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Distinguished by particular physical and chemical properties, metal oxide materials have been a focus of

research and exploitation for applications in energy storage devices. Used as supercapacitor electrode

materials, metal oxides have certified attractive performances for fabricating various supercapacitor

devices in a broad voltage window. In comparison with single metal oxides, bimetallic oxide materials are

highly desired for overcoming the constraint of the poor electric conductivity of single metal oxide

materials, achieving a high capacitance and raising the energy density at this capacitor-level power.

Herein, we investigate the principal elements affecting the properties of bimetallic oxide electrodes to

reveal the relevant energy storage mechanisms. Thus, the influences of the chemical constitution,

structural features, electroconductivity, oxygen vacancies and various electrolytes in the electrochemical

behavior are discussed. Moreover, the progress, development and improvement of multifarious devices

are emphasized systematically, covering from an asymmetric to hybrid configuration, and from aqueous

to non-aqueous systems. Ultimately, some obstinate and unsettled issues are summarized as well as

a prospective direction has been given on the future of metal oxide-based supercapacitors.

1. Introduction

Transitional metal oxide materials have been deemed as

promising candidates to be used as electrodes of energy storage

devices on account of their abundant reserves, environmental

geniality, easy approachability and other intriguing character-

istics; for instance, their diverse constituents and morphol-

ogies, large surface area and high theoretical specic

capacitance.1–3 In addition, they play a central part in the elec-

trodes of electrochemical supercapacitors, and offer a conspic-

uous capacitance improvement by adjusting and controlling

their defects and surface/interfaces under a certain nanoscale.4,5

Though their energy density has shown an enhancement to

a certain degree, their low electrical conductivity, uncontrol-

lable volume expansion and sluggish ions diffusion in the bulk

phase have hindered their practical applications.6–9 Hence, it is

of utmost importance and urgency to explore functional metal

oxide materials with improved electrochemical properties.

The design of metal oxide materials in terms of their

composition, the fabrication of novel nanostructures, their

electroconductivity and oxygen vacancies have boosted the

physical and chemical performances of metal oxides, regarding

their electrical conductivity, specic surface area, electro-active

sites and chemical stability. First of all, the co-existence of two

different cations in a single crystal structure could produce

more electrons than single metal oxides, which leads to the

improvement in the electrical conductivity. For instance, spinel

NiCo2O4 materials possess electrical conductivity two or three

orders of magnitude higher than the corresponding single

metal oxide NiO or Co3O4 materials.10 Also, the doping of a Ni

element enhances the electrical conductivity from 3.1 � 10�5

(Co3O4) to 0.1–0.3 S cm�1 (NixCo3�xO4).
11 Moreover, another

metal doping affords original single metal oxide materials with

extra redox reactions and reduces the charge transfer imped-

ance for electrochemical supercapacitors, in which the specic

capacitance is signicantly larger than that of original single

metal oxide materials without the cost of fast charging–dis-

charging kinetics. Second, in comparison with bulk metal oxide

materials, novel nanostructuredmetal oxides are usually porous

and can provide a higher surface specic area, which is

conducive to the inltration of the electrodes, full contact

between the active materials and electrolyte, the transportation

of ions in the electrolytes and the utilization of the active

materials at high rate charging–discharging.12–15 In addition,

the satisfactory electro-active sites, and chemical and high-

thermal stabilities of the metal oxide materials guarantee

high pseudo-capacitive performances and cyclic stability. Third,

increasing number of metal oxide/C composites have been re-

ported, including carbon nanotubes, carbon nanobers, gra-

phene and amorphous carbon materials, which have

dramatically improved electroconductivity and further
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enhanced specic capacitance and rate performances.16–19

Fourth, the introduction of oxygen vacancies into metal oxides

leads to a larger interlayer spacing, which promotes faster

charge storage kinetics with an intercalation pseudocapacitive

behaviour. For example, the intercalation pseudocapacitive

charge storage for MoO3�x is two times larger than that for

MoO3.
20

On account of the above unique features, the use of metal

oxides has led to breakthroughs for pseudo-supercapacitors and

has gradually ameliorated the energy density at the battery level

without sacricing traditional capacitor power delivery, which

bridges the gap between batteries and capacitors. Compared

with bulk metal oxide materials with inferior specic surface

area and capacitive performances, the growing trend to design

and fabricate novel porous nanostructures and composites with

carbon materials is desirable to increase the surface specic

area and to achieve excellent electrochemical properties.

Subsequently, the development of various devices, such as

asymmetric supercapacitors (aqueous or non-aqueous systems),

hybrid supercapacitors, including Li-ion hybrid supercapacitors,

Na-ion hybrid supercapacitors and other novel hybrid super-

capacitors and solid-state asymmetric supercapacitors have been

reported, particularly the vital parameters inuencing the energy

density of the devices. Therefore, it has been seen that the

assembled asymmetric supercapacitors with porous bimetallic

oxide/C materials can deliver a competitive energy density of

about 80 W h kg�1, approaching that of commercial lithium-ion

batteries (at the same power).21 Besides, assembling asymmetric

supercapacitors in non-aqueous solutions could offer a wider

working voltage window of about 3 V, further pushing the energy

density to the 100 W h kg�1 level. Also, the combination of high

energy and power has been successfully realized in hybrid

asymmetric supercapacitor systems, particularly Li-ion or Na-ion

hybrid systems.22–24

Hence, in this tutorial review, we present the recent devel-

opments in metal oxide-based supercapacitors in detail, high-

lighting their importance in high energy-density integrated

supercapacitors. The basic principles of the metal oxide mate-

rials and the innovative progress in multifarious supercapacitor

devices have been covered intensively. Re-reading the recent

literature could probably help in the understanding of this area,

and reveal the future prospects for the development of

supercapacitors.

2. Principal elements limiting the
performance of metal oxide-based
electrodes

As pseudo-capacitor type electrode materials, the theoretical

specic capacitance of metal oxides can be determined by the

following eqn (1):

C
s
t ¼

n� F

M � V
(1)

where n is the number of electrons transferred in the redox

reaction, F is the Faraday's constant,M is the molar mass of the

metal oxides and V is the operating voltage window. Funda-

mentally, those metal oxides with a lower molar mass and more

electrons to transfer potentially usually have a higher specic

capacitance. Thus, different chemical constitutions, especially

the valence state of the metal in single metal oxides and the

components in metal oxide composites play key roles in the

electrochemical performance. In addition, the specic surface

area (SSA) also matters because the pseudo-capacitance process

occurs at the surface of electrodes. Therefore, a much more

effective SSA would offer more electro-active sites for the

pseudo-capacitance process. In general, the SSA of metal oxides

depends largely on their microstructures. The rational design of

a microstructure with a unique pore size and suitable SSA would

assist in enhancing the capacitance of metal oxide electrodes.

Another issue for metal oxide electrodes is their electro-

conductivity. Most metal oxides usually own relatively large

band gaps compared with metals and show a semiconductor

behaviour. Applied as electrode materials, the poor electro-

conductivity still restricts their capacitance.

Besides capacitance, the energy density and power density of

metal oxide electrodes are two crucial issues in practical

applications. These could be obtained using the following eqn

(2) and (3):

E ¼

CV
2

2
(2)

P ¼

V
2

4R
(3)

where C is the capacitance in farad, V is the nominal voltage and

R is the equivalent series resistance (ESR) in Ohm. Obviously,

the nominal voltage V (electrochemical window) plays a vital

role in the energy and power density and is largely related to the

electrolyte systems in supercapacitors.

According to the above discussion, we summarize that the

principal elements limiting the performance of metal oxide-

based electrodes is attributed to their chemical constitution,

microstructure, electroconductivity and electrolytes. Subse-

quently, we combine recent cutting-edge research articles to

elaborate the above elements and give some proposals for the

further development of metal oxide-based electrodes.

2.1 Diverse chemical composition

At present, increasing number of research are focusing on the

diverse chemical composition of metal oxides because single

component metal oxide seem not to be able to fully meet the

comprehensive performances needed for supercapacitor elec-

trodes.25–29 For example, He et al. fabricated an FeCo2O4@NiCo-

LDH composite electrode displaying a remarkable specic

capacitance of 2426 F g�1 at 1 A g�1, and an ultrahigh rate

capability with 72.5% capacitance retention at 20 A g�1. Such

excellent performances could be attributed to the combination

of these two species and abundant electrochemical active sites

on this composite.25 Moreover, Zhang et al. fabricated a self-

assembled NiCo2O4/MnO2 composite electrode displaying

a large areal capacitance of 13.9 F cm�1 at 4 mA cm�1 and the

aqueous asymmetric device built by this electrode delivered
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a high energy density (60.4 W h kg�1) and power density

(950.1 W kg�1).26 On the one hand, the diversity of metal oxides

would be enriched by the variety and valence of metal ions,

which present higher electrochemical activity. On the other

hand, the synergistic effect between different species would

enhance the overall performances of diverse metal oxides by

facilitating such activities as ion adsorption, diffusion and

transport compared with single metal oxides.

Apart from the diversity of metal oxides, the construction of

metal oxides and other materials, such as hydroxides, metal

quantum dots and organics, has also emerged over the past few

years.22–24 The chemical composition of metal oxide-based

electrodes varies diversely, but fully understanding the

detailed synergistic effect from different components to ratio-

nally design the electrodes still deserves further study.

2.2 Microstructure and electroconductivity

It has been widely accepted that nanomaterials possess unique

physical/chemical properties, particularly in the interfaces

compared with general bulk materials. Similarly, the micro-

structures of metal oxide-based electrodes also deeply inuence

their electrochemical performances. Some essential parame-

ters, such as specic surface area, solid diffusion of ions and

wettability with electrolytes depend on the microstructures of

the electrodes to a great extent. Various metal oxides with all

kinds of nanostructures have been rationally obtained to

enhance their performances. For example, 1D NiCo2O4

nanowire-coated rGO delivered a high specic capacitance of

1248 F g�1 due to its unique interfacial effect with electrolytes.30

2D MnMo4$H2O@MnO2 nanosheets possessed a specic

capacitance of 3560.2 F g�1 (at 1 A g�1) with an energy density of

45.6 W h kg�1 at a power density of 507.3 W kg�1.31 3D hollow

NiCo2O4 nanospheres with a large specic surface area also

reached a capacitance of 1229 F g�1 (at 1 A g�1), remarkable rate

performance and good cycle performances (as shown in Fig. 1a–

c).32 Different nanostructures with different dimensions possess

their own unique advantages and an accurate control for

obtaining special nanostructures is a challenging task.

Recently, metal oxides, with controllable microstructures

derived frommetal–organic frameworks (MOFs), have gradually

become the mainstream in the supercapacitor eld (Fig. 2a–

c).33,34 For instance, Lou et al. reported seven-layered Ni–Co

oxide spheres derived from MOFs (Fig. 1d–i) with a capacitance

as high as 1900 F g�1, good rate capability and ultrahigh cycling

stability (93.6% retention over 20 000 cycles), which should be

attributed to the microstructural advantage that the volume

change in the oxide nanograins was well-accommodated at the

shell level.34 Several special reviews on metal oxides derived

from MOFs are provided for readers to further understand as

detailed syntheses and other topics are beyond this paper.35,36

The control of metal oxides with desired microstructures can be

realized by the introduction MOFs as precursors, and relevant

metal oxides derived from them show quite competitive

performances, but research in this eld seems to be in a jam as

the present MOF precursors only focus on several typical MOFs.

Thus, the exploration of novel MOFs as new precursors to

synthesize metal oxides with unique microstructures is urgently

needed, particularly considering that inorganic chemists have

synthesized numerous MOFs waiting to be tested for

applications.

Another usually criticized issue of metal oxide-based elec-

trodes is their electroconductivity. Indeed, the intrinsic elec-

troconductivity of metal oxides depends on their band gap and

is usually unsatisfactory compared with other supercapacitor

electrodes, such as carbonaceous electrodes.37 Fortunately, the

use of compositing, element doping and the intentional crea-

tion of oxygen vacancies (VO) could be conducted to improve the

electroconductivity of metal oxide-based electrodes.

Among the above three strategies, the compositing of metal

oxide electrodes with other high electroconductivity materials is

a popular way. Recently, a large family of 2D transition metal

carbides and nitrides, collectively referred to as MXenes, have

attracted considerable attention due to their metallic electrical

conductivity, which make them a novel electroconductivity

carrier to be composited with metal oxides. For example, self-

assembled MXene (Ti3C2TX)/alpha-Fe2O3 nanocomposite elec-

trodes showed capacities of 405.4 F g�1 (2 A g�1), 289 F g�1

(10 mV s�1) and 97.7% capacity retention aer 2000 cycles

Fig. 1 (a–c) TEM images and EDS mapping of three dimensional

NiCo2O4 nanospheres, (d–i) SEM and TEM images of seven-layered

Ni–Co oxide spheres derived from MOF (modified from ref. 32 and 33,

copyright permission from Elsevier and Wiley-VCH, respectively).
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(100 mV s�1).38 Besides MXenes, compositing metal oxides with

other high electroconductivity materials, such as carbonaceous

materials (including carbon nanotubes, graphene and other

carbon materials) and electroconductive polymers are still

carried out by many researchers.39–41 Regarding the compositing

of metal oxides with carbonaceous materials, some related

studies have been carried out. Carbonaceous materials synthe-

sized from biomass hold great promise due to their wide

resources and as they t in with the idea of the recycle economy.

For example, a hierarchal structure of Co3O4@biomass-derived

carbon ber@Co3O4 was fabricated and a high capacitance of

892 F g�1 was observed in this sandwich composite.42 As

a benecial reference, Chen et al. investigated the super-

capacitor behaviour of a graphene–polypyrrole hybrid, which

provides a guideline for further research.43 Recently, graphdiyne

has emerged as a novel carbon material with a high degree of p

conjugation. Its unique electronic structure and uniformly

distributed pores have made it possible to store lithium and

sodium, so some studies on the compositing of metal oxides

and graphdiyne perhaps deserve further research.44,45 Regarding

the compositing of metal oxides with electroconductive poly-

mers, some feasible examples could also be found. Li et al.

synthesized FeCo2O4@polypyrrole core/shell nanowires, which

displayed a specic capacitance of 2269 F g�1 as well as showing

excellent cycle performance.46 The interfacial engineering

between metal oxides and organic electroconductive polymers

is a key issue and the development of a simple method to

synthesize organic electroconductive polymers and to

composite such with metal oxides effectively is also challenging.

Different from compositing metal oxides with high electro-

conductivity materials, element doping and the intentional

creation of oxygen vacancies can also improve the intrinsic

electroconductivity of metal oxides by modulating their band

gap. Qiao et al. reported the radical modication of ZnxCo1�xO

via atomic-level structure engineering and the obtained Znx-

Co1�xO exhibited a high rate performance with a capacitance up

to 450 F g�1 at a scan rate of 1 V s�1 due to its fast ion and

electron transports, pushing its capacity almost to the theoret-

ical limits.47 Fig. 2d–f display the atomic-level structure engi-

neering of ZnxCo1�xO and computational investigations of

oxygen ion diffusion and electrical conduction in the Znx-

Co1�xO. Another recent example could be found in Mn-doped

Co3O4 mesoporous nanoneedle arrays, which delivered a high

capacitance of 668.4 F g�1 compared to that of undoped Co3O4

201.3 F g�1 at 1 A g�1 and excellent capacitance retention (104%

aer 10 000 cycles at 6 A g�1).48

More recently, the intentional creation of oxygen vacancies

(VO) has been explored to improve the intrinsic conductivity and

electrochemical activity of transition metal oxides, and thus to

increase their supercapacitor performance. As a pioneering

study, Dunn et al. studied the enhanced pseudocapacitive

charge storage property of MoO3�x with oxygen vacancies.20

Aer that, Yang et al. reported oxygen-vacancy abundant ultra-

ne Co3O4/graphene composites for high-rate supercapacitor

electrodes with a high capacitance of 978.1 F g�1 (1 A g�1).49

Such a strategy also seems to be an effective way to improve the

intrinsic conductivity of metal oxides and deserves extending to

other metal oxides.50

According to the above discussions, we could conclude that

their diverse chemical constitution provides a guideline to nd

potential novel metal oxides with considerable performance for

supercapacitors. Moreover, the diversity of metal oxides with

other functional species could cover the shortage of single

metal oxides. However, for a given metal oxide, its microstruc-

ture and electroconductivity affect its performance deeply.

Thus, the rational design of metal oxides with special micro-

structures and the enhancement of their electroconductivity

would help them obtain better performances.

2.3 Various electrolytes

Electrolytes also have vital functions in the supercapacitor

performance. In general, the decomposition potential range of

electrolytes controls the breakdown voltage of supercapacitors,

Fig. 2 (a) Schematic of the ‘‘one for two’’ fabrication process: a 2D

Co3O4 nanosheet cathode and N-doped carbon nanosheet anode are

obtained from the same Co-MOF precursor, (b) CV curves and (c)

Ragone plot of a CC@Co3O4//CC@NC asymmetric supercapacitor

with a PVA–KOH gel electrolyte (modified from ref. 34, copyright

permission from the Royal Society of Chemistry); (d) schematic of the

atomic-level structure engineering of ZnxCo1�xO for high-rate inter-

calation pseudocapacitance applications and (e and f) computational

investigations of oxygen-ion diffusion and electrical conduction in

ZnxCo1�xO (modified from ref. 47, copyright permission from the

American Association for the Advancement of Science).

This journal is © The Royal Society of Chemistry 2019 Nanoscale Adv., 2019, 1, 4644–4658 | 4647
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which limits their energy and power densities. A high operating

voltage could provide both a high energy density and power

density. Moreover, the ionic conductivity of electrolytes is

another important parameter related to power density. Other

requirements to take into account in electrolytes include the

temperature coefficient, high electrochemical stability, high

ionic concentration, low solvated ionic radius, low viscosity, low

volatility, low toxicity and low cost. At present, the main elec-

trolytes used in supercapacitors could be summarized as

aqueous electrolytes, organic electrolytes and ionic liquid elec-

trolytes. Every electrolyte has its own advantages and disad-

vantages, which are introduced in the following.

2.3.1 Aqueous and organic electrolytes. The aqueous elec-

trolytes currently employed can be divided into three types:

acidic solutions (such as H2SO4 solution), alkaline solutions

(such as KOH solution) and neutral solutions (such as Li2SO4

and Na2SO4 solutions). Aqueous electrolytes provide a relatively

higher ionic concentration and lower resistance, which are

benecial for higher capacitance and rate performances.51

However, limited by the thermodynamic decomposition of

water, aqueous electrolytes own a narrow electrochemical

window, restricting the energy density of aqueous electrolyte-

based supercapacitors. Of course, aqueous electrolytes could

be employed in some situations, where cost is more important

instead of energy density. In contrast, organic electrolytes

provide a much wider electrochemical window, which allows for

a higher energy and power density. Obviously, organic electro-

lytes are more expensive due to their purication from water. In

addition, as commonly used solvents in organic electrolytes,

acetonitrile (ACN) and propylene carbonate (PC) are usually

blamed for their ammability, which results in a potential

safety issue in practice. So, different electrolytes possess relative

merits and should be rationally chosen in various practical

situations, where a certain parameter is more important.

Recently, the concept of “water-in-salt” to broaden the elec-

trochemical window of aqueous electrolytes and to settle the

ammability issue of organic electrolytes has been attracting

considerable attention. In 2015, Wang et al. reported an ultra-

high concentration of a LiTFSI “water-in-salt” (WIS) electrolyte,

which provided a wide stable electrochemical window and dis-

played an extended cathodic and anodic potential of 1.9 V and

4.9 V vs. Li+/Li, respectively.52 Inspired by that, Zhang et al.

constructed a hybrid supercapacitor consisting of metal oxide

electrodes in a “water-in-salt” electrolyte. As shown in Fig. 3a–c,

the hybrid Fe3O4/21 M LiTFSI/MnO2 capacitor displayed an

operating voltage of 2.2 V and a high specic energy of 35.5 W h

kgtotal
�1.53 Moreover, Yu et al. summarized some key tips on

supercapacitors based on “water-in-salt” electrolytes.54

Although the working potential window of the reported WIS

systems has improved dramatically, environmental and

economic concerns related to their practical applications still

need to be solved. In particular, the high cost of LiTFSI salt

hinders its large-scale feasibility, while the other hydrate melt

components (LiBETI) only represent a small quantity with high

cost (>40 $ g�1).55 Another important issue is the lower crustal

reserves of metal Li, compared with the main group of metal Na

and K. Therefore, in order to congure WIS electrolytes, a huge

amount of LiTFSI salts must be further considered. As for

environmental issues, the dermal toxicity and acute oral of

LiTFSI salts may be considered toxic to the environment.

Therefore, Bao et al.56 fabricated potassium acetate-based WIS

electrolytes, which could offer the same broad working poten-

tial voltage as LiTFSI-based WIS electrolytes, while also being

low priced and environmental friendly.

Moreover, the rate capability of these aqueous batteries

fabricated with super-concentrated WIS electrolytes are

restricted by their ultrahigh viscosity and ultralow conductivity

due to their strong electrostatic attractions.52,54 Moreover, WIS

electrolytes are usually highly concentrated or nearly saturated,

which make them easily precipitated out.52,57 The above fact

further hinders the wide-temperature-range applications of WIS

electrolytes for batteries. However, it is a great challenge to solve

the problems of high viscosity, low conductivity and precipita-

tion without sacricing the broad working potential window

and the re-distinguishing capability of the WIS electrolyte.

Fig. 3 (a) CV curves of Fe3O4 and MnO2 electrodes in a 21 M LiTFSI

electrolyte, (b) galvanostatic charge/discharge curves and (c) specific

energy retention of an asymmetric supercapacitor of Fe3O4/21 M

LiTFSI/MnO2 (modified from ref. 53, copyright permission from

Elsevier); (d) schematic of the fabrication processes for a MnOx@TiN

nanowire@carbon nanotube fiber and C@TiN electrode-based

asymmetric fiber supercapacitor with an ionic liquid gel electrolyte

(modified from ref. 59, copyright permission from the Wiley-VCH).
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Hence, Yan et al. introduced acetonitrile into a conventional

WIS electrolyte to form an “acetonitrile/water-in-salt” (AWIS)

system.58 The 5M AWIS electrolyte provided decreased viscosity,

enhanced conductivity and a wide liquid temperature range

while also retaining the vital superiority of the WIS system, such

as its safety, broad working potential window and moisture

resistance.

2.3.2 Ionic liquid electrolytes. Ionic liquids (ILs), also

called room-temperature molten salts, are composed entirely of

ions and are solvent-free and liquids at room temperature. They

are regarded as the third kind of electrolytes, following aqueous

and organic electrolytes. Moreover, ILs are typically character-

ized by high thermal and chemical stabilities, low ammability,

low toxicity and particularly an extended electrochemical

window up to 6 V. For instance, a ber metal oxide-based

asymmetric ber supercapacitor with an ionic liquid gel elec-

trolyte (Fig. 3d) shows a wide voltage window, allowing for

a higher volumetric energy density and power density.59

Although ionic liquid electrolytes show promising potential,

their highly viscous property results in a low ionic conductivity.

In addition, the interface between electrodes and the ionic

liquid is different from that of traditional aqueous and organic

electrolytes and seems more challenging, and thus deserves

more investigation.

3. Supercapacitor devices

In general, supercapacitor devices (SCDs) are energy storage

congurations that can achieve a high power density, rapid

charge/discharge and extremely long-term cyclic stability.22,60

Hence, SCDs have attracted the ever-increasing interest of

researchers for energy storage and conversions. In the following

sections, a variety of SCD-based on metal oxide electrodes are

discussed.

3.1 Aqueous asymmetric supercapacitor devices based on

metal oxides

In general, aqueous asymmetric supercapacitor devices

(AASCDs) are assembled by two different electrode materials

(cathode and anode) with one electrode taking part in a faradaic

reaction and the other one taking part in electric double-layer

absorption/desorption. AASCDs possess the metrics of high

specic capacitance, low-cost and excellent ionic conduc-

tivity.61,62 Nevertheless, the energy densities for AASCDs are

unsatisfactory to achieve practical applications. The key to

overcoming the challenge is to explore and design suitable

electrodematerials. Metal oxides can be used both as anode and

cathodematerials of AASCDs to provide higher energy densities.

In the past few years, metal oxides, mainly including single

metal oxides (such as Fe2O3, V2O5, RuO2, MnO2, MoO3 and

WO3), bimetallic oxides (conversion-type MN2O4, where M or N

¼ Ni, Co, Zn, Mn, Fe, Cu, etc. and intercalation-type (LiCoO2,

LiMn2O4, etc.)) and metal oxide heterostructures, have been

widely investigated as electrode materials for AASCDs. For

single metal oxides, Fe-based, V-based, Ru-based, Mn-based,

Co-based and other electrode materials are introduced as

follows.

3.1.1 Fe based. Iron oxides, particularly Fe2O3 and Fe3O4,

have attracted widespread attention from researchers as

potential anode materials for AASCDs, owing to their high

specic capacitance, low-cost and environmental friendliness.

However, their large volume expansion and limited electric

conductivity impede their further practical applications. Con-

structing nanostructures and incorporating them with a highly

conductive matrix are valid ways to overcome the above chal-

lenges. Yan et al. designed an electrode material of Fe3O4

nanospheres decorated on graphene nanosheets via a facile

solvothermal procedure.63 When assembled as an anode for

a supercapacitor, the fabricated graphene/Fe3O4//graphene/

MnO2 AASCD displayed an excellent energy density of

87.6 W h kg�1 and superior cycling stability of 93.1% capacity

retention aer 10 000 cycles. In addition, Li et al. demonstrated

that a trimmed aligned Fe2O3 nanoneedle array (Fe2O3 NNAs)

anode of AASCD presented outstanding performances. The

specic energy density was as high as 103 W h kg�1 at the power

density of 3.5 kW kg�1, and the capacitance retention in long-

term cycling was 86.6% aer 5000 cycles.64

3.1.2 V based. Vanadium-based oxides have the merits of

high power density, natural abundance and high theoretical

specic capacity. Nevertheless, unsatisfactory structural

stability and poor electric conductivity block their application

elds. Vanadium oxides mainly include VO2, V2O3 and V2O5,

where the valence of +5 is the most stable and +4 is the worst. As

an electrode material, V2O5 has been widely investigated as an

AASCD cathode; however, the research on VO2 as anode mate-

rials need to be further deepened. Anchoring with carbon-based

materials is employed to overcome the obstacle of poor

conductivity. Recently, Lee et al. demonstrated that a mixed VO2

matrix with V4+ state and a signicant amount of V3+ state could

behave as a negative electrode with a working potential of �1 to

0 V vs. Ag/AgCl.65 When used as an anode of AASCD, the Mn3O4

cathode exhibited a high energy density of 42.7 W h kg�1 and

a power density of 1.1 kW kg�1.

3.1.3 Ru based. Considering its high theoretical specic

capacitance (1700 F g�1), good electric conductivity (105 S cm�1)

and reversible redox reaction, RuO2 is recognized as one of the

most promising AASCD electrodes. In addition, RuO2 has good

corrosion resistance to acidic and basic environments, prom-

ising wide applications for aqueous systems with different

aqueous electrolytes. Amorphous hydrous RuO2$xH2O and

crystal phase RuO2 are the two phases of ruthenium oxide.

Here, the former has a higher capacitance and larger active

sites. Hydrous RuO2 was rst demonstrated as a pseudo-

capacitive electrode material in an acidic electrolyte for

a supercapacitor by Buzzanca et al. in 1971.66 However, one of

the biggest challenges of the RuO2 electrode is the serious

agglomeration during cycling. Cao et al. fabricated a unique

nanostructure material, consisting of RuO2 nanoparticles

(diameter of 1.9 nm) anchored on graphene nanosheets and

carbon nanotubes, which could effectively inhibit the agglom-

eration phenomenon.67

This journal is © The Royal Society of Chemistry 2019 Nanoscale Adv., 2019, 1, 4644–4658 | 4649
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3.1.4 Mn based. Manganese oxide materials have been

broadly investigated for the cathode materials of AASC devices.

Among these, MnO2 and Mn3O4 have attracted considerable

attention for applications owing to their low cost, wide oper-

ating potential window and earth abundance nature. Efforts

have been focused on crossing the gap between theoretical

capacitance and experimental capacitance. Zhang et al. tailored

a core–shell structure electrode consisting of a b-MnO2 core and

highly aligned “birnessite-type” MnO2 shell.68 A packaged

AASCD delivered a high energy density of 40.4 W h kg�1 with

a maximum power density of 17.6 kW kg�1. Recently, several

groups have demonstrated that the insertion of a high content

of cations (e.g. Na+ and K+) into the MnO2 structure can

accomplish enhanced electrochemical performances, depend-

ing on the additional redox reaction.69,70 Xia et al. constructed

an AASCD with Na0.5MnO2 nanowall arrays as a cathode and

carbon-coated Fe3O4 nanorod arrays as an anode, exhibiting an

excellent energy density of 81 W h kg�1 in an extended potential

window of �1.3 to 0 V vs. Ag/AgCl.71

3.1.5 Co based. Among a variety of metal oxides for AASCD,

Co3O4 cathode materials are controlled by diffusion in the

electrochemical process in an aqueous electrolyte and are

considered battery-type electrode materials. The Co3O4 cathode

has been vigorously developed due to its ultrahigh specic

theoretical specic capacitance and impressive redox revers-

ibility. Nevertheless, the cycling stability and rate capability are

hindered by its low electric conductivity. Therefore, consider-

able endeavours have been concentrated on designing nano-

structured Co3O4 materials to improve the electrochemical

performances. Yu et al. reported Co3O4/N-doped carbon hollow

spheres (termed as Co3O4/NHCSs) with a hierarchical nano-

structure as an advanced electrode for a high performance

asymmetric supercapacitor device.72 When assembled as

a cathode to fabricate an AASCD, the device delivered a large

energy density of 34.5 W h kg�1 (at a power density of 753 W

kg�1).

3.1.6 Others. Alongside the increasing demand for energy

storage, several other metal oxide materials have been studied

for AASC devices, including MoO3,
73 WO3,

74,75 PbO2,
76 SnO2 (ref.

77) and CuO.78,79 NiO is a potential anode material for super-

capacitors. Wei et al. synthesized honeycomb-like mesoporous

NiO microspheres via a hydrothermal reaction as a high

performance cathode for AASCD.80 Based on the honeycomb-

like NiO cathode and rGO anode, the successfully fabricated

asymmetric supercapacitor achieved a remarkable energy

density of 23.25 W h kg�1 and an excellent power density of 9.3

kW kg�1, which was sufficient for lighting up a light-emitting

diode. Moreover, CuO has become a hopeful candidate elec-

trode material for its elemental abundance. Kaner et al. built

a three-dimensional ordered CuO framework with bimodal

nanopores and nanosized walls (about 4 nm).81 The assembled

AASCD with an activated carbon electrode demonstrated an

energy density of 19.7 W h kg�1 and excellent cycling life.

Compared to single metal oxides, bimetallic oxides integrate

the advantages of various metal oxides to work together for

AACSDs.82–84 Recently, our research group presented a yolk–

shell-structured ZnCo2O4 with uniform carbon (Fig. 4a) for an

aqueous asymmetric supercapacitor, displaying a remarkable

cycling stability with a capacitance retention rate of over 95%

aer 9000 cycles and a high energy density of 45.9 W h kg�1 (at

a power density of 700 W kg�1), as shown in Fig. 4b.85

In addition, it is noticeable that various pseudocapacitive

metal oxide heterostructures have provoked the broad interests

of researchers and are being studied.86 Owing to the defects of

contact surfaces and the synergistic effects of different phases,

such heterostructures can provide more active sites and

improve the electric conductivities, and so have been rmly

identied as a hopeful structure to reinforce the electro-

chemical performances of AASCDs.84,87 A hierarchical core–

shell-like NiO–Co3O4–NiO nanoheterostructure was fabricated

by a simple solution-based method to increase the interaction

abilities of aqueous electrolyte ions diffusing into the bulk

materials. When assembled as an AASCD (Fig. 4c) with NiO–

Co3O4–NiO with sh thorn-like nanostructures (FTNs) as the

positive electrode and porous activated carbon loaded on nickel

foam (AC@NF) as the negative, the obtained coulombic effi-

ciency (99.7%) at the end of cycling test further indicated the

outstanding reversibility of the device (Fig. 4d).88

3.2 Quasi-/all-solid-state supercapacitor devices based on

metal oxides

3.2.1 Generalized quasi-/all-solid-state supercapacitor

devices. Taking into account the ever-growing demands and

gradual developments of exible energy storage devices, it is

crucial to make adequate efforts to exploit the applications of

quasi-solid and all-solid-state supercapacitor devices (QSSSCDs

and ASSSCDs), which have the features of more safety, lighter

weight, higher power density and more easily tailored

nature.89–91 The main progress of QSSSCDs/ASSSCDs over

conventional supercapacitors is the introduction of a quasi-

solid or all-solid-state electrolyte to take the place of the

aqueous electrolyte, sequentially increasing the potential for

applications in portable and wearable devices.

Nevertheless, the wide applications of QSSSCDs/ASSSCDs

have been limited by the relative lack of electrode materials.

In recent years, increasing number of metal oxide electrode

materials have been applied in QSSSCs/ASSSCs to enhance the

electrochemical performances. Niu et al.92 fabricated a foldable

ASSSCD integrated with photodetectors in a simplied paper-

like conguration based on TiO2 nanoparticles. TiO2 nano-

particles were coated on the surface of a SWCNT lm to serve as

a supercapacitor electrode and working electrode of a photode-

tector (Fig. 5a). The assembled devices not only maintained the

capacitance behaviour but also exhibited excellent sensitivity

for white light. More importantly, the capacitance behaviours of

ASSSCs almost remained unchanged even when the ASSSCs

were folded by 180� (Fig. 5b). In addition, Wang et al.93

successfully deposited MnO2 and polypyrrole (PPy) on 3D

graphene-wrapped nickel foam (Ni/GF) substrates, respectively,

and tailored a exible ASSSCD assembled with Ni/GF/PPy as the

negative electrode and Ni/GF/MnO2 as the positive electrode in

a gel electrolyte. The optimized exible ASSSCD veried

4650 | Nanoscale Adv., 2019, 1, 4644–4658 This journal is © The Royal Society of Chemistry 2019
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a remarkable stability with 90.2% capacity remaining aer

10 000 cycles in a high voltage window of 1.8 V and delivered an

excellent energy density of 1.23 mW h cm�3. Hence, the rational

design of ASSSCs will pave the way for combining energy storage

devices and other electronic equipment into one exible device.

In addition, the contact between the solid electrolyte and

electrode materials is a determining factor for enhancing the

electrochemical characteristics of supercapacitors. Quasi-solid-

state electrolytes offer the advantages of an all-solid-state elec-

trolyte and liquid electrolyte, accelerating the kinetics process

of ion transfer in QSSSCDs. Jun et al.50 suggested a new uorine-

doped oxygen-decient Co2MnO4 (denoted as F-Co2MnO4�x)

nanowires coated on carbon bers as an advanced electrode

material (Fig. 5c) for QSSSCDs. The experimental and theoret-

ical studies revealed that the structural and electronic proper-

ties of F-Co2MnO4�x were effectively adjusted by introducing

uorine element and O vacancies, which could synergistically

provide newly generated energy levers and improve the reac-

tivity of the electrochemically active sites, while at the same

time providing for abundant Faradaic redox activity. A quasi-

solid-state asymmetric supercapacitor device was assembled

with a positive electrode of F-Co2MnO4�x/CF and a negative

electrode of Fe2O3/CF, and achieved a high energy density of

64.4 W h kg�1 (at a power density of 800 W kg�1), as shown in

Fig. 5d. Signicantly, a capacitance retention of 89.9% was

maintained aer 2000 bending tests with a bending angle

ranging from 0� to 30�, demonstrating the excellent mechanical

exibility.

3.2.2 Flexible/stretchable supercapacitor devices. The

popularization of wearable devices has stimulated the

improvement of exible/stretchable supercapacitors (FSSCDs/

SSSCDs) to benet from their remarkable features of high

security, small volume, wide operating temperature range and

easy integration property.94–96 However, when integrated into

exible devices, FSSCDs/SSSCDs using liquid electrolytes are

prone to suffering from the issue of electrolyte leakage.97

Therefore, FSSCDs/SSSCDs are mainly congured with all-solid-

state or gel-state electrolytes. Although exible/stretchable

supercapacitors with good exibility are widely investigated,

signicant challenges remain in terms of improving their

energy density without inuencing their power density, and

here, developing high-energy electrode materials is an effective

route to overcome these difficulties.

Kim et al.98 designed a novel bi-stacked WO3 nanotube/

PEDOT:PSS electrode (Fig. 6a) for a wearable patch device

with polyacrylamide (PAAm) hydrogel electrolytes. With the

Fig. 4 (a) Scheme of the synthesis a yolk–shell structure ZnCo2O4 material, (b) Ragone plots of AACSDs (modified from ref. 85, copyright

permission from the Royal Society of Chemistry); (c) illustration for the preparation process and (d) cycling stability of core–shell-like

NiO@Co3O4–NiO FTN/Ni foam (modified from ref. 88, copyright permission from Elsevier).

This journal is © The Royal Society of Chemistry 2019 Nanoscale Adv., 2019, 1, 4644–4658 | 4651
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introduction of the PEDOT:PSS wrapping layer, the coloration

efficiency and specic capacity of the WO3 nanotube electrode

were improved by 20.4% to 83.9 cm2 C�1 and 38.6% to 471.0 F

g�1, respectively. The enhanced electrochemical capacities also

had a positive effect on the energy and power densities with an

all-transparent stretchable electrochromic supercapacitor (all-

TSES) presenting a power density of 19.1 kW kg�1 and energy

density of 52.6 W h kg�1 (Fig. 6b). Moreover, as shown in Fig. 6c,

the all-TSES wearable patch device showed excellent reliability,

even under repeated stretching–bending motions, which

conrmed its suitability for wearable applications.

In addition, Wang et al.99 reported two types of composite

network electrodes (Fig. 6d): MnO2–graphene and carbon

nanotube–graphene by solution casting and subsequent elec-

trochemical methods. On the one hand, the MnO2 nano-

composite with graphene has synergistic effects by combining

the high surface area/conductivity and redox reaction of the

metal oxide to improve the electrochemical properties. On the

other hand, CNTs possess mechanical exibility, good

conductivity and stable electrochemical behaviour. Therefore,

the assembled exible all-solid-state asymmetric super-

capacitor, based on the two composite networks, exhibited

outstanding rate capability and high specic capacitances,

when cycled reversibly in a high voltage region of 0 to 1.8 V

(Fig. 6e).

3.3 Metal-ion hybrid supercapacitor device based on metal

oxides

Although traditional supercapacitors can provide high power

densities, the energy densities still do not match the growing

needs of energy storage devices. A metal-ion hybrid super-

capacitor device (MIHSCD) rooted in an aqueous asymmetric

device is a relatively novel device, and is a combination of

a battery and supercapacitor, with the aim to deliver high

energy, large power and a long lifespan.100,101 MIHSCDs belong

to a kind of asymmetric supercapacitor devices. The difference

is that MIHSCD consists of one battery-type faradaic electrode

and one capacitive electrode, while the ASCDs refer to a wider

range. At present, tremendous efforts have been focused on the

architectural designs of electrode materials and the congura-

tions of systems to achieve win–win hybrid supercapacitors. As

the electrodes of MIHSCDs, metal oxides possess potential

advantages of high energy, good conductivity and low-cost.

3.3.1 Li-ion hybrid supercapacitor devices. Table 1

summarizes a performance comparison of various

LIHSCDs.102–113 At present, Li-ion hybrid supercapacitor devices

(LIHSCDs) are the dominant technology and have been dili-

gently researched.114 Nanostructural metal oxide electrode

materials and their hybrids with various carbon matrixes have

been investigated for LIHSCDs.115 Among these, niobium-based

oxide can be a kind of glorious electrode to realize a high

performance hybrid capacitor. Chen et al.116 synthesized

a unique N-doped T-Nb2O5/tubular carbon hybrid structure

(noted as N-NbOC) anode (Fig. 7a), in which T-Nb2O5 nano-

particles were homogeneously dispersed in N-doped microtu-

bular carbon. The unique nano-architecture provided a porous

nanostructure and enhanced electronic conductivity to favour

sufficient and rapid Li-ion storage. The as-prepared LIHSCD

based on the N-NbOC electrode delivered an excellent energy

density of 86.6 W h kg�1 and a high power density of 6.09 kW

kg�1 (Fig. 7b). In terms of other metal oxides, Li et al.117

designed a non-aqueous LIHSCD with a SnO2–C hybrid (ultra-

ne SnO2 anchored on the tubular mesoporous carbon) as the

anode and tubular mesoporous carbon as the cathode,

achieving an energy density of 110 W h kg�1 at a power density

of 2960 W kg�1. Zhou et al. presented high-power LIHSCDs

based on a well-designed MnO–graphene composite

(MnO@GNS) and 3D hierarchical porous N-doped carbon

(HNC), which achieved an attractive energy storage of

127 W h kg�1 electrode, which even remained as high as

83.25 W h kg�1 at a battery-inaccessible power density of 25 kW

kg�1 together with rapid charging within 8 s.112

Bimetallic oxides have also been applied in LIHSCDs in

recent years. Lei et al.118 synthesized a nanocomposite with

a TiNb2O7 network in situ anchored on holey graphene (labelled

as TNO/HG, Fig. 7c), which was assembled as an anode material

for LIHSCD. The as-prepared LIHSCD consisting of the nano-

composite electrode and activated carbon exhibited an excellent

energy density of 86.3 W h kg�1 at 237.7 W kg�1 and a superior

power density of 3.88 kW kg�1 at 28.7 W h kg�1 (Fig. 7d),

accompanied with a long-term cycling stability of 90.2%

capacity retention aer 3000 cycles. Furthermore, the

Fig. 5 (a) Schematic of the as-prepared supercapacitor–photode-

tector integrated device, (b) CV curves and LED lit images of three all-

solid-state integrated devices with the original state and in a 180�

folding state at a scan rate of 50 mV s�1 (modified from ref. 92,

copyright permission from Wiley-VCH); (c) representative synthesis of

F–Co2MnO4�x nanowires on CF substrate, (d) Ragone plots of the

assembled F–Co2MnO4�x/CF//Fe2O3/CFQSSSCDs (modified from ref.

50, copyright permission from Elsevier).
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electrochemical results showed a good rate performance with

a capacity retention of 73.5% (0.05–5 A g�1).

3.3.2 Na-ion hybrid supercapacitor devices. Na-ion hybrid

supercapacitor devices (NIHSCDs) are regarded as emerging

applications that have rapidly drawn the attention of

researchers with the ever-increasing price and dwindling of

lithium resources. NIHSCDs possess low expenditure, a low

redox potential (2.71 V) close to that of Li+/Li (3.02 V) and an

innite sodium source, making them a potential candidate for

use in larger scale supercapacitor devices.119–121 However, one of

the obstacles to developing NIHSCDs is the imbalance in the

kinetics from different charge storage mechanisms between the

Fig. 6 (a) Schematic of an all-transparent stretchable electrochromic supercapacitor device, (b) specific capacitance and Ragone plot of all-

TSES electrodes, (c) real image of bleached/coloured state and the stability property of a wearable patch device after exposure in ambient

conditions for 14 days (ref. 98, copyright 2019 American Chemical Society); (d) illustration of the preparation of different nanohybrid foams, (e)

cycling behaviour and specific capacitance retention ratio of a flexible all-solid-state asymmetric supercapacitor of MnO2–ERGO//CNT–ERGO

(ref. 99, copyright 2014 Wiley-VCH).

Table 1 Performance comparison of various LIHSCDs

Hybrid system
Energy density
(W h kg�1)

Maximum power
density (W kg�1) Ref.

AC//V2O5/CNT 24–30 850 102
GDY//AC 95–110 1000.4 103

3D graphene//Fe3O4/graphene 60–90 2587 104

PJ-AC//PrG-based Li-HEC 76–162 4500 105

TiO2-(reduced graphene oxide)//AC 8.9–42 8000 106
MnNCN//AC 10–103 8533 107

B-Si/SiO2/C//PSC 89–128 9704 108

CNT-threaded TiO2//CNT-AC 22.3–59.6 13 900 108

3D-MnO/CNS//3D-CNS-1 : 2 83–184 18 000 110
m-Nb2O5-C//AC 15–74 18 510 111

MnO@GNS//HNC 83.25–127 25 000 112

Fe3O4@NC//HNC 95–185 28 000 113

This journal is © The Royal Society of Chemistry 2019 Nanoscale Adv., 2019, 1, 4644–4658 | 4653
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sluggish Faradaic anode and the rapid non-Faradaic capacitive

cathode. Metal oxide electrode materials also have major

applications in NIHSCDs due to the large tunnels in the mate-

rials and sensitive dynamics. Lee et al.23 synthesized a nano-

composite comprising Nb2O5@carbon core–shell nanoparticles

(Nb2O5@CNPs) and reduced graphene oxide (rGO), and the

NIHSCD using the Nb2O5@C/rGO-50 anode and activated

carbon (MSP-20) cathode delivered high energy/power densities

(76 W h kg�1 at 20 800 W kg�1). Fan et al.122 reported highly

active Na2Ti3O7 nanosheets coated on an activated carbon ber

(Fig. 8a) as a high energy density intercalation-type anode

electrode. When fabricated into an NIHSCD with an ionic

adsorption cathode based on active carbon ber (Fig. 8b), the

assembled Na-ion hybrid capacitor provided an excellent

specic capacitance of 76.8 F g�1 at 1 A g�1 and a superior

energy density of 127.73 W h kg�1 at 95.79 W kg�1 within a wide

operating window of 3.0 V (Fig. 8c).

The cathode materials are also of great concern to enhance

the electrochemical performances of NIHSCDs. Chen et al.123

displayed a simple electrochemical route to rst synthesize

a NaMnO2 cathode for NIHSCDs. The study mainly emphasized

the effect of potassium manganese hexacyano ferrate

(KMnHCF) on the stability in a Na2SO4 electrolyte. The excellent

pseudocapacitive behaviour of Na0.21MnO2 in the modied

Na2SO4 electrolyte was demonstrated with excellent structural

stability in the intercalation/de-intercalation of Na+ during the

charge/discharge process. Finally, the assembled NIHSCD

exhibited a large operational voltage window (0–2.7 V, Fig. 8d)

and a high capacitance retention of 86.7% without any water

splitting aer 1000 cycles. Extraordinarily, the Na-ion hybrid

capacitor could operate a 2.1 V red LED (Fig. 8e).

3.3.3 Other metal-ion hybrid supercapacitor devices. To

date, metal oxide materials have been adopted in various ion

Fig. 7 (a) Schematic of N-NbOC material, (b) Ragone plot of N-

NbOC//AC (modified from ref. 116, copyright permission from Elsev-

ier); (c) schematic of the process for fabricating the TNO/HG elec-

trode, (d) Ragone plot of TNO/HG//AC with other LIHSCDs (modified

from ref. 118, copyright permission from Elsevier).

Fig. 8 (a) Schematic of the NTO/ACF nanocomposite, (b) illustration of the fabrication for NIHSCD and (c) Ragone plots compared with other

reported works (modified from ref. 122, copyright permission from Wiley-VCH); (d) capacitance retention after 1000 cycles and (e) Ragone plot

of the asymmetric Na0.21MnO2//rGO NIHSCD assembled as a CR2032 coin cell (modified from ref. 123, copyright permission from Wiley-VCH).

4654 | Nanoscale Adv., 2019, 1, 4644–4658 This journal is © The Royal Society of Chemistry 2019
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hybrid supercapacitor devices and investigated in large quan-

tities, except for the above Li-ion hybrid and Na-ion hybrid

supercapacitor devices. As early as 1999, Goodenough et al.124

had demonstrated the fact that K+ can work in a Faradaic

capacitor as the reactive ions. However, following, there was

a long hiatus in the study of potassium ion hybrid super-

capacitor devices (KIHSCD). Last year, a K2Ti6O13 microscaffold

anode material of KIHSCD was successfully established by

Zhang et al..125 The hybrid device consisted of a prepared

K2Ti6O13 anode, a cathode of N-doped nanoporous graphenic

carbon (NGC) and a non-aqueous potassium-based electrolyte

(Fig. 9a). Such a KIHSCD exhibited a battery-like high energy

density of 58.2 W h kg�1 and supercapacitor-like high power

density of 7200 W kg�1. The device achieved an outstanding

cycling stability with a capacity retention of 75.5% aer 5000

cycles (Fig. 9b).

Considering the advantages of high storage abundance, low

ammability and high stability of Zn metal, the Zn-ion hybrid

supercapacitor device (ZIHSCD) is becoming one of the optimal

choices. Xu et al.126 applied a multivalent ion storage mecha-

nism to construct a high performance aqueous ZIHSCD.

Reversible insertion/extraction of Zn2+ in a MnO2 nanorods

cathode and ion adsorption/desorption on the surface of the

activated carbon anode were established as the energy storage

mechanism (Fig. 9c). They further optimized the

electrochemical performances by adding Mn2+ cations into the

ZnSO4 electrolyte to enhance the energy density of the ZIHSCD,

while anion replacement of SO4
2� by CF3SO3

� effectively

inhibited the manganese dissolution and Zn4(OH)6SO4$nH2O

phase formation. As a result, the as-prepared MnO2//2 M ZnSO4

(aq)//AC ZIHSCD displayed an excellent capacity of

54.1 mA h g�1, a high energy density of 34.8 W h kg�1 and

a good cycling stability, with a capacity retention of 93.4% over

5000 cycles (Fig. 9d).

Al-ion hybrid supercapacitor devices (AIHSCDs) have come

into existence over the years. The fact that Al is the most

abundant metal element in the Earth's crust makes AIHSCD

occupy a vantage position, other than Li/Na-ion hybrid super-

capacitors. Moreover, an Al3+/Al redox couple contributes three

electrons during the electrochemical reaction, which offers

viable energy storage capacity.127

4. Conclusion and prospectives

In brief, bimetallic oxide materials provide a lot of probabilities

to elevate asymmetric supercapacitors to achieve a battery-level

energy density, verifying many progress reports in terms of

aqueous asymmetric and hybrid supercapacitors. By adjusting

the composition and nanostructure of the bimetallic oxides and

compositing various carbons appropriately, bimetallic oxides

have displayed a continuous improvement in conductivity,

surface specic area and the abundance of electrochemically

active sites compared to their bulk counterparts, further leading

to a tremendous boost in their electrochemical properties.

Moreover, novel bimetallic oxides with multiple characteristics

as cathodes have exhibited fascinating elasticity and admirable

electrochemical properties in a broad working voltage window

for designing and fabricating high voltage devices. Particularly,

based on the composition and concentration of the electrolytes,

a reasonable adjustment of the species and contents of the

bimetallic oxides are demanded to balance the relationship

among the electric conductivity, porosity, theoretical specic

capacity and electrochemically active sites. Specically, with

regard to asymmetric systems, bimetallic oxide/carbon

composites with high conductivity and specic capacitance

skillfully help reduce mass disparities between the cathode and

anode, and therefore enhance the energy density while keeping

the power density constant. It also helps to develop hybrid

systems by adopting organic electrolytes, and pushes this

energy density to a higher level.

Agreement has been reached that novel bimetallic oxide/C

composites are conducive to increasing the capacitive proper-

ties by making the best use of their advantages of each

compound. Nevertheless, the exploration of the physico-

chemical characteristics and the essential reaction mecha-

nisms involved in hybrid systems are still at the initial stage, in

spite of them obtaining excellent electrochemical perfor-

mances. In addition to conventional preparation methods, low

consumption, green, environment-friendly and moderate

preparation technologies on account of molecule assemblies

are urgently required for the steerable combination of twometal

elements, especially by realizing the controllable doping of

Fig. 9 (a) Schematic and (b) long-term cycling stability at the current

density of 1 A g�1 of a NGC//KTO KIHSCD (modified from ref. 125,

copyright permission from the American Chemical Society); (c)

schematic illustration and (d) cycling stability of a designed MnO2//AC

ZIHSCD (modified from ref. 126, copyright permission from Elsevier).

This journal is © The Royal Society of Chemistry 2019 Nanoscale Adv., 2019, 1, 4644–4658 | 4655

Minireview Nanoscale Advances

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 0

9
 O

ct
o
b
er

 2
0
1
9
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
7
/2

0
2
2
 5

:1
4
:3

2
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/C9NA00543A


metal types and counter-content. Moreover, a point worth

emphasizing is that oxygen vacancies generated by various

means are well received in bimetallic oxides, which would

comparatively enhance the capacitive properties in virtue of the

adequate active sites and higher carrier/donor density.

Reasonably selecting an appropriate matching of the above

methods should be done according to the concrete demands of

various supercapacitor systems.

Besides, various metal-ion hybrid supercapacitor devices

have shown great improvements to a large extent, which indi-

cates metal-ion hybrid supercapacitor devices might be the key

to narrowing the gap between conventional batteries and

supercapacitors. However, the progress in metal-ion hybrid

supercapacitors is still in the primary stage and the energy

storage mechanisms are unclear, and thus need further study to

comprehend the interfacial reactions between the electrolyte

and electrode. Theoretical calculations and simulations are

essential to help disclose the possible electrochemical mecha-

nisms at scale. Simultaneously, in situ technologies, such as

spectroscopy and microscopy, have been on the development

upgrade too and are vital to offer straightforward experimental

results. Hence, in near-future studies, synthetic method devel-

opments and electrochemical mechanisms as well as device

congurations demand joint efforts to advance bimetallic

oxide-based supercapacitor systems. Aer persistent efforts, we

are fully convinced that the profound understanding will be

explored and other kinds of supercapacitor systems (for

example, highly exible and wearable devices) will spring up in

the near future.
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