACF electrode 
delivered an outstanding energy density of 70.7 Wh kg− 1 with a po
tential window of 2.0 V. This composite possessed a large specific 
capacitance of 361.2 F/g at 1 A g− 1 with 103.3 % cycling stability after 
10,000 charge-discharge cycles [175]. In an interesting approach to 
increase the electrochemical performance of SnO2, which is generally 
found to be poor, Li et al. synthesized nano rod-like Fe3O4@SnO2 
nanocomposite. Using a one-step hydrothermal approach, the material 
delivered a specific capacitance of 7.013 mF cm− 2 at 0.20 mA cm− 2 

[176]. The role of the porous SnO2 layers in preventing the aggregation 
of γ-MnO2 nanosheets is studied by Chan et al. After the addition of CNT, 
the tri-layered structure of CNT/SnO2/MnO2 showed larger specific 
capacitance than bare CNT-, and SnO2-supported MnO2 materials. The 
CNT/SnO2/MnO2 nanocomposite delivered a high specific capacitance 
of 427 F/g at a current density of 1 A g− 1. The improved electrochemical 
performance is attributed to the lower internal resistance of the hybrid 
composite electrode material [177]. 

Besides, several research studies even proposed adding SnO2 with 
multiple materials. Wang et al. [178] prepared hierarchical Co3O4- 
SnO@SnO2 nanostructures where uniform SnO2 nanosheets grew on the 
surface of carbon cloth followed by a hydrothermal process and 
annealing process. In this system, the addition of Co3O4 and PN junction 
hierarchically skeleton act a structure of nanospheres sheltered by 
nanoparticles that offer rapid conduction of electrons and ions between 
the electrolyte and active material. The prepared electrode presented a 
high specific capacitance of 1.056 F/cm2 and admirable cyclic stability 
of 2000 charge/discharge times and retain 91.5 % capacity. 

It is known that the surface of graphene oxide has negatively charged 
ions and Sn and Fe have positively charged ions that would easily be 

attached to the graphene oxide solution. Geerthana and co-workers 
[179] synthesized a Fe2O3/SnO2/rGO nanocomposites with nano-Sn 
species on the surface of graphene oxide using a one-step hydrother
mal route, reporting an electrode with a high specific capacitance of 821 
F/g and outstanding cyclic stability of 10,000 times with ~99 % 
retention due to primarily ascribed to the surface assets of nanosized 
metal oxides and an outstanding conductive framework. This set of 
studies suggests that SnO2 joint with inventive construction of metal 
oxide heterostructures efficiently increases the electrochemical perfor
mance of the SC electrode material and offers an innovative awareness 
for the organized progress of power density and energy density 
[177,180–192]. Table 2 showed an electrochemical performance com
parison of tin-based electrode materials, synthesized through various 
techniques. 

2.2. Tin-based sulfides (SnSx=1&2) 

Recently, transition metal sulfides (TMSs) have attracted huge 
research attention in the field of energy storage. These are recognized by 
excellent physical properties like electrical conductivity, mechanical 
and thermal stability, and chemical properties like good redox behav
iour [195,196]. Thus, found to be highly suitable in the form of elec
trode material for lithium-ion batteries and supercapacitors 
[83,197–199]. Considering the unique abilities of metal sulfides for SCs, 
several reports have been published on metal sulfides based on iron, 
cobalt, nickel, copper, molybdenum, and tin [15,195,196]. These sul
fides are naturally abundant and possess tunable optical band gaps as 
well as layered structures, required for electrode materials in electro
chemical energy storage. Metal sulfides are not only reported in the pure 
form but their hybrid form has also been explored. Their combination 
with conducting polymers or carbonaceous materials showed excellent 
supercapacitive performance. The synergistic characteristics of both 
materials contribute positively to conductivity, specific capacitance, and 
cyclic stability. The high conducting and porous nature of carbon ma
terials provide a short ionic diffusion path for the electrolyte ions to 
penetrate, and the extreme redox nature of metal oxides promotes high 
specific capacitance and energy density [199–201]. The tin sulfide- 
based nanostructures, nanocomposites, and heterostructures have 
been synthesized by various methods such as hydrothermal method 
[200,201], chemical vapour deposition (CVD) [202], ball milling 
method [203], chemical precipitation [204], and vacuum evaporation 
[205]. Although the tin-based sulfides are quite potential material for SC 
electrodes, they have not been enormously explored from the commer
cial point of view, and therefore, very few results have been reported for 
Sn-based sulfide supercapacitors. 

2.2.1. Pure Sn-based sulfides (SnSx=1&2) 
TMCs or dichalcogenides (TMDCs) are enormously explored in the 

field of nano-electronics, optoelectronics, and flexible devices due to the 
tunable band gaps, high mechanical strength, and ability to possess 
various nanostructures [195,196]. Concerning the huge natural 
abundancy along with the property of large surface area and different 
morphologies, TMSs are found to be highly suitable for SC electrode 
materials [83,197]. Although the device performance relies on many 
parameters, optimization of electrode materials in the form of suitable 
nanostructures is of great significance for SCs. Tin disulfide (SnS2) 
possesses a 2D layered crystal structure with weak van der Waal forces 
existing between the layers and has attracted significant attention as 
pseudocapacitor electrode materials. The layered CdI2 structure with 
hexagonal lattice is an attractive property of SnS2, enriched by a large 
surface area [206]. The key role of morphology in capacitance 
enhancement is well studied by Mishra et al. [207]. The unique carna
tion flower-like morphology provides a short and highly conducting 
channel for electrolyte ions to transport inside the electrode. The high 
output delivery (specific capacitance ~524.5 F/g at 0.08 A g− 1, power 
delivery ~12.3 W Kg− 1) assures the application of SnS2 as an SC 
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Table 2 
EC performance comparison of tin oxide based electrode materials for SCs.  

Samples Synthesis method Morphology Electrolyte Specific capacitance Cycling stability [%] (no. 
of cycles) 

Ref. 

SnO2 Hydrothermal Flower-shaped 1 M Na2SO4 187.7 F/g at 1 A/g N/A (2000) [10] 
SILAR method Spherical nanograins 0.5 M Na2SO4 66 F/g at 10 mV/s N/A [20] 
Precipitation Spherical shape 1 M H2SO4 523 F/g at 5 mV/s 97.7 (5000) [86] 
Hydrothermal Nanoclusters 1 M H2SO4 208.9 F/g at 0.1 A/g 119.3(10000) [87] 
Hydrothermal Quantum dots PVA- H2SO4 315 F/g at 1 A/g 85 (3000) [94] 
Potentiodynamic deposition Nanostructured 1 M Na2SO4 285 F/g at 10 mV/s 88 (1000) [96] 
Hydrothermal Nanoparticles 0.1 M NaCl 24.58 F/g N/A (1000) [97] 
Hydrothermal Micro-plates 3 M KOH 1080 F/g at 1 A/g 80.6 (1000) [99] 
Solvothermal Nanoparticles 0.1 M Na2SO4 50.3 F/g at 10 mV/s 97 (1000) [100] 
Spray pyrolysis Polyhedron-like 

grains 
1 M KOH 119 F/g at 10 mV/s N/A [101] 

Hydrothermal Hollow nanospheres 1 M KOH 332.7 F/g at 1 A/g 130 (2000) [105] 
Hydrothermal Nanoparticles KOH 1.6 F/g at 5 mV/s N/A [106] 
Soft chemical Quantum dots 0.5 M KOH 10 F/g at 20 mV/s 98 (1000) [107] 
Electrochemical Irregular spherical 

grains 
0.1 M NaOH 43.07 F/g N/A [110] 

Hydrothermal Spherical 1 M KOH 35.07 F/g at 0.25 A/g N/A [111] 
SnOx/graphene Hydrothermal Nanoplatelets 0.5 M Na2SO4 275 F/g at 5 mV/s 90 (2000) [112] 

Pulse microwave-assisted 
deposition 

Nanocrystals 1 M H2SO4 348 F/g at 50 mA/g 99 (1000) [113] 

Supersonic spraying Nanoparticles PVA-LiCl 1008 mF/cm2 at 1.5 
mA/cm2 

93 (10000) [114] 

Hydrothermal 3D aerogel film 1 M H2SO4 4.314 F/cm2 at 1 mA/ 
cm2 

60.47 (2000) [115] 

Thermal reduction reaction Composite 6 M KOH 378 F/g at 4 A/g 89 (5000) [116] 
Hydrothermal Nanocomposite 1 M H2SO4 545 F/g at 1 A/g 96 (5000) [117] 
oxidation–reduction reaction Nanocomposite  363.3 F/g at 5 mV/s N/A [118] 
Colloid electrostatic self- 
assembly 

Nanoparticles 1 M Na2SO4 347.3 F/g at 5 mV/s 90 (3000) [119] 

Bacteria-mediated Nanoparticles PVA- H2SO4 445 F/g at 2 A/g 84.1 (2500) [121] 
Electrostatically self-assembled Nanospheres 1 M H2SO4 337 F/g at 0.5 A/g 89 (5000) [122] 
Metal sputtering Nanoparticles 1 M Li2SO4 105 mF/cm2 at 10 mV/s 95 (10000) [123] 
Hydrothermal Nanoparticles 1 M Na2SO4 180 F/g at 10 mV/s N/A [124] 
Hydrothermal Nanoparticles 1 M H2SO4 488 F/g at 1 A/g 97.2 (5000) [125] 
Hydrothermal Hollow spheres 3.0 M KOH 947.4 F/g at 0.57 A/g 88.2 (1000) [126] 
One-pot Nanoparticles 1 M H2SO4 116 F/g at 10 mV/s 100 (5000) [127] 
In-situ polymerization Nanoparticles 1 M H2SO4 429 F/g at 1 A/g 133 (2000) [128] 
Cathodically deposited Tiny nanowires 0.5 M KCl 298 F/g at 10 mV/s 90 (1000) [129] 

SnOx/CNT Sonochemical Nanoparticles 1 M Na2SO4 133.33 F/g at 0.5 mA/ 
cm2 

N/A [131] 

APPJ Nanoparticles 2 M KCl 90 F/g at 2 mV/s 87 (1000) [132] 
Ultrasound-assisted route Nanoparticles 1 M Na2SO4 351 F/g at 0.5 mA/cm2 64 (3000) [133] 
Ultrasonication Nanoparticles KOH 224 F/g at 50 mV/s 81 (6000) [134] 
APPJ Nanoparticles 2 M KCl 188 F/g at 2 mV/s N/A (1000) [136] 
Sol-gel Nanoparticles 1 M KOH 21 mF/cm2 at 10 mV/s 50 (5000) [137] 

SnOx/CNFs Vacuum-assisted Nanorod 1 M KCl 0.148 F/g N/A [138] 
Solvent–thermal Nanoparticles 1 M H2SO4 187 F/g at 20 mV/s 95 (1000) [139] 
Electrospinning Nanoparticles 6 M KOH 105 F/g N/A [140] 
One-step electrospinning Nanofiber 6 M KOH 289 F/g at 10 mV/s 88 (5000) [141] 
Electrospinning dots 3 M KOH 225.4 F/g at 1 A/g 119 (2500) [142] 
Co-electrospinning Nanoparticles 6 M KOH 406 F/g at 0.5 A/g 95 (10000) [143] 

SnO2@C Ethanol-thermal carbonization Microspheres 1 M KOH 420 F/g at 1 A/g 91 (2000) [144] 
H-SnO2/MesCHS In-situ polymerization Hollow double shell 2 M KOH 470 F/g at 2 A/g 88.4 (4000) [145] 
SnO2@N-CMK3 Wetness impregnation Nanoparticles 1 M Na2SO4 344 F/g at 5 mV/s 92.4 (5000) [146] 
Sn/SnO2@C Deep eutectic solvents assisted Nanoparticles 2 M KOH 109.70 mAh/g at 1.42 

mA/cm2 
100 (5000) [147] 

SnO2/RF Impregnation Nanoparticles 1 M H2SO4 119.2 F/g N/A [148] 
OMC/SnO2 Wetness impregnation Nanoparticles 0.5 M H2SO4 200 F/g at 200 mV/s 95 % (500) [150] 
SnO2/MoO3 Hydrothermal Core shell nanowires 1 M Na2SO4 295 F/g 97 (1000) [151] 
sPS@SnO2 Hydrothermal Core shell 1 M KOH 44 F/g at 10 mV/s N/A [152] 
ISCC-SnO2 Colloidal processing Hexagonal 1 M Na2SO4 42.7 mF/cm at 25 mV/s N/A [153] 
SnO2 mixed biochar Co-precipitation Nanorod 1 M H2SO4 465 F/g at 10 mV/s 76.6 (3500) [154] 
Graphene/SnO2/PPy One-pot Nanoparticles 1 M H2SO4 616 F/g at 1 mV/s 98 (1000) [155] 
Polyaniline/SnO2 Sol–gel Netlike 1 M H2SO4 305.3 F/g at 5 mA/cm2 95.5 (500) [156] 
PANI/SnO2 NRA Seed-assisted hydrothermal Nanorod array 1 M H2SO4 367.5 F/g at 0.5 A/g 88.3 (2000) [157] 
SnO2@PANI In-situ polymerization Nanoparticles 1 M H2SO4 335.5 F/g at 0.1 A/g (10000) [158] 
PANI/SnO2 In-situ polymerization N/A 1 M H2SO4 1172 F/g at 1 A/g 88 (2000) [159] 
PANI/SnO2 Precipitation Agglomerated particle 1 M H2SO4 337 F/g at 2 mV/s 73 (2000) [160] 
Co-doped SnO2 Hydrothermal Nanoparticles 1 M H2SO4 840 F/g at 10 mV/s N/A [161] 
Zn-SnO2 Sol–gel Nanoparticles 2 M KOH 312.7 F/g at 10 mV/s 92 (500) [162] 
Zn-SnO2, Ag-SnO2 Hydrothermal Nanoparticles N/A 308.2 F/g at 0.5 A/g 67 (5000) [163] 
Zn doped SnO2 Hydrothermal Spherical 6 M KOH 229 F/g at 5 mV/s N/A [164] 
Zr doped SnO2 Hydrothermal Nanoparticles 6 M KOH 166 F/g at 5 mV/s N/A [165] 

(continued on next page) 

M.Z. Ansari et al.                                                                                                                                                                                                                               



Journal of Energy Storage 53 (2022) 105187

24

electrode. However, the material depicts only a 66 % rate retention after 
1000 cycles, attributed to the mechanical stress onto CF-SnS2 due to the 
insertion and de-insertion of electrolyte ions during cycling. A study 
showing the effect of different morphologies on the electrochemical 
performance of SnS2 is done by Parveen et al. (Fig. 20). The specific 
capacitance values of sheetlike SnS2, flowerlike SnS2, and ellipsoid-like 
SnS2 were reported as 390.38 F/g, 117.11 F/g, and 431.82 F/g respec
tively at 1 A g− 1 current density (Fig. 20(b–c)). The flowerlike SnS2 
delivered the highest performance, attributed to the large surface area 
and better pore size distribution [208]. 

Similarly, the significance of layered structure in the supercapacitive 
performance of SnS2 is well studied by the group Kumar et al. [209]. 
Optimization over the precursor ratio of Sn/thiourea resulted in petal- 
shaped like 3-D SnS2 layered structure as shown in Fig. 21(a). The ma
terial delivered outstanding performance with a specific capacitance of 
1403 F/g at 1 mV/s with an 85.87 % rate retention after 5000 contin
uous charge-discharge cycles (Fig. 21(b–c)). The excellent output is 
attributed to the unique inherent petal-shaped structure, allowing rapid 
ion intercalation into the electrode material as mentioned in Fig. 21(d). 
As an asymmetric SC device, the material is capable to operate a com
mercial LED over a small charging time of 30 s [209]. 

Nowadays, ALD has been widely used for the fabrication of active 
electrodes in numerous energy-related fields such as solar photovoltaic 
and secondary batteries due to its precise control of the film thickness, 
high degree of conformity/uniformity over the complex 3D substrate, 
and the properties of ALD films, including composition/phase 
[210–213]. Recently, the polycrystalline hexagonal-SnS2 layered thin 
film with extremely uniform and conformal was successfully grown by 
using the atomic layer deposition (ALD) technique by the group of 
Ansari et al. [214] (Fig. 22). Interestingly, the electrochemical perfor
mances of the two thin films with two different phases deposited at two 
different temperatures (160 ◦C and 180 ◦C) were examined and the 
capacitance value of SnSx@NF grown at 160 ◦C is found to be higher 
than that of SnSx@NF at 180 ◦C. Also, the film was deposited so uniform 
and conformal on the 3D complex NF as can be seen from Fig. 22(a–h), 

which is not possible from other deposition techniques. 
The synthesized SnSx@NF electrode delivered an areal capacitance 

of 805.5 mF/cm2 at 0.5 mA/cm2 current density with remarkable cyclic 
stability over 5000 charge-discharge cycles, as shown in Fig. 22(i–j) due 
to the layer-by-layer deposition that holds greatly physiochemical 
bonding with the substrate [214]. Not only the morphology but also the 
dimension of nanostructures greatly affects the electrode performance. 
Nanostructured electrodes with various dimensions play a key role in 
capacitance enhancement due to the structural dependent advantages. 
This helps accelerate the reaction mechanism during the diffusion pro
cess of electrolyte ions into the electrode [215]. For example, a 2D 
microstructure of SnS2 nanorods brings the advantages of large surface 
area and short ionic diffusion pathways to the group of Sajjad et al. 
[216]. The synthesized material prepared by the hydrothermal process 
delivered an enhanced specific capacitance of 270 F/g at 10 mV/s with 
only 9 % loss in capacitance after 8000 continuous charge-discharge 
cycles (Fig. 23) [216]. 

Tin monosulfide (SnS) also comes under multifunctional materials 
and possesses a layered structure with different morphologies. This 
layered structure facilitates the intercalation and de-intercalation of 
electrolyte ions and thus helps in improving the energy density. Several 
reports have been published in recent years based on various dimension- 
oriented syntheses of SnS nanostructures [217,218]. For example, 
Chauhan et al. opted a solvothermal process and successfully synthe
sized one-dimensional SnS nanorods. The application of SnS as electrode 
material in SCs is attributed to the intrinsic layered structure, which 
owns a large surface area and more importantly reduces the diffusion 
path length for both the ions and electrons during charge-discharge 
processes. The surfactant-free nanorods delivered a specific capaci
tance of 70 F/g, an energy density of 1.49 Wh kg− 1, and a power density 
of 248.33 W/kg, which is comparably higher than SnS‑carbon com
posite [219]. 

In general, the rapid reactions occurring at the electrode-electrolyte 
interfaces are a great factor contributing to the double-layer capacitance 
effect in capacitors employing active electrodes, such as SnS, as used in 

Table 2 (continued ) 

Samples Synthesis method Morphology Electrolyte Specific capacitance Cycling stability [%] (no. 
of cycles) 

Ref. 

doped SnO2@MoS2 Hydrothermal Micrograins 1 M H2SO4 242 F/g at 0.5 A/g 84 (5000) [166] 
Mn doped Hydrothermal Star type flakes 3 M KOH+ 0.1 M K4[Fe 

(CN)6 

246.5 F/g at 5 mA/cm2 94.16 (1000) [167] 

MoS2–SnO2 Ultrasonication bath Nanoparticles 2 M KOH 61.6 F/g 90 (1000) [168] 
SnO2/RuO2 Incipient-wetness N/A 1 M KOH 710 F/g N/A [171] 
S-SnO2NPs- 

RuO2@BCC 
Spin coating Nanosphere 1 M H2SO4 794 mF/cm2 at 5 mV/s 87.5 (5000) [172] 

Co, N-SnO2 Hydrothermal Nanoflower array PVA- H2SO4 361.1 F/g at 1 A/g 103.3 (10000) [175] 
Fe3O4@SnO2 Hydrothermal Core–shell nanorod 1 M Na2SO4 2.7 mF/cm2 at 1.0 mA/ 

cm2 
82.8 (2000) [176] 

CNT/SnO2/MnO2 Wet chemical Nanosheets 1 M Na2SO4 427 F/g at 1 A/g 98 (5000) [177] 
Co3O4-SnO@SnO2 Hydrothermal Nanospheres 1 M KOH 1.056 F/cm2 at 1.0 mA/ 

cm2 
91.5 (2000) [178] 

a-Fe2O3/SnO2/rGO Hydrothermal Nanoparticles 6 M KOH 517 F/g at 1 A/g 98.7 (10000) [179] 
Sb-doped SnO2 Sol–gel Nanocrystallites 1 M Na2SO4 33 F/g at 50 mV/s N/A [180] 
SnO2–Al2O3 Hydrothermal Nanoparticles 3 M KCl 119 F/g (1000) [181] 
SnO2/MnO2 Solution-based Core shell 1 M Na2SO4 800 F/g at 1 A/g 98.8 (2000) [182] 
SnO2/GNS Single step process Nanoparticles 0.1 M H2SO4 472 F/g at 50 mV/s 90 (1000) [183] 
MnO2@SnO2 Hydrothermal Core shell 1 M Na2SO4 367.5 F/g at 2 mV/s 91.3 (2000) [184] 
3D Ni/SnO2 Hydrothermal Nanoflowers 1 M NaOH 410 mF/cm2 at 1 mA/ 

cm2 
93.6 (2500) [185] 

SnO2⋅XH2O Hydrolysis precipitation Spherical 0.5 M H2SO4 36.1 F/g at 5 mV/s 98 (2000) [186] 
SnO2/Ni Hydrothermal Nanoparticles 6 M KOH 541 F/g at 10 A/g 98.1 (1000) [187] 
MnO2–Fe3O4–SnO2 Wet chemical Spherical nanoflakes PVA- Na2SO4 1.12 F/cm2 at 5 mV/s 90 (5000) [188] 
TiO2-SnO2 doped 

RuO2 

Wet balling mill Porous nanoparticles 0.5 M H2SO4 571 F/g N/A [189] 

RuSnO Sol–gel Nanoparticles 1 M H2SO4 930 F/g 100 (1000) [190] 
SnO2@RH-SiO2 Microwave combustion Nanospheres 0.5 M Na2SO4 448 F/g at 1 A/g N/A [191] 
SnO2/NiO Sol–gel Mesoporous 2 M KOH 464 F/g at 5 mV/s 87.24 (1000) [192] 
SnS2-SnO2 Solvothermal Flower-like 0.5 M Na2SO4 70.2 F/g at 2 A/g 92 (3000) [193] 
CNT/SnO2–CuxO Electroless deposition 1D 6 M KOH 662 F/g 94 (5000) [194]  
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this case. The following reactions may occur at the electrode-electrolyte 
interface of the SnS-nanorod electrode in the present system [219]: 
(
SnIIS

)

surface +Na+ ↔ SnIS − Na+ + e−

or 

SnS+ 2Na+ + 2e− →Sn+Na2S 

The role of annealing temperature in determining the morphology, 
phase, and crystallinity of the SnSx thin films was nicely explored by 
Reddy et al. The thin film synthesized by employing a solution-based 
spin-coating method showed the pure SnS phase when annealed at 
500 ◦C. The resultant SnS thin film-based electrode delivered a specific 
capacitance of 42 F g− 1 at a current density of 2 A g− 1 [220]. In the 
electrode-electrolyte interface, redox reactions can occur in the 
following ways [220]: 

SnS2 + 2Na+ + 2e− ↔ SnS+Na2S  

SnS+ 2Na+ + 2e− ↔ Sn+Na2S  

Sn+Na2S+ xNa+ ↔ NaxSn+Na2S 

Barik et al. synthesized stannous sulfide (SnS) nanoparticles as SC 
electrode material through a simple hydrothermal process. The dimen
sion of SnS nanoparticles was found to be 4–10 nm. The output-specific 
capacitance of the nanocomposite was reported as 201 F/g at 0.1 A g− 1 

current density [221]. The group of Rani et al. successfully deposited 
SnS onto Ni foam by using the hydrothermal technique. The binder-free 

electrode in an alkaline electrolyte medium delivered a specific capac
itance of 686 F/g at 10 mV/s [222]. Although pure tin-based sulfides are 
not much explored as a pseudocapacitive electrode material for SCs, 
from the above-reviewed literature, it is obvious that they possess a 
potential for SC electrodes. They need further attention to overcome the 
limitations of less specific capacitance, energy density, and electro
chemical stability. 

2.2.2. SnSx (where x = 1,2) on carbonaceous materials 
Although the CdI2 type layered structure of SnS2 provides a large 

surface area for the accumulation of electrolyte ions, the poor structural 
stability, low electrical conductivity, and small specific capacitance 
delivery are the major limitations for the practical application of these 
materials in SCs. To overcome such problems, one of the noble ap
proaches is to compound SnSx types of materials with other potential 
materials. Carbon-based materials are quite prospective materials for 
commercialization. Their advantages include low cost, non-toxic nature, 
rich abundance, high chemical stability, large surface area, and good 
electric conductivity [42]. The major category includes activated car
bon, carbon-nanotubes, carbon-nanofibers, and graphene. The perfor
mance of these materials has been widely explored in the literature 
which has been discussed in the prior section. Their various porous 
structure like micro, meso and macro greatly supports the overall elec
trochemical performance. Thus, many researchers tried to combine the 
SnSx nanostructures with carbonaceous materials, to bring the syner
gistic contribution of both types. For example, graphene possesses a 
large surface area (~2600 m2/g) and excellent electrical conductivity 
(~106 S cm− 2). Therefore, hybridized with SnS2, and has been utilized 

Fig. 20. (a) Schematic representation of the formation mechanism of SnS2 nanoparticles with various morphologies, and (b–c) cyclic stability test versus CD cycles of 
EL-SnS2, FL-SnS2, and SL-SnS2 electrodes. Reproduced with permission. [208] Copyright 2018, ACS. 
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Fig. 21. (a) Schematic diagram and possible microstructure of preparation corresponding to the different ratios of Sn/TU, electrochemical performance measured by 
(b) comparative specific capacitance as a function of current density (c) cyclic stability test of the optimized SNS12 electrode, and (d) schematic illustration of charge- 
storage mechanism in this study. Reproduced with permission. [209] Copyright 2017, Elsevier. 

Fig. 22. (a–b) Cross-sectional TEM images, (c–d) the 
HRTEM images, and SAED arrays for the SnSx@NF- 
160 electrode prepared by 500 ALD cycles, (e–h) the 
corresponding STEM elemental mapping confirming 
the uniform distribution of Sn, and S, on Ni foam, (i) 
Comparative Areal capacitances as a function of 
current density, and (j) Cyclic stability versus reten
tion for ALD-SnSx@NF-160 grown by 500 ALD cycles. 
The inset figure shows charge/discharge curves of the 
1st and 5000th cycles. Reproduced with permission. 
[214] Copyright 2019, Nature.   
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as a composite electrode in electrochemical energy storage [83] 
Recently, Duangchuen and co-workers reported SnS2/RGO nano
composite for supercapacitor applications. Compared to SnS2 nano
particles, the SnS2/RGO electrode material delivered better results 
(specific capacitance of 273.54 F/g at 0.3 A g− 1 current density, 
capacitance retention of 84.25 % after 1000 cycles. The conducting RGO 
network type structure promotes electronic conductivity and prevents 
the agglomeration of the structure during continuous charge-discharge 
cycles [223]. There are two redox reaction peaks on the CV curves of 
SnS2 NPs and all SnS2/RGO NCP electrodes around the oxidation peak 
(0.35–0.38 V) and the reduction peak (0.25–0.26 V), specifying that 
pseudocapacitors possess storage charge functionality due to reversible 
redox reaction between SnS2 on the electrode surface and electrolyte 
ions (K+) [223]. 

SnS2 +K+ + e− ↔ SnS+ SK 

As shown by the above mechanism, Sn oxidation states are changed 
between Sn4+ and Sn2+ ions in SnS2 NPs and all SnS2/RGO NCP 
electrodes. Additionally, NPs and NCPs made of SnS2/RGO can store 
charge through adsorption/desorption of electrolytes (K+) on their 
surfaces that can be understood by the following process [223]: 

(SnS2)surf +K+ + e− ↔ (SnS2
− + SK)surf 

A hybrid nanosheet-like structure of SnS2/rGO composite is suc
cessfully synthesized by Shi et al. with various properties as shown in 
Fig. 24. The author reported the role of rGO as an aggregation controller 
and an active site with multiple porosities. The well-dispersed SnS2 
nanodots onto rGO showed a high specific capacitance of 871.7 C g− 1 

with 95.1 % capacitance retention. As an asymmetric SC device, the 
SnS2/rGO//AC delivered an energy density of 29.06 Wh kg− 1 at 747.32 

W Kg− 1 power density [224]. Similarly, the group of Chauhan et al. 
explored SnS2/RGO as supercapacitor electrode material. The 2D hex
agonal nanosheets of SnS2 with reduced graphene oxide showed high 
specific capacitance as well as good energy and power density (~16.67 
Wh kg− 1 at 488 W Kg− 1). Also, the material possessed a 95 % capaci
tance retention after 1000 charge-discharge cycles. The synergistic 
contribution of both materials is attributed to the remarkable electro
chemical performance [200]. 

The effect of various concentrations of graphene on the electro
chemical performance of SnS/graphene nanocomposite is well studied 
by Ravuri et al. utilizing the wet chemical method, the synthesized 
material delivered a specific capacitance of 984 F/g at 5 mV/s in 6 M 
aqueous KOH electrolyte. The excellent electronic conductivity of gra
phene greatly improves the electrochemical behaviour by facilitating 
the pseudocapacitance effect [225]. Li et al. fabricated nanocomposites 
based on Carbon-coated SnS as electrode materials for supercapacitor 
through the ball milling method. The nanocomposite consists of SnS 
particles with sizes of about 20–30 nm and was found to be homoge
neously distributed throughout the hierarchical porous structure and 
delivered a specific capacitance of 28.47 F/g [203]. Due to the poor 
electronic conductivity, low structural stability, and irreversible fara
daic reactions, SnSx types have not been widely explored in the litera
ture, but the addition of carbon-based materials significantly improves 
electrochemical performance. Hence, the future research direction must 
focus on the hybridization of carbonaceous materials with the new 
morphologies and crystal structure of SnSx types of materials. 

2.2.3. SnSx on M (M = Li, Na, K, Mo) and others 
The application of SnSx type crystal structure for SCs is mainly due to 

the layered structure. These are quite analog to graphite, which is a 

Fig. 23. (a) Schematic diagram of the preparation of SnS2 nanorods by one pot-hydrothermal method, (b) cyclic stability test of the SnS2//rGO HSC device after 
4000 cycles, and (d) schematic illustration of charge-storage mechanism in this study. Reproduced with permission. [216] Copyright 2017, Elsevier. 
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highly suitable intercalation host for other metal ions. They can be 
exfoliated to single or few-layered 2D structures, providing the benefits 
of large specific surface area as well as excellent ionic conductivity. Such 
morphologies enhance the capacitance due to the pseudocapacitance 
effect that arises from the diffusion of metal ions like Na+, Li+, and K+

into the layers [196,226]. For example, Setayeshmehr et al. compared 
the electrochemical performance of pure SnS2 and alkali metal-doped 
(Li, Na, K, and Cs) SnS2 nanostructures using simple one-pot synthesis 
as shown in Fig. 25. The SnS2 layered structure with Na dopant showed 
the best performance. It is attributed to the higher conductivity and 
expansion of interlayer space along with the increased number of elec
troactive sites. The Na-doped SnS2 delivered a high capacitance of 269 

F/g at 1 A g− 1 current density [227]. 
The introduction of doping metal/non-metal ions modifies the 

nanostructure and band structure of SnS2, which offers novel potential 
for upgrading the electrochemical performance of SnS2. Chu et al. [228] 
synthesized various metals (Ni, Co, Mn) doped SnS2-graphene aerogel 
(M-SnS2-GA) via a solvothermal process using metal chlorides and thi
oacetamide as precursors as shown in Fig. 26. Digital pictures in Fig. 26 
(b–e) demonstrate the prepared in cylindrically shapes with the 1 cm 
SnS2-GA has a yellow colour, resulting from SnS2 and the rest of the 
samples exhibited deeper colour owing to the doping with metal. An 
optimized Mn-SnS2-GA electrode showed the best supercapacitance 
performance in terms of specific capacitance and outstanding cycling 

Fig. 24. (a) Crystal lattice structure diagram of SnS2. (b) SSn3 tetrahedral and SnS6 octahedral. (c) SnS2 super cell viewed towards (010) direction. (d) Electron 
transfer of spherical SnS2/rGO, (e) assembly diagram of the SnS2/rGO//AC ASC device, (f) Photos of the ASC device lighting up a blue LED light, and (g) The cycling 
test of the ASC device and (the inset of i) the GCD curves in the last 5 cycles. Reproduced with permission. [224] Copyright 2020, Elsevier. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 25. (a, b, and c) Schematic image of the formation mechanism of 3D flower-like SnS2 nanostructures prepared by solvothermal method, FESEM image of SnS2 
nanoflowers prepared after a reaction time of 24 h, the charge-discharge profile of SnS2 doped with various alkali metals. Reproduced with permission. [227] 
Copyright 2021, Elsevier. 
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stability (523.51 F/g at the scan rate of 5 mV/s, 98.57 % retention after 
2000 cycles at 10 A/g) among other electrodes. 

In another work, the group of Ma et al. [199] fabricated Molybde
num doped SnS2 hierarchical mesoporous architectures through hy
drothermal technique. The addition of Molybdenum as a dopant in the 
SnS2 crystal structure caused the structural and lattice dislocation, 
resulting in the few-layered and expanded architecture. Compared to 
bare SnS2 (specific capacitance 89.4 F/g at 1 A g− 1), the Mo-SnS2 
delivered a better specific capacitance value of 213.2 F/g at 1 A g− 1 

current density. The improved performance is credited to the meso
porous structure with a large surface area and few-layered features 
[199]. Among other metal chalcogenides, the SnS2 possesses poor 
electrochemical properties. To increase the supercapacitive behaviour, 
the example of the addition of copper as a conductive transition metal to 
SnS2 is given by the group of Hussain et al. [229] Utilizing the hydro
thermal approach, the group synthesized ternary Cu2SnS3 (CTS) metal 
chalcogenides as supercapacitor electrode material. The micro-flower- 
based morphology of CTS delivered a specific capacitance of 183 F/g 
at 1 A g− 1 in the three-electrode cell test system. Also, the CTS 
composite-based electrode retained an 88.5 % capacitance after 2000 
cycles. The synergistic effect of the conductivity of copper and the 
layered structure of SnS2 resulted in improved performance. 

Although SnS2 possesses a layered structure, the 2D SnS2 nanosheets 
are present in a stacked manner, which provides small interlayer 
spacing. Thus, greatly reducing the electrochemical performance. To 
address such an issue one of the strategies is the formation of hetero
junction materials within a single system. This facilitates the rapid 
charge transfer process. For instance, Wang et al. employed the heter
ojunction approach by combining 2D SnS2 and 2D MoS2 crystal struc
tures and formed SnS2/MoS2 heterojunction as SC electrode material. 
The novel configuration showed improved performance than bare SnS2 
material, as the material delivered a high specific capacitance of 466.6 
F/g at 1 A g− 1 current density. An asymmetric SC device based on this 
configuration exhibited an energy density of 115 Wh kg− 1 at 2230 W 

Kg− 1 of power density. The structure is also capable of preventing 
agglomeration and stacking during the cycling process [230]. To utilize 
the combined effect of SnS2 and Ni3S2 as electrode material in super
capacitors, group of Pant et al. opted for a hydrothermal approach to 
construct a hybrid structure of SnS2–Ni3S2 onto nickel foam. The 3D 
flakelike structure possessed a width of around 170 nm, the specific 
capacity of 272 mAh/g at a 4 mA/cm2 current density with 91 % 
capacitance retention after 5000 cycles. The large surface area and good 
porosity are attributed to the enhanced electrochemical performance 
[201]. Similarly, Wang et al. prepared a 3D flower-like heterostructured 
configuration of SnS2/MoS2 by applying a non-toxic hydrothermal 
method [231]. Compared to the reported work [230], the 3D SnS2/MoS2 
delivered a capacitance of 105.4 F/g at a high current density of 2.35 A 
g− 1. The nanosheet-like structure of MoS2 and nanoplate-like 
morphology of MoS2 helped in the rapid electronic transport and 
hence improved the electrochemical performance [201]. Enaganti et al. 
[232] fabricated a MoS2/SnS2 as a 2D/0D Structure onto flexible cel
lulose paper for the SC electrode. The material MoS2/SnS2 delivered a 
high specific capacitance of 422.2 F/g at 0.5 A g− 1 than the bare SnS2 
electrode (~277.1 F/g). It is because SnS2 quantum dots generate new 
electroactive sites for the occurrence of more redox reactions in 3 M 
aqueous KOH electrolytes [232]. In the heterojunction structure for
mation like other metal sulfides, cobalt sulfides also show potential 
application in SCs. These are promising due to the availability of various 
phases and good material linking properties in the formation of heter
ostructures [233,234]. For example, Kumar et al. explored the hetero
structure formation of SnS2@Co3S4 with the help of the SILAR method as 
shown in Fig. 27. The 2D layered heterostructure exhibited a high spe
cific capacitance value of 1580 F/g with 94.8 % capacitance retention 
after 3000 cycles [234]. 

The tin sulfides-based materials are extensively explored as anode 
materials for lithium-ion batteries. However, the incorporation of metal 
ions into tin sulfides has resulted in new SC research. This approach is 
unique and holds promising usage in SCs. In this series, Wang et al. 

Fig. 26. (a) Schematic diagram of the preparation of metal-doped SnS2-GA, the digital photographs of (b) SnS2-GA, (c) Ni-SnS2-GA, (d) Co-SnS2-GA, and (e) Mn-SnS2- 
GA (f) the XRD patterns of the prepared samples, and (g) cyclic stability tests of the representative samples. Reproduced with permission. [228] Copyright 2020, 
Elsevier. (For interpretation of the references to colour in this figure, the reader is referred to the web version of this article.) 

M.Z. Ansari et al.                                                                                                                                                                                                                               



Journal of Energy Storage 53 (2022) 105187

30

[235] synthesized Cu2SnS3 as electrode material with the help of the 
solvothermal process. The role of morphology in the capacitive perfor
mance is signified here, as the Cu2SnS3 microspheres exhibited better 
performance compared to Cu2SnS3 nanoparticles. The output delivery is 
as, a specific capacitance of 406 C g− 1 at 1 A g− 1, energy density of 85.6 
Wh kg− 1 at a power density of 720 W Kg− 1. The large specific surface 
area along with average pore size distribution is credited to the 
enhanced performance [235]. In an interesting approach, Lokhande 
et al. synthesized Cu2SnS4 thin-film electrodes using the SILAR tech
nique for SC application. The EC performance is evaluated in different 
electrolytes and found to be highest in 1 M aqueous NaOH electrolyte. 
The material showed a specific capacitance of 704 F/g and a high energy 
density of 27.77 Wh kg− 1 at a power density of 7.14 KW Kg− 1. The 
orthorhombic structure with conducting and binder-free thin films 
enabled improved performance [236]. In the above-reviewed section, 
SnO2 is found to be a promising candidate for SC electrodes due to its 
high chemical stability and good redox activity [123–126]. Also, tin 
disulfide (SnS2) is a quite important electrode material due to the CdI2 
type layered hexagonal structure. Hence, the combination of these two 
materials in the form of heterostructure can be a promising route that 
can synergistically combine the advantages of both materials. For 
example, recently Asen and co-workers successfully synthesized SnS2- 
SnO2 nano-heterostructures with the help of a solvothermal technique. 
Utilizing the two different precursors, the thioacetamide (TAA) based 
SnS2-SnO2 material delivered a high specific capacitance of 70.2 F/g at 2 
A g− 1 current density than thiourea based electrode (specific capaci
tance of 31.5 F/g at 2 A g− 1). With the well-defined porous structure 
with the combined properties of SnS2 and SnO2, the material showed 
better electrochemical performance than bare SnS2 and SnO2 [193]. All 
the metal oxides are not ideally suitable as SC electrode material. For 
instance, copper oxides are the most abundant oxides in nature but are 
poor active electrodes due to the low electrochemical redox activity and 
small operating voltage window. Other metal oxides like CoO and NiO 
are far superior to CuO in their native form [237]. However, the activity 
of such metal oxides can be enhanced by hybridizing them with other 
potential materials like graphene oxide. In this direction, a good 
example is given by the group of Hatui et al. Utilizing the eco-friendly 
hydrothermal technique, the group synthesized SnS2@Cu2O/rGO 
nanoflowers as cathode for SCs. The material delivered an outstanding 
electrochemical performance with a specific capacitance of 1806 F/g at 
0.6 A g− 1 in a three-electrode system. As a device, the material is capable 
of lighting a blue LED light for a few seconds. The performance 
enhancement is credited to the reduced graphene oxide, which acted as 
a base for the occurrence of pseudocapacitance reactions, and SnS2 as a 
generator of more electroactive sites for faradaic processes to occur. The 
composite material provides short pathways, hence, facilitates the rapid 

motion of electrolyte ions, resulting in a fast charge-discharge process 
[238]. The potential range of an electrode material plays a crucial role in 
energy and power density enhancement. Although SCs are well known 
for high power delivery, low energy density is the major limitation that 
needs to be overcome. The tin sulfide-based electrodes also suffer from a 
low potential range (~0.5 V). Therefore, they have poor rate capability 
and inferior energy and power densities. The addition of polymers into 
tin sulfides can improve the potential range as, they not only provide 
conductive support, and stability but also help in the growth of nano- 
sized tin sulfides. For example, Wang and co-workers have success
fully grown 2D SnS2@PANI@GF as a flexible SC electrode for the first 
time. The composite material showed high mechanical stability as SnS2 
nanoflakes act as a protective coating for PANI and thus reduced the risk 
of structural and electrochemical degradation. The potential tolerance 
has raised to 0.95 V and delivered a remarkable specific capacitance of 
365 F/g at a 10 mV/s scan rate. The synergetic effect of both SnS2 and 
PANI contributes positively to the overall performance [239]. The en
ergy density of SCs can also be increased by following the asymmetric 
device configuration strategy. The optimization and choice of electrode 
material in the form of anode and cathode are very crucial here. The tin 
sulfide based electrodes can also be utilized in this configuration as these 
are highly chemically stable, non-toxic and offers a large specific surface 
area [177]. 

A similar approach is followed by Patil and co-workers. The group 
has successfully synthesized a solid-state asymmetric SC device with 
MnO2 acting as a positive electrode and SnS as negative electrode ma
terial with PVA-LiClO4 as a solid gel electrolyte. The device exhibited a 
high specific capacitance of 120 F/g, an energy density of 29.8 Wh kg− 1 

at a power density of 1.25 kW Kg− 1 with 95.3 % capacitance retention 
after 5000 cycles [240]. On the other hand, the SnS based electrode also 
tested. According to the CV profile, the charge storage is a result of both 
redox reactions as well as EDLC-type reactions at potential positions of 
− 0.6 and − 1.0 V. It is evident from the CV curves that the electrode 
exhibits asymmetrical kinetic irreversibility on the reduction and 
oxidation sides. Each electrode exhibits a clear increase in the area 
under the CV curve with an increase in scanning rate. During charging, 
OH− ions are intercalated into the KOH electrolyte, while during dis
charging, the ions are deintercalated. Based on the following reaction, 
the charge is transferred between O-SnS electrode materials [240]: 

SnS+OH− →SnSOH+ e−

It is well recognized theoretically as well as experimentally that 
nanoarchitectures enriched by porous geometry and well define 
morphology contributes to the high electrochemical performance of SC 
electrodes. A challenging task to construct 3D porous SnS nanostructures 
from 2D SnS nano form is done by Liu et al. as shown in Fig. 28(a). The 

Fig. 27. (c and d) Pictorial representation for the synthesis process of bi-layered SnS2@Co3S4 heterostructure based electrode material, cycling performance plot for 
3000 continuous charge-discharge cycles. Reproduced with permission. [234] Copyright 2020, Elsevier. 
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Fig. 28. (a) Schematic diagram of the preparation of 3D porous SnS/S-G HNAs, (b) related low -magnification TEM images, and (c) cyclic stability test for the same 
electrodes. Reproduced with permission. [241] Copyright 2020, Elsevier. 

Table 3 
Comparison of tin sulfide-based active electrode materials for supercapacitor.  

Samples Synthesis method Morphology Electrolyte Specific capacitance Cycling stability [%] (no. of cycles) Ref. 

SnSx Solvothermal Carnation flower I M KCl 524.5 F/g at 0.08 A/g 66 (1000) [207] 
Solvothermal Flowerlike 2 M KOH 431 F/g at 1 A/g 90 (2000) [208] 
Solvothermal 3D petal-like 1 M KOH 1403 F/g at 1 mV/s 85.8 (5000) [209] 
ALD Nanogranular 2 M KOH 805.5 mF/cm2 at 0.5 mA/cm2 90 (5000) [214] 
Hydrothermal Nanorods 1 M NaOH 270 F/g at 10 mV/s 91 (8000) [216] 
Solvothermal Nanorods 2 M Na2SO4 70 F/g at 0.5 mA/cm2 60 (500) [219] 
Solution-based spin-coating Hexagonal flakes 0.2 M NaOH 42 F/g at 2 A/g 90 (1000) [220] 
Hydrothermal Nanoparticles 1 M KOH 201 F/g at 0.1 A/g 88 (1000) [221] 
Hydrothermal Nanoparticles N/A 145 F/g at 5 A/g N/A [222] 
Hydrothermal Flakelike 3.5 M KOH 213.2 F/g at 1 A/g 89 (1000) [199] 

SnS2-SnO2 Solvothermal Nanosheets 0.5 M Na2SO4 149 F/g at 2 A/g 92 (3000) [193] 
SnS2/RGO Hydrothermal Nanoplatelet 2 M Na2SO4 500 F/g at 0.5 A/g 95 (1000) [200] 
SnS2–Ni3S2@NiF Hydrothermal Flake-like 2 M KOH 272 mAh/g at 4 mA/cm2 91 (3000) [201] 
Carbon-coated SnS High-energy ball milling Nanocluster 0.1 M KOH 30.12 F/g at 10 mV/s N/A [203] 
SnS/carbon Chemical precipitation Net-like 0.1 M KOH 36.16 F/g N/A [204] 
SnS2/RGO Hydrothermal Nanoparticles 2 M KOH 273.5 F/g at 0.3 A/g 84.2 (1000) [223] 
SnS2/rGO Hydrothermal Sphere 3 M KOH 871.7C/g at 1 A/g 94.9 (1000) [224] 
SnS/G Wet chemical Nanoparticles 6 M KOH 984 F/g at 5 mV/s N/A [225] 
SnS2/g-C3N4 Hydrothermal Flower-like 3 M KOH 552 F/g at 0.5 A/g 95.8 (15000) [226] 
Na doped- SnS2 Solvothermal 3D flower-like 0.5 M Na2SO4 269 F/g at 1 A/g 91 (4500) [227] 
M-SnS2-GA Solvothermal Nanosheets 6 M KOH 532.51 F/g at 5 mV/s 98.57 (2000) [228] 
Cu2SnS3 Hydrothermal Flower-Like 1 M KOH 183 F/g at 1 A/g 88.5 (2000) [229] 
2D/2D SnS2/MoS2 Hydrothermal Nanosheets 0.5 M KOH 466.6 at 1 A/g 88.2 (500) [230] 
SnS2/MoS2 Hydrothermal 3D flower-like 1 M KCl 105.7 F/g at 2.35 A/g 90.4 (1000) [231] 
2D/0DMoS2/SnS2 Hydrothermal Flower-like 3 M KOH 422.2 F/g at 0.5 A/g 65 (1000) [232] 
Ni1.77Co1.23S4 Hydrothermal Capsule-like 2 M KOH 224.5 mAh/g at 0.25 A/g 87 (1000) [233] 
SnS2@Co3S4 SILAR Cauliflowers 2 M KOH 1580 F/g at 1 mV/s 94.8 (3000) [234] 
Cu2SnS3 Solvothermal Nanosheet 3 M KOH 406C/g at 1 A/g (2000) [235] 
Cu4SnS4 Chemical technique Spherical 1 M NaOH 704 F/g at 0.5 A/g 72 (2000) [236] 
SnS2@Cu2O/rGO Hydrothermal Nanoflowers 1 M KOH 1290 F/g at 1 A/g 90 (1000) [238] 
SnS2@ PANi@GF Electrochemically deposited Nanoflake 1 M HCl 365 F/g at 10 mV/s 73 (5000) [239] 
O-SnS Chemically deposited Nanoflowers 1 M Na2SO4 1203 F/g at 5 mV/s 95.3 (5000) [240] 
SnS2-g-C3N4 Solvothermal Flower-Like 0.2 M Na2SO4 210.3 at 1 A/g 84 (1500) [242] 
Copper tin sulfides Hydrothermal Nanoflowers N/A 856 F/g at 2 mV/s N/A [243] 
SnS2/G Ball-milling Nanosheets 1 M KOH 565 F/g at 1 A/g 90 (3000) [244] 
SnS2@CF-2 Hydrothermal Nanoplate 1 M KOH 283.6 F/g at 1 A/g 71.3 (10000) [245] 
SnS/S-G HNAs Wet chemical Sheet-like 6 M KOH 642 F/g 99.1 (5000) [246]  
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group reported the successful synthesis of 3D porous SnS/S-doped gra
phene hybrid nanostructure and employed it in flexible solid-state SC 
(Fig. 28(b)). The 3D porous structure allowed a pseudocapacitance ef
fect and resulted in a high specific capacitance of 642 F/g with 
outstanding cycling stability up to 5000 cycles as displayed in Fig. 28(c) 
[241]. 

From the above-reviewed literature, the Sn-based sulfides hold key 
as promising SC electrode material (Table 3) due to a) high chemical 
stability and therefore eludes the corrosion effect, b) the large specific 
surface area provided by the layered structure, c) non-toxic and envi
ronmentally friendly nature, d) the n-type semiconducting nature with a 
bandgap of 2.2 eV [228,230,242–245]. However, the Sn-sulfides suffer 
from low redox activity, less conductivity, and poor reversibility. To 
improve the electrochemical performance of Sn-based sulfides 
numerous efforts have been reported in the literature that is reviewed 
above in depth. Although the efforts are innovative, promising, cost- 
effective, and highly desirable for SC development, for the commer
cialization of SCs based on Sn-based sulfides, it is quite important to 
explore them at a large scale by utilizing new and advanced techniques. 
Also, based on previous reports the investigation of tin sulfide-based 
nanostructures as a supercapacitor electrode is not so much expanded 
and the electrochemical behaviour of SnSx for pseudocapacitors still 
needs to be further investigated. 

3. Future perspectives and conclusions 

3.1. Future perspectives 

With the rapid technological advancements in SCs based applications 
from miniature portable electronics to hybrid electric vehicles, it is quite 
challenging to explore revolutionary electrode materials. The potential 
electrode materials are characterized by chemical stability, non-toxicity, 
low cost, large specific surface area, and excellent conductivity. In this 
domain, the Sn-based materials have attracted the interest of researchers 
and technologists to develop next-generation SC devices. Herein, we 
have comprehensively reviewed tin-based oxides, sulfides, and their 
composite form as electrode materials for SCs. The literature based on 
electrochemical performance along with various synthesis techniques, 
morphologies, nanoarchitectures is provided to facilitate the under
standing of the material. No doubt, the tin-based electrode materials are 
cheap and possess a large theoretical capacity (≈780 mAh g− 1) as en
ergy storage material. The material has been significantly explored for 
lithium and sodium-ion batteries however, for supercapacitors it is far 
behind commercialization and is limited to the laboratory only. Like
wise, other metals such as nickel, cobalt, magnesium, iron, etc., tin- 
based materials have not been enormously explored as SC electrodes 
and therefore limited literature is available on it. The major limitations 
in the widespread application along with possible solutions are outlined 
as (a) pure tin faces poor electrochemical stability and shows limited 
cycling performance. Introducing conducting phases like the incorpo
ration of carbon-based materials, other metals, or metal oxides, and 
conducting polymers are a few approaches proven to improve the cyclic 
stability and rate capability. (b) Tin-based oxides possess a large theo
retical capacity (≈780 mAh g− 1), are chemically stable compared to 
other metal oxides, and have a long lifetime. But the poor conductivity 
of the material results in small electroactive mass loading efficiency and 
therefore less electrolyte wettability. Such hindrance in electrochemical 
performance can be overcome by introducing high-class conducting 
components such as good-quality porous carbon nanomaterials, con
ducting polymers, inorganic precursors etc., enriched by attractive 
physical and chemical features for efficient conductivity. (c) Tin-based 
sulfides are naturally abundant and possess tunable optical band gaps 
as well as layered structures, highly desirable for outstanding electro
chemical behaviour as SC electrodes. But the 2D layered structures of 
SnSx materials are present in a stacked manner, which provides small 
interlayer spacing. Thus, greatly reducing the electrochemical 

performance. To address this issue formation of heterojunction mate
rials within a single system could be a good strategy. Tailoring the 
hetero-structured morphology with various dimensions could facilitate 
the rapid charge transfer process, due to the short ionic diffusion path
ways for the electrolyte ions to penetrate. This increases the electrode 
wettability and therefore improves the performance. There are, how
ever, several shortcomings with the performance of bare or hybrid 
electrodes in real-world applications. According to theoretical pre
dictions, hybrid electrodes will not reach their energy density and power 
density. There are several problems associated with hybrid electrodes, 
including high contact resistance between the individual components, 
limited access to active areas, and swelling or shrinking of electrode 
materials. As a solution to these problems, high specific surface area 
electrodes with rational pore distributions are recommended. A selec
tive selection should be made based on the crystallinity, crystal struc
ture, morphology, and porosity of each individual. Concerning the wide 
industrial applications of nanostructured Sn-based electrode materials, 
cost considerations, their manufacturing process, and the feasibility of 
large-scale production are also required. Besides material issues related 
to electrode fabrication, electrode engineering is an important factor 
that has yet to be well studied in the literature. For electrochemical 
supercapacitors to achieve high energy and power densities, electrode 
materials with well-designed 3D architectures are essential. For Sn- 
based materials, the morphology and chemical state of tin should be 
meticulously examined. For example, a more sensitive technique such as 
electron energy loss spectroscopy and in-situ XPS should be used. In 
addition to establishing material characterization, simulation and 
modeling can be used to predict and explore Sn-based materials' elec
trochemical properties based on their composition. For the design of 
electrode materials, simulations of different models for various dimen
sional materials are also useful. EDLC theory is the basis for these 
modified models. Models allow changing one factor at a time, revealing 
internal distributions of electric fields, interfacial phenomena, and mass 
transport phenomena. The advancement in the synthesis technologies 
via a novel green approach can hold the key to bringing the above- 
mentioned transformations. Last but not the least, tin-containing elec
trode compounds demonstrate useful properties including semi
conducting nature, layered structure, environmentally benign, and 
economical. Additional progress is required for the application of Sn- 
based SCs in several innovative gadgets with many features including 
self-healing, auto charging, long-term cycle life, etc. 

Currently, smart wearable systems are being developed for next- 
generation stretchable electronic devices that have a high perfor
mance and an elastic mechanical response [247]. Developing super
capacitors that are independent and stretchable is a key challenge in the 
design process for the next generation of smart batteries, especially 
when the electrodes have to withstand repeated deformations far 
beyond that of rigid smart batteries [248]. A 3D porous Sn-based elec
trode can address charge transport limitations in commercial SCs in a 
manner that is more efficient than existing 2D electrodes and planar SCs 
geometries. Using 3D printing techniques has many benefits, including 
the ability to design with flexibility, which improves the energy density 
and power density while enabling the development of wearable devices 
with SC devices. In order to improve electrochemical performance, 
complex 3D structures, which are hierarchically constructed, should be 
printed with a high degree of resolution, accuracy, surface finish, ar
chitecture modeling, and structural flexibility in 3D-printed parts. 
Further findings in the field of exclusive shape/structure and configu
ration of Sn-based electrode materials would clue to the prospective 
consumption of these materials. Thus, there exists a huge research gap to 
explore Sn-based electrode materials in the form of oxides, sulfides and 
hybrid forms for upgrading the electrochemical performances of these 
materials for supercapacitors. 
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3.2. Conclusions 

Supercapacitors are of huge importance for applications that require 
speedy charge/discharge, wide-ranging working temperature windows, 
extended cyclic stability, high efficiency, and reliability. They possess 
the potential to replace traditional batteries and capacitors in several 
applications ranging from automotive to renewable energy. Electrode 
materials are considered an important feature in the enhancement of the 
electrochemical performance of SCs. Sn-based electrodes involving their 
oxides and sulfides are quite promising in the field of supercapacitors. 
Their unique abilities are high conductivity, thermal and chemical sta
bility, nontoxic nature, and huge natural abundance. To gain the vastly 
controlled morphology of Sn-based electrode materials, numerous ap
proaches based on wet-chemical and vapour phases have been explored 
so far. Since there is a direct relationship between nanoarchitectures and 
electrochemical performance, these materials are explored with 1D, 2D, 
3D, and hierarchical structures. The Sn-based materials are not so much 
explored for supercapacitors because of their deprived electrical con
ductivity and poor electrochemical stability that need to be overcome. 
Introducing conducting phases like the incorporation of carbon-based 
materials, other metal, or metal oxides, and conducting polymers are a 
few approaches proven to improve the electrochemical performance. 
More expansion in the current Sn-based electrode compounds is essen
tial for the application of supercapacitors in many progressive applica
tions. The report investigates research based on current improvements 
done in the preparation of tin-based materials and their hybrids, with 
the support of different synthesis techniques. The best examples for 
providing the performance evaluation have been explored. The above- 
summarized studies show that some other Sn-based electrodes also 
demonstrate reasonably appealing candidates for SCs, nevertheless few 
critical concerns and challenges need to be addressed for further dis
coveries to recognize their superior applications for energy storage in 
the future. 
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