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ABSTRACT: The development of portable, wearable, and miniaturized integrated electronics
has signiﬁcantly promoted the immense desire for planar micro-supercapacitors (MSCs)
among the extremely competitive energy storage devices. However, their energy density is still
insuﬃcient owing to the low electrochemical performance of conventional electrode materials.
Compared with their bulk counterparts, the large speciﬁc surface area and fast ion transport
with eﬃcient intercalation of two-dimensional (2D) transition metal compounds have spurred
the research platforms for their exploitation in the creation of high-performance MSCs. This
Outlook presents a systematic summary of cutting-edge research on atomically thin, layered
structures of transition metal dichalcogenides, MXenes, and transition metal oxides/
hydroxides. Special emphasis is given to the rapid and durable storage of ions, beneﬁting
from the low ion diﬀusion barriers of host interlayer spaces. Moreover, various strategies have
been described to circumvent the structural damage due to the volume change and
simultaneously evincing remarkable electronic properties.

1. INTRODUCTION
The sustained progression of portable technologies has driven
the desire for the development of micro-power-sources which
are potentially able to be integrated into miniaturized systems
for medical, telecommunication, and other microelectronic
devices.1,2 Although thin-ﬁlm Li-ion microbatteries (MBs) are
dominant due to their high energy density (∼1 mW h cm−2),
their short lifetime (500−10 000 cycles) and low power
density (<5 mW cm−2) inhibit their applications in systems
where battery replacement is infeasible, and huge energy spikes
are required.3−5 Micro-supercapacitors (MSCs) are safe
alternative energy-storage solutions which manifest a longer
lifetime (>100 000 cycles) and provide high power density
(>10 mW cm−2) with rapid charge/discharge capabilities.6−8
MSCs with the conventional electric double layer (EDL)
mechanism exhibit low energy density (<0.1 mW h cm−2)
owing to their intrinsic electrostatic charge storage that
requires large surface area and pore sizes.9,10 Although the
capacitance can be increased by employing an active electrode
material with large volume, that consequently increases the size
of the cell to an undesired extent.11 Contrary to EDL, the
pseudocapacitive mechanism of charge storage exhibits
elevated energy density and speciﬁc capacitance via a rapid
repeatable redox reaction among the active electrode material
and electrolyte.12,13 Typically, EDL and pseudocapacitance
occur together in MSCs; however, one of them becomes
dominant based on the interaction of electrode material with
electrolyte ions.14 The redox reaction involves the exchange of
charges across the double layer rather than creating a cloud of
immovable charges around the electrode material.15 The
© XXXX American Chemical Society

charge storage of pseudocapacitive materials has a linear
reliance on the range of applied potential and tendency of
oxidation and reduction, though the redox reaction can
continuously change the oxidation states of electrode cations,
which eventually degrades the cycling performance of the
pseudocapacitor.
The aforementioned challenges cause a driving force toward
the exploration of electroactive materials to achieve eﬃcient
charge transfer between electrode and electrolyte. Materials
based on transition metal compounds have been enthusiastically investigated for charge storage because of their variable
oxidation states, which enable transition metal cations to
actively participate in the Faradaic charge transfer process.16,17
However, their potential applications are still restricted since
they experience an inadequate rate capability and cycling
performance due to their slow charge transfer kinetics and low
electrical conductivity. Nevertheless, the compounds of
transition metals with layered structures are fascinating because
of their great potential for the fast ion diﬀusion that allows
maximum insertion and extraction of electrolyte ions into the
interlayer spaces of the electrode material.18 The ultrathin
layered crystals will endow the electrode material with several
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advantages such as a large surface area available for electrolyte
interaction. The edges of layered sheets provide higher
electrochemical activity than the planar surface to store more
metal ions due to the intercalation, and these crystal structures
are less fragile, providing high mechanical strength for ﬂexible
wearable devices.19 Transition metal dichalcogenides (TMDs)
exhibit a two-dimensional (2D) layered structure with strong
covalent intralayer and weak interlayer van der Waals
interactions which make them good hosts for the inclusion
of electrolyte ions.20,21 These ions are repeatedly inserted into
the van der Waals gaps for the storage and delivery of charges
through the adjacent layers. The incorporation of carbon and/
or nitrogen atoms into the early transition metals forms
another group of inorganic compounds (MXenes), which
present layered formation with high electrical conductivity,
hydrophilicity, and excellent mechanical strength.22 These
characteristics are associated with the covalent, ionic, and
metallic bonds between the atoms in MXenes.23 The covalent
nature of interaction produces a low postintercalation volume
expansion that brings excellent stability to the structures.
Furthermore, excellent ionic properties and high electrical
conductivity of the transition metal atoms are desirable for
charge storage and delivery.24 Besides these compounds,
another class of electrode materials includes the transition
metal oxides/hydroxides (TMOs/TMHs), which are considered superior due to their exceptional theoretical capacities
(e.g., RuO2, ∼1400−2200 F g−1; MnO2, 1370 F g−1), rapid
reversible electron transfer, and their abundance in nature.25,26
Oxides/hydroxides of transition metals can reveal surface
redox reaction or intercalation dominated pseudocapacitance
depending on their structure and charge storage behavior.27
The morphology of TMOs and TMHs can be tailored through
facile synthesis procedures which often require a relatively low
temperature.28 The morphology and size are important
parameters to determine the diﬀusion kinetics and cyclability
of the electrode materials. Bulk transition metal compounds
suﬀer from intrinsic low electrical conductivity; however, their
2D structures provide a high surface area to demonstrate fast
ion diﬀusion and high electrical conductivity. Besides, there are
opportunities for further research aimed at the amalgamation
of diverse capacitive materials to obtain hybrid systems, which
produce an enhanced electrochemical performance owing to
the synergistic eﬀect established between active materials. The
performance of MSCs depends not only on the attributes of
active materials but also on the conﬁguration and arrangement
of microelectrodes.29
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Figure 1. Schematic illustration of 2D electrode materials based on
transition metals for the micro-supercapacitor.

hinder their wide-ranging applications. Herein, we presented
impactful strategies to overcome these obstacles by structural
engineering for tuning the crystal structure, porosity, and
electrical conductivity of the metallic phase. Additionally,
various coupling principles are elucidated to rationally
integrate the composite hybrids and asymmetric conﬁgurations
of electrodes to construct the MSCs with high electrochemical
performance.

2. TRANSITION METAL DICHALCOGENIDES (TMDS)
TMDs represent a family of 2D layered inorganic materials
with a generalized chemical notation MX2, where M denotes a
transition metal atom (Mo, W, V, etc.), and X is a chalcogen
atom (S, Se, or Te). The transition metal atoms are covalently
intercalated between two chalcogen layers, so their crystal
constitutes a layered structure with weak interlayer van der
Waals forces.30 Recently, owing to their attractive physicochemical properties such as high surface area, electrochemical
activity, mechanical permanency, excellent processability, and
low cost, these materials have triggered wide research for
utilization in the ﬁelds of energy storage, hydrogen evolution
electrocatalysis, solar systems, sensors, biotechnology, and
nanoelectronics.31,32 Their heterostructures could convert the
indirect band gap to a direct band gap, which is critical for
electrocatalytic conversion, electrochemical energy storage,
and applications in other electronics. Regarding energy storage,
the reduced dimension of the atomically thin MX2 layer oﬀers
the electrolyte a maximized contact with the active electrode
for Faradaic and non-Faradaic interactions, and the interlayer
spaces act as excellent hosts for swift ion diﬀusion ensuring the
higher utilization of material for developing high-performance
electrodes.33 Considering MoS2 as a prominent candidate of
TMD species, Cao et al. demonstrated an MSC based on 2D
MoS2 ﬁlm, where microelectrodes were prepared by the spray
painting of a hydrothermally prepared substance, followed by
laser cutting.34 The structured nanosheets expedite the
approach of aqueous electrolyte ions to the electrode, and
the cell exhibited an areal speciﬁc capacitance of 8 mF cm−2
but showed insuﬃcient cycling performance due to selfrestacking of nanosheets. Later, another perspective was given
to reveal that exfoliated few-layered MoS2 exhibits higher
electrochemical activity than the bulk material, and in that
particular study, MoS2 ﬂakes showed a capacitance of 2.4 mF
cm−2, superior to the bulk counterpart (∼0.5 mF cm−2).35 The

The morphology and size are
important parameters to determine the diﬀusion kinetics and
cyclability of the electrode materials.
Hence, there is a constellation of materials and composites
with EDL or pseudocapacitance that are being developed to
realize the high-performance MSCs. This Outlook highlights
the latest advances of highly electroactive 2D TMDs, MXenes,
and TMOs/TMHs in the assembly of MSCs with a planar
conﬁguration (Figure 1). The critical issues of structural
aggregation and inherently low electrical conductivity
associated with the conventional transition metal compounds
B
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Figure 2. (a) Schematic illustration of acid-assisted etching and exfoliation to obtain TaS2 monolayers for the fabrication of MSC.39 (b) CV curves
at diﬀerent scan rates and (c) cycling stability of the MSP-TaS2-based MSC at a current density of 2 A g−1; the inset is the GCD curves at the 1st
and 4000th cycle. Schematic diagram of (d) the phase transition from state I to state III and (e) simulation of proton adsorption in the 2H, 1T, and
mixed 2H-1T phases of MoS2.41 (f) Speciﬁc conductivity of three states and their corresponding Rct values. (g) Scheme to visualize the one-body
array of core/shell nanowires (left), and corresponding ADF-STEM image of WO3/WS2 core/shell nanowire (right).47 (h) Optical image under
mechanical bending (left), and corresponding SEM image (right) of densely aligned core/shell nanowires; the inset shows their faceted surface. (i)
Cycling performance at a scan rate of 100 mV s−1. Reprinted with permission from refs 39, 41, and 47. Copyright 2018 American Chemical Society,
2020 Royal Society of Chemistry, 2016 American Chemical Society.

exfoliated structures still showed the problem of aggregation
and restacking, reducing the performance, so their crystal
structures are further modiﬁed. The later sections describe the
signiﬁcant developments in the utilization of 2D TMDs.
2.1. 2D Metallic TMDs. The phase engineering of
chemically exfoliated sheets of metallic TMDs shows enhanced
electrochemical behavior by allowing high intercalation of
electrolyte ions. Research reveals that the metallic 1T
(octahedral) phase of TMDs exhibits a higher electrochemical
performance due to the enhanced electrical conductivity
relative to the semiconducting 2H (trigonal prismatic)
phase.36 In this regard, earlier research employed chemical
exfoliation to achieve highly concentrated metallic 1T phase
MoS2 ﬁlms.37 The nanosheets showed the capability of
eﬃcient intercalation of H, Li, K, and Na cations so that the
thin-ﬁlm electrode delivered a speciﬁc capacitance ranging
from 400 to 700 F cm−3 in various electrolytes. The high
performance was attributed to the intrinsic hydrophilic
property, electrical conductivity, and ability of exfoliated
nanosheets to eﬃciently intercalate the electrolyte ions. It is
anticipated that achieving the 1T metallic phase of various
other TMDs through exfoliation would also show a progressive

electrochemical response. On this subject, another research
eﬀort which was published later demonstrated the electrochemical activity and stability of highly conductive metallic 1TWS2 nanoribbons.38 The prepared electrodes exhibited a
capacitance of 2.81 mF cm−2, several factors higher than that of
the semiconducting 2H-WS2 electrode. The improved
electrical conductivity and extended spaces for intercalation
between the consecutive layers revealed the potential of 2D
metallic TMDs for power applications. Wu et al. proposed onestep acid-assisted exfoliation for the synthesis and surface
modiﬁcation of a large monolayer of TaS2 (Figure 2a).39 Acid
treatment of LiTaS2 yielded the metallic sub-nanopore TaS2
(MSP-TaS2) with simultaneously exploiting the etching
property of the hydrogen ion (H+) for porosity engineering
to obtain a pore size of ∼0.95 nm, which was optimized with
the size of electrolyte ions to provide fast ion transport kinetics.
The interdigital MSC based on MSP-TaS2 microelectrodes
delivered a speciﬁc capacitance of 508 F cm−3 and an energy
density of 58.5 W h L−1. The quasirectangular cyclic
voltammetry (CV) curves showed the dominant EDL
capacitive behavior in the voltage range 0−0.9 V, which
corroborates the eﬀective electrolyte ion permeation through
C
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Jung and co-workers reported a ﬂexible core/shell supercapacitor based on a 1D single-crystalline tungsten trioxide
(WO3) core seamlessly integrated with a 2D WS2 layered
shell.47 The interface was self-assembled without any binder to
form a one-body architecture (Figure 2g). The electrode
design and material presented multifold advantages such as
densely aligned nanowires providing a large surface area for ion
adsorption/intercalation, sub-nanometer gaps of the WS2 layer
facilitating electrolyte ion insertion, and the conductive core
having eﬃciently drawn out the charges (Figure 2h). This
hybrid formation conﬁrmed the excellent synergistic behavior
of WO3/WS2 core/shell nanowires through performing the
electrochemical performance measurements using a threeelectrode setup. The quasisymmetrical CV loops corroborated
the dominant EDL capacitance over the Faradaic behavior in
the voltage range from −0.3 to 0.5 V. The slight deviation of
CV curves from the ideal rectangular shape indicated some
degree of redox reaction taking place by the intercalation of
electrolyte ions, and the increasing skewness from the
symmetrical curve at scan rates beyond 200 mV s−1 is ascribed
to the enhanced accumulation of electrolyte ions on the
electrode surface. The initial capacitance of the nanowire-based
supercapacitor was calculated to be 47.5 mF cm−2 at 5 mV s−1;
however, the capacitance increased to 74.25 mF cm−2 at the
same scan rate after 2500 cycles. During the cycling, it was
observed that the capacitance continued to increase up to 2500
cycles because the WS2 shell became electrochemically more
active as the exposure of layers to electrolyte increased with
cycles. The device showed an exceptional cycling performance
with no decline in capacitance even after 30 000 charge−
discharge cycles (Figure 2i). After 30 000 cycles, material
characterizations revealed the exceptional structural and
chemical stability of WO3/WS2 nanowires. The practicability
of the reported supercapacitor was determined by the
maximum energy density of 0.06 W h cm−3.
Another strategy removed the barriers in the progress of
TMDs by preparing a composite of a MoS2 nanosheetwrapped CoS2 nanotube array via a facile hydrothermal
reaction route.48 This collaboration endowed high capacitance
where the conductive channels of CoS2 nanotubes oﬀered large
expandable spaces for volume change to prevent the
aggregation, and the MoS2 nanosheets provided more active
sites for eﬀective electrolyte accessibility. It is evident that the
hybridization with a conductive basis reveals the approach for
rational design and synthesis of diverse TMD electrodes. Li et
al. demonstrated the development of an interpenetrated
nanowire network in which Ag nanowires provided a highly
conductive basis for collection and transport of charge carriers,
and 2D metallic 1T phase MoS2 nanosheets were employed as
an ultrathin hydrophilic capacitive covering (Figure 3a).49 It
was elucidated that the electrolyte protons inserted into the
interlayer spacing of clad MoS2 to combine with electrons and
produced a redox mechanism (Figure 3b). Based on the
transparent ﬁlms of clad AgNWs-MoS2, a highly ﬂexible MSC
was fabricated (Figure 3c), which delivered an auspicious
electrochemical performance and high rate capability with a
speciﬁc capacitance of 27.6 mF cm−2 at 0.2 V s−1, reduced to
16.9 mF cm−2 at a high scan rate of 3 V s−1. The MSC
exhibited a speciﬁc energy density of 2.45 μW h cm−2 and a
corresponding power density of 1.47 mW cm−2. Furthermore,
the MSC performed well during stability measurements by
losing only 3.6% of the initial capacitance after 10 000 cycles
(Figure 3d). The mechanical strength and bendability of the

the MSP-TaS2 ﬁlm (Figure 2b). Furthermore, the MSC
showed improved cyclability, and 92% of the original
capacitance was retained after 4000 cycles (Figure 2c). In
another report, metallic 2D 1T-VSe2 exfoliated nanosheets
were prepared by employing a facile ambient pressure chemical
vapor deposition (AP-CVD) technique.40 A ﬂexible in-plane
supercapacitor was fabricated with high mechanical strength,
demonstrating a stable performance even after 10 000 bending
cycles. The prepared device presented dominant EDL behavior
with a capacitance of 4.17 mF cm−2 in PVA/KNO3 gel
electrolyte. 1T-MoS2 has also been extensively employed in
energy storage due to its plentiful active sites and virtuous
conductivity, though it is thermodynamically unstable owing to
the slanted crystal structure. Recently, the Mai research group
monitored a mixed 2H-1T phase of MoS2, which possesses
optimal performance and high stability.41 Initially, 2H-MoS2
was lithiated to obtain a 1T-MoS2 nanosheet micro-/
nanodevice, followed by the electrochemical treatment for
transition to the stable 2H-1T mixed phase of MoS2 (Figure
2d). The 2H-1T mixed phase retained a lower adsorption
energy at the boundary, allowing the protons to easily combine
at the boundary instead of adsorbing on the surface of S atoms
in 2H and 1T phases (Figure 2e). The electronegativities of
Mo and S atoms are higher at the boundary in the 2H-1T
phase as compared to the 2H and 1T phases. Although the I−
V measurements showed the higher electrical conductivity of
the 1T phase because of it being pure metallic in nature,
practically, the 2H-1T mixed phase had the smallest speciﬁc
value of Rct (Figure 2f). The smallest impedance of the 2H-1T
phase revealed by EIS showed the best charge transfer rate in
the mixed phase. Since various exfoliated metallic nanosheets
exhibit a hydrophobic nature, they are still prone to
aggregation, which is further annihilated by the growth and
integration of other nanostructures.

The phase engineering of chemically exfoliated sheets of metallic
TMDs shows enhanced electrochemical behavior by allowing
high intercalation of electrolyte
ions.
2.2. Hybrid Composites of 2D TMDs. Usually, the pure
TMDs have 3 phase structures: 1T phase with ﬁne
conductivity, 2H with poor conductivity, and 3R phase with
almost insulation.42 The electrochemical performance of
pristine TMDs is considerably low owing to the intrinsic low
conductivity and the property of restacking.43 The hybridization of TMDs with other conductive materials inﬂuences the
physicochemical properties to realize better exploitation of
charge storage and to show improved cycling stability through
mechanical reinforcement and better rate capability of the
conductive hybrid.44,45 Wang et al. composited VSe2 with
carbon nanotubes (VSe2/CNT) through a one-step CVD
method to fabricate a solid-state ﬂexible in-plane supercapacitor.46 The authors reported that VSe2 nanosheets
eﬀectively exposed the surface for charge storage, and the
CNT had a high conductivity and mechanical strength. Only
7% of capacitance was reduced after 10 000 charge−discharge
cycles, and 91% of the original capacitance was retained after
bending the device up to an angle of 40°. A distinct study by
D
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Figure 3. Schematic representation of (a) AgNWs-MoS2 illustrating the electron transport, (b) ion diﬀusion in the microelectrodes during
charging, and (c) laser-patterning of a ﬂexible, transparent MSC.49 (d) Cycling stability up to 20 000 cycles at 0.5 V s−1 and rate capability at
diﬀerent scan rates. (e) Schematic illustration of transferring active materials into the microchannel for the asymmetric hybrid conﬁguration of
VS2@EG/AC-MSC.53 (f) Working mechanism of MSC during charging and discharging. (g) Contribution ratio of capacitive and diﬀusioncontrolled behavior at diﬀerent scan rates. (h) Speciﬁc areal capacitance as a function of current density. Reprinted with permission from refs 49
and 53. Copyright 2019 Elsevier, 2019 Wiley-VCH.

to enhance the overall performance. The MSC showed
excellent ﬂexibility up to a bending angle of 180° and
delivered an energy density of 49 W h L−1. Another work by
Feng’s group described the construction of a new type of
hybrid asymmetric MSC by formulating hierarchical VS2
nanosheets grown on the electrochemically exfoliated graphene
(EG).53 VS2@EG served as the negative electrode; activated
carbon (AC) was employed to fabricate the positive electrode,
and the nonaqueous NaClO4 dispersion was used as the
electrolyte (Figure 3e). The hierarchical nanostructures of
VS2@EG exposed the surface for rapid insertion/extraction of
ions, and the AC enabled high adsorption/desorption resulting
in a high rate capability and reversibility during charge−
discharge (Figure 3f). The balanced mass distribution of
electrode materials was attained to demonstrate a higheﬃciency hybrid MSC, which worked within the large voltage
range 0.01−3.5 V. The hybrid MSC delivered a speciﬁc
capacitance of 110.7 mF cm−2 at 0.2 mA cm−2 and maximum
energy and power densities of 188.3 μW h cm−2 and 5.9 mW
cm−2, respectively. Moreover, the device showed no noticeable
capacitance degradation after charging and discharging 5000
times; rather, there was an increase in capacitance that could
be attributed to wettability and good penetration of the
electrolyte after several cycles. The synergistic eﬀect was due to
the dissimilar capacitive mechanisms of the VS2@EG anode
and AC cathode. The ratio of the pseudocapacitive

device were tested by bending it to an angle of 180° 100 times,
and the device showed a slight degradation of 1.4% in
capacitance as compared with the normal state.
2.3. Asymmetric Hybrid 2D TMD-MSCs. To enhance the
energy capabilities of MSCs, the asymmetric assembly is an
eﬀective strategy to extend the working voltage range through
the combination of dissimilar microelectrodes.50,51 For
example, Moosavifard et al. obtained interdigital micropatterns
of laser scribed graphene (LSG) onto the ﬂexible PET
substrate followed by the selective electrodeposition of
CoNi2S4 to construct a ﬂexible MSC.52 Here, LSC/CoNi2S4
and LCG worked as the positive and negative interdigital
microelectrodes, respectively, with GO as the separator and
PVA/KOH gel electrolyte to formulate a hybrid all-solid-state
ﬂexible MSC. The device exhibited EDL and pseudocapacitive
mechanisms simultaneously in a potential range of up to 1.7 V,
which is the characteristic of a hybrid system. The stack
capacitance was evaluated in correspondence to the deposition
cycles, and a maximum capacitance of 122.4 F cm−3 was
obtained with 15 deposition cycles. The MSC showed an
outstanding cycling performance, retaining 93.9% of the
original capacitance after 10 000 charge−discharge cycles at
15 A cm−3, and the CoNi2S4 nanosheets remained stable even
after the cycling. Here, graphene was considered as a
“superhighway” for fast electron transport, and CoNi2S4
nanosheets provided a large surface area for the redox activity
E

https://dx.doi.org/10.1021/acscentsci.0c01022
ACS Cent. Sci. XXXX, XXX, XXX−XXX

ACS Central Science

http://pubs.acs.org/journal/acscii

Outlook

Figure 4. Schematic diagram of the (a) production of IL preintercalated and dried MXene electrode ﬁlms and (b) preintercalated MXene MSC
with ionogel electrolyte, and parallel ion transfer between the ﬁlms.65 (c) CV curves (from 10 to 100 mV s−1) of MSC. (d) Representation of
Ti3C2Tx nanosheet ink-based MSCs using the stamping approach.66 (e) Digital photo of stamped MSCs with diﬀerent designs. (f) SEM image of
multilayered Ti3C2Tx. (g) TEM image of dried Ti3C2Tx ﬂakes; the inset is the selected area electron diﬀraction (SAED) pattern. (h) Schematic for
tuning MXene ﬂake size by sonication.67 (i) I−V characteristics of spray-coated MXene ﬁlms of diﬀerent ﬂake sizes; the inset shows the schematic
of the four-point probe conductivity measurement. (j) SEM image of a cross-section showing spray-coated Ti3C2Tx thin ﬁlms. (k) Nyquist plot and
schematic illustration of typical ion diﬀusion paths of MXene ﬁlms with diﬀerent ﬂake sizes. Reprinted with permission from refs 65, 66, and 67.
Copyright 2019 Royal Society of Chemistry, 2018 and 2019 Wiley-VCH.

n is an integer from 1 to 3, and Tx stands for the surface
termination group like hydroxyl, oxygen, or ﬂuorine. The
surface termination groups reduce the hydrophilicity and
signiﬁcantly inﬂuence their electrical properties.55,56 MXenes
are obtained by selective etching of the “A” layer from the
MAX phase and added “ene” to the end for revealing its 2D
nature. Since their discovery, MXenes have received tremendous attention in the ﬁeld of energy storage due to their
exceptional structures. For example, they have eﬃcient
electron transport owing to their highly conductive inner
transition metal carbide layer and large active sites for fast
surface redox reactions comparable with transition metal
oxides. Out of more than 20 reported MXenes, titanium
carbide (Ti3C2) is widely explored for applications in MSCs
because of its high electrical conductivity (6.76 × 103 S cm−1),
large speciﬁc capacitance (1500 F cm−3), and excellent rate
performance (10 V s−1) in acidic electrolyte.57−59 In addition
to the high speciﬁc capacitance, MXenes possess a high
mechanical stability due to their layered nature and are hence
favorable for MSCs speciﬁcally.60 Diﬀerent electrolyte cations,
for instance, Li+, K+, Na+, NH4+, Al3+, etc., can intercalate in
the MXene layers during the electrochemical process, which
makes them promising candidates for supercapacitors and
multivalent ionic electrolyte batteries.61 Contrary to charge
storage onto/into the electrode surface by adsorption of
electrolyte ions, MXenes store charge through fast reversible
redox reactions, oﬀering high volumetric capacitance at a high

contribution by VS2@EG kept increasing at higher scan rates
owing to the exposed active surface sites for the rapid Na+
insertion/extraction, and the MSC presented a high rate
capability due to the hierarchical porous structure (Figure
3g,h). Other than typical graphene, various carbon-free TM
chalcogenides (e.g., CuSe) revealed a better aﬃnity with Au
current collectors to provide a conductive scaﬀold. For
instance, transition metal oxyhydroxides (MOOH: FeOOH
and MnOOH) were alternatively deposited onto vertically
oriented CuSe nanosheets with interspaces of 2−3 μm for
better utilization of MOOH.54 The asymmetric MSC exhibited
a speciﬁc capacitance of 20.47 mF cm−2, excellent cycle
performance (95% remained after 32 000 cycles), a high
energy density of 16 mW h cm−3, and a power density of
1299.4 mW cm−3. Forgoing research spurred the rationality of
asymmetric assembly design, which facilitated MSCs to
operate steadily in an extended voltage window for the
enhancement of energy density.

3. TRANSITION METAL CARBIDES AND/OR NITRIDES
(MXENES)
MXenes are 2D inorganic materials based on transition metal
carbides and/or nitrides and are emerging as high-performance
materials for applications in Li/Na-ion energy-storage systems,
supercapacitors, and water puriﬁcation. The common notation
of MXenes is Mn+1XnTx in which M represents the transition
metals (Ti, Cr, Mo, V, Nb, Zr, etc.) and X carbon or nitrogen;
F
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Figure 5. (a) Schematic diagram of the MXene/BC solution, and MSCs in stretched and relaxed states.73 Representative SEM images of (b) etched
multilayered MXene sheets and (c) MXene/BC composite showing BC ﬁbers inserted between the MXene layers. (d) Areal energy densities of
MSCs based on pure MXene and MXene/BC composites prepared with diﬀerent mass ratios. (e) Schematic of the protocols for preparing MXenerGO composite aerogel.76 (f) TEM image of two MXene nanoﬂakes; inset is the corresponding SAED pattern. (g) Capacitance retention of the
fabricated MSC when cycled at 2 mA cm−2; inset is the GCD curve of the last 11 cycles. (h) Demonstration of MSCs operating a photodetector. (i)
Schematic illustration of the charge storage mechanism of an asymmetric MSC; inset shows the CV curves of MXene and AC electrodes at a scan
rate of 10 mV s−1.77 (j) Cross-sectional SEM image indicating the thickness of the Ti3C2Tx-based negative electrode. (k) Nyquist plots and the
ﬁtted equivalent circuit and (l) GCD curves of MXene-based symmetric and MXene/AC asymmetric MSCs. (m) Schematic demonstration of ion
transport in interdigital and sandwich conﬁgurations of asymmetric MSCs based on 2D Ti3C2Tx/rGO ﬂakes.78 (n) Electrical conductivities of
Ti3C2Tx and rGO ﬁlms. (o) Stability of diﬀerent AMSCs and a symmetric MSC bent at 30° during cycling at 0.2 mA cm−2. Reprinted with
permission from refs 73 and 76−78. Copyright 2019 Wiley-VCH, 2019 American Chemical Society, 2020 Elsevier, 2018 Wiley-VCH.

bipolar cells.65 By using interdigital mask-assisted deposition of
MXene onto the graphene support, the obtained microelectrodes realized a high electrical conductivity of 2200 S
cm−1 and high stability for fast electron transfer without any
polymer binder and conducting additives or the metal current
collectors. Due to the IL preintercalation, the MXene-based
ﬁlm established a network of ion transportation with an
extended interlayer spacing (1.45 nm), larger than those of
undried (1.27 nm) and dried (1.09 nm) MXenes (Figure
4a,b). Furthermore, the MSC assembled with EMIMBF4
electrolyte displayed a remarkable areal capacitance of 140 F
cm−3, a speciﬁc energy density of 13.9 μW h cm−2 (43.7 mW h
cm−3), and exceptional ﬂexibility with long-term cycling
stability retaining ample capacitance by no loss up to 10 000
cycles. The enlarged pseudocapacitance of the electrochemically active MXene as shown by the CV curves in Figure 4c was

charge/discharge rate with excellent electrical conductivity.
Most of the MXene-based MSCs reported so far have
displayed limited areal energy density (<10 mW h cm−2)
due to their small operating voltage range in aqueous
electrolytes (0.6−1.0 V). Herein, we describe the latest
substantial developments in the MXene-based MSCs.
3.1. Pristine MXene-Based MSCs. Ionogel is a speciﬁc
quasi-solid-state electrolyte in which ionic liquids (ILs) are
assimilated into the suitable polymer matrix during polycondensation, and their exceptional thermal stability empowers
a wide operation temperature of MSCs, high working voltage
window, and excellent cycling stability.62−64 Zheng et al.
reported the construction of a novel type of ionogel-based onchip MSC by IL preintercalated MXene layers that operated in
a high voltage and achieved a high volumetric energy density
and extraordinary ﬂexibility with segmental incorporation of
G
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constant of 0.45 ms which was shorter than conventional
capacitors. Consequently, the device showed the ﬁltering
capability of 120 Hz ripples generated by an AC power line at
60 Hz. Interestingly, even though the electrical conductivity of
Ti3C2Tx-0.3 μm is low, it showed lower equivalent series
resistance (ESR) (0.2 Ω cm2) than that of the Ti3C2Tx-1.7 μm
(0.5 Ω cm2), which indicated that ion access and dynamics are
equally essential for high rate charge/discharge (Figure 4k).
3.2. Composite Hybrids and Asymmetric MSCs. An
obstacle in large-scale applications of MXene-based electrodes
is the restacking of nanosheets, which limits the intercalation of
electrolyte ions resulting in the low areal speciﬁc capacitance of
the constructed device. To prevent this issue, 1D carbonaceous
materials (e.g., carbon nanotubes and carbon ﬁbers) have been
extensively used as interlayer spacers to prevent the restacking
of MXene nanosheets for the ultimately enhanced performance
of the composite electrode.68−72 Nevertheless, the high
production cost considerably limits their commercial applications on a large scale. Jiao et al. fabricated a high-performance
stretchable, bendable, and twistable MSC based on fully
delaminated few-layered 2D Ti3C2Tx nanoﬂakes composited
with 1D bacterial cellulose ﬁbers (BC) through a solutionbased paper making process followed by high-power laser
cutting (Figure 5a).73 Within the plane of this composite
structure, the ﬁrmly stuﬀed MXene sheets oﬀered profoundly
productive electron transport pathways, whereas the BC ﬁbers
incredibly improved the mechanical stability of the composite
by acting as an adhesive between the Ti3C2Tx sheets, as
displayed within the magniﬁed cross-sectional image (Figure
5b,c). The fabricated MSC exhibited an areal capacitance of
111.5 mF cm−2 without any apparent loss in capacitance
during a tensile strain of 100% by bending and twisting. The
MSC unit prepared by the composite showed a 132%
enhancement in the areal energy performance compared to
pure MXene (Figure 5d).
Another eﬀective approach to prevent the agglomeration of
MXene nanosheets is to employ graphene between MXene
layers as a perfect spacer, thus improving the electrochemical
properties of MXene.74 However, due to the small size of
MXene, the contact resistance between the slices eventually
causes an increase in the internal resistance of the device.75 A
study by Yue and co-workers reported a simple method to
construct a self-healing MSC by using MXene-rGO composite
aerogel by a freeze-drying method followed by laser cutting
(Figure 5e).76 The MXene nanoﬂakes had a 2D lamellar
structure with a lateral size of a few hundred nanometers
(Figure 5f). When the blend arrangement of GO and MXene
was solidiﬁed by freezing, the nanosheets were constrained to
slowly adjust along the ice crystal boundary and ultimately
cross-linked by the π−π interaction to create a permeable
network. The composite aerogel not only shared the high
surface area of graphene and excellent conductivity of MXene
but also prevented the self-restacking of the 2D lamellar
structure and the oxidation of MXene. By using carboxylated
polyurethane (PU) self-healable electrolyte, a ﬂexible MSC was
developed. The MXene-rGO aerogel-based MSC displayed a
high areal speciﬁc capacitance of 34.6 mF cm−2 at 1 mV s−1,
with an excellent cycling performance and Coulombic
eﬃciency after 15 000 cycles (Figure 5g). The practical
application of the real product was shown by driving a
photodetector of perovskite nanowires with a fully charged
device (Figure 5h).

attributed to the expanded interlamellar spaces created by
intercalated IL, which provided a large ion-approachable
surface area and low ionic resistance, enabling interlayer
nanochannels to accommodate more insertion/extraction of
EMIM+ cations. The arrangement of the highly conductive
pseudocapacitive charge storage mechanism of MXenes with
enhanced mechanical ﬂexibility and squashed ﬁlm design
results in a favorable electrochemical performance. The
Nicolosi research group developed an elegant and quick
stamping technique to fabricate MSCs based on 2D Ti3C2Tx
nanosheets by slightly pressing the 3D printed stamps on paper
substrates after coating with viscous MXene ink (Figure 4d).66
The MXene ink constituted hexagonal structured Ti3C2Tx
nanosheets with an average lateral size of 1.2 ± 0.2 μm and
thickness of ∼1.5 nm. Taking advantage of the metallic
conductivity of MXene nanosheets and homogeneous ﬁlm
morphology, the current-collector-free electrodes were designed with fast electron transport and high rate response
(Figure 4e). Due to the favorable surface chemistry of the
stamped MXene on paper, there was an enhanced accessibility
of electrolyte ions deep inside the multilayered Ti3C2Tx
nanoﬂakes (Figure 4f,g). By applying the gel electrolyte and
connecting Ag wire collectors, the constructed interdigital
MSC revealed an areal capacitance of 61 mF cm−2 at 25 μA
cm−2 and a retained capacitance of 50 mF cm−2 at 800 μA
cm−2.
The shortcoming of MXene-based MSCs fabricated by
ﬁltration or the stamping method is the control of interspaces
between the electrode ﬁngers to achieve a high-frequency
response with low relaxation time constant (τ0). Solutionprocessed pseudocapacitive materials usually display limited
electrical conductivity resulting in a low charge transfer rate
and, hence, are not suitable for AC-line ﬁltering applications.
The signiﬁcant characteristics in the construction of AC-line
ﬁltering capacitors include a high surface area with optimal
pore size to lower the electrolyte resistance, high ion/electron
conducting layered materials with minimal interspace resistance, and strong ohmic contact between electrode materials
and current collectors to lower the impedance. Jiang and
coresearchers designed a solution-processable 2D Ti3C2Tx
nanosheet-based interdigital MSC by optimizing the ﬂake
size and device architecture resulting in a high-frequency
response device comparable with an electrolytic capacitor.67
The suspension of Ti3C2Tx was ultrasonicated for 45 min by a
tip sonicator (Figure 4h) to obtain smaller ﬂake sizes (0.3 μm).
For the construction of the MSC, standard photolithography
and a lift-oﬀ process were employed, followed by the spray
coating of the MXene. The Ti3C2Tx dispersion was spray
coated onto the hydrophilic gold current collectors to obtain a
uniform distribution and robust adhesion of MXene ﬂakes with
the metal surface. The interdigital MXene MSC was obtained
after applying PVA/H3PO4 gel electrolyte. The relationship of
ﬂake size and electrical conductivity of the MXene was
observed by a four-probe method, and it was found that
Ti3C2Tx ﬁlm with a smaller ﬂake size (0.3 μm) displayed less
electrical conductivity (900 S cm−1) compared with the larger
ﬂake size (1.7 μm) with an electrical conductivity of 4500 S
cm−1 (Figure 4i). Owing to the strong adhesion of Ti3C2Tx
sheets with metal collectors, the active material did not peel oﬀ
even after bath sonication during the lift-oﬀ procedure (Figure
4j). The feasibility of the wafer-scale MXene-based MSC was
tested, which displayed a speciﬁc capacitance of 30 F cm−3, a
high rate performance up to 300 V s−1, and a relaxation time
H
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provide a certain degree of expansion to prevent their
disintegration.82,83 In this section, we describe various
strategies that have been adopted to overcome the
aforementioned challenges associated with the nature of
typical TMOs/TMHs and realize the favorable features of
layered structures in the applications for micro-supercapacitors.
4.1. Pristine 2D TMOs/TMHs Electrodes. Wu et al.
demonstrated the design of a ﬂexible MSC with 2D ultrathin
Ni(OH)2 nanoplates as the active electrode material.84 The
fabricated MSC displayed high capacitive properties with high
bendability and cyclability by losing only 0.2% capacitance
after 10 000 cycles. 2D TMH-based electrodes with a unique
interconnected porous network, augmented nanopore array,
and large surface area are vital for the construction of planar
MSCs. Following this notion, Kurra employed a top-down
photolithography protocol and bottom-up chemical bath
deposition to obtain the MSC based on vertically oriented
Ni(OH)2 mesoporous nanoﬂakes with a thickness of 500 nm
(Figure 6a).85 Electrolyte ions rapidly diﬀused into the vertical
nanoﬂakes and microelectrodes as the planar conﬁguration
showed no involvement of any separator (Figure 6b,c). The
CV curves displayed two strong oxidation and reduction peaks,
so it is evident that the Ni(OH)2 lost the electron during the
oxidation of Ni2+ to Ni3+, and the process was rapidly
reversible during the reduction (Figure 6d). The MSC showed
redox activity even at higher scan rates due to the fast redox
reaction, which corresponds to higher values of pseudocapacitance. The speciﬁc areal capacitance of the MSC determined
from the discharge curve was 16 mF cm−2 with high energy
and power performance. The planar MSCs exhibited
fascinating virtues of thinness, fast charge/discharge competency, and long cyclability, making them prominent among
microscale power supplies for integrated electronics. An
outstanding MSC performance was achieved by full utilization
of pseudocapacitive MnO2 with the assistance of nanoporous
gold (NPG) to be current collectors and support for active
TMO.86 The fabricated MSC gave rise to more than 1 order of
magnitude higher energy density compared to carbon-/
graphene-based MSCs through the rapid reversible redox
reaction of thin-ﬁlm MnO2 with proton incorporation and
surface adsorption of Li+ cations from LiCl aqueous solution.
Regardless of some eﬀective presentations, pristine TMOs/
TMHs electrodes display integrally low electrical conductivities, untimely ensuing low power density and rate performance.
4.2. Composites of 2D TMOs/TMHs. As stated above, the
low conductivity and capacity decay of TMOs/TMHs due to
the restacking of nanosheets after the long-term cycling process
diminish their electrochemical properties.87 Recently, defect
engineering of 2D MnO2 nanosheets by atomic-level substitutional doping of transition metal cation (Fe3+, Co2+, and Ni2+)
has been proven to introduce new electronic states near the
Fermi level, thus improving the natural electrical conductivity
and the concentration of redox-active sites.88 The inﬂuence of
substitutional doping, in particular, the Fe doping, was
observed in a symmetric MSC, which showed the superior
electrochemical performance by delivering high energy and
power densities. Gong et al. investigated electrochemically
grown capacitive Ni(OH)2 nanosheets on a conductive
framework of predeposited CuSe nanosheets (Figure 6e).89
It was elucidated that these particular Ni(OH)2 NSs had a
small lateral size (50 nm) and thickness (<10 nm), which
enabled the high rate of ion intercalation compared to bulk

MSCs based on MXene present a high capacitive performance, rate capability, cyclability, and capability of AC ﬁltering.
However, due to its inception, the MXene-based electrodes
still operate in a low positive potential, limiting the energy
density for extensive practical applications. They suﬀer from
excessive polarization at a voltage beyond the open circuit
potential, which causes an increase in resistance and loss of
adequacy.61 Considering the foregoing issues, Xie et al.
designed and fabricated a high-voltage asymmetric MSC by
pairing Ti3C2Tx MXene as negative and activated carbon (AC)
as positive electrodes via a cutting−spraying method.77 The
microelectrodes shared a broad working voltage of 1.6 V using
the neutral PVA/Na2SO4 gel electrolyte without partaking in
any unacceptably excessive polarization (Figure 5i). The
enhanced working potential intrinsically resulted in a boosted
energy and power performance. Furthermore, the microelectrodes had an excellent transmission of electrolyte ions into
the laminated morphology of MXene nanosheets with a
thickness of 2.6 μm (Figure 5j). The electrochemical
performances of symmetric and asymmetric MSCs were
compared, which showed the superiority of the asymmetric
MSC (Figure 5k,l). Likewise, another research group applied
the sequential spray coating of hydrophilic Ti3C2Tx MXene
and rGO to develop a binder and current collector-free
asymmetric MSC.78 The MXene with high metallic conductivity facilitated the transfer of electrons, and the paired 2D
layered materials enabled the fast ion diﬀusion (Figure 5m).
The electrical conductivity of the Ti3C2Tx ﬁlm was determined
with a four-point probe system and found to be 6400 ± 120 S
cm−1 depending on the ﬂake size and ﬂake-to-ﬂake contact
resistance (Figure 5n). It was noted that the thin ﬁlm of
MXene (<100 nm) was semitransparent and, however, prone
to undergo oxidation in air. That is why the thickness of the
MXene layer needed to be optimized, or it would have
required an inert atmosphere and nonaqueous electrolyte to
provide stability. The asymmetric MSC showed a high
electrochemical performance and the device exhibited a 97%
capacitance retention after withstanding 10 000 charge−
discharge cycles at various bending states up to 90° (Figure
5o).

MSCs based on MXene present a
high capacitive performance, rate
capability, cyclability, and capability of AC ﬁltering.
4. TRANSITION METAL OXIDES/HYDROXIDES
(TMOS/TMHS)
Among other pseudocapacitive 2D phases, layered TMOs/
TMHs are becoming increasingly popular in micro-supercapacitors due to their high theoretical capacity, ample redox
activity, chemically stable structure, and compatibility with
electrolyte.79 Typical bulk TMOs and TMHs possess an
impeded rate capability due to their inherently low
conductivity, slow charge diﬀusion, severe volume expansion,
and aggregation,80 while the 2D layered structures enhance the
electrochemical performance and cyclability by shortening the
ion ﬂow path and oﬀering a large surface area for electrochemical reaction.81 Moreover, their planar 2D geometry is
compatible with the planar devices, and the interlayer spaces
I
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Figure 6. (a) Uniform vertically grown Ni(OH)2 nanoﬂakes on substrate; inset shows the interconnected Ni(OH)2 nanosheets.85 Schematic
illustration of (b) the in-plane conﬁguration of microelectrodes and (c) the nucleation process of Ni(OH)2 over the Ni surface; below is shown the
photograph of MSC fabricated on the PEN substrate. (d) CV curve of Ni(OH)2-MSC in 1 M KOH electrolyte. SEM images of (e) the vertically
oriented framework of interpenetrating CuSe NSs (inset shows the magniﬁed image) and (f) Ni(OH)2 nanosheets deposited onto the CuSe
framework.89 (g) Schematic illustrating the ion transport mechanism of the CuSe@Ni(OH)2 NS-based hybrid in-plane MSC. (h) Cycling
performance of the MSC under diﬀerent bending states. Reprinted with permission from refs 85 and 89. Copyright 2015 Wiley-VCH, 2018
American Chemical Society.

Figure 7. (a) FESEM image of ultrathin nanosheet-assembled hierarchical Mn3O4-G microﬂowers.91 (b) CV curves of Mn3O4 at 0.1 mV s−1. (c)
Cycling performance of Mn3O4-G at 0.5 A g−1; the inset shows the schematic diagram of selective dissolution to fabricate Mn3O4-G microﬂowers.
Schematic shows the (d) synthesis of mesoporous MnO2 nanosheets and (e) conﬁguration of asymmetric MSC.94 (f) CV curves of m-MnO2 and
VN NSs measured by the three-electrode setup. Reprinted with permission from refs 91 and 94. Copyright 2019 American Chemical Society, 2019
Elsevier.

mW h cm−3, and a maximum power density of 833.2 mW
cm−3. A negligible drop in performance was observed without
any loss in capacitance even after 10 000 cycles under varying
bending states up to a 180° fold (Figure 6h). It was observed
during the cyclic analysis that the device displayed an increase
in the capacitance up to the initial 4000 cycles followed by a
gradual decrease. The initial increase in capacitance was

structures (Figure 6f). This unique geometry overcame the
poor conductivity and restacking of Ni(OH)2 nanosheets; at
the same time, the vertically aligned hybrid nanosheets
provided enhanced pathways for ion transport into the
electrodes (Figure 6g). The ESR of the MSC based on
CuSe@Ni(OH)2 was estimated to be 92.2 Ω, which was lower
than pure Ni(OH)2-MSC (155.5 Ω). The MSC exhibited a
speciﬁc capacitance of 38.9 F cm−3, an energy density of 5.4
J

https://dx.doi.org/10.1021/acscentsci.0c01022
ACS Cent. Sci. XXXX, XXX, XXX−XXX

ACS Central Science

http://pubs.acs.org/journal/acscii

Outlook

nitrate (VN) nanosheets (Figure 7e). The prepared mesoporous nanosheets and AMSC were tested in various other
conﬁgurations, but the device tested with SiO2−LiTFSI gel
electrolyte (VN/MnO2-AMSC-GE) yielded the best electrochemical performance. The microelectrodes with an optimized
mass ratio of active materials kept a charge balance and
operated in the wide potential range 0−2 V; besides, the
pseudocapacitive behavior originated from the swift ion
diﬀusion in the m-MnO2 and VN nanosheets (Figure 7f).
VN/MnO2-AMSC-GE presented a speciﬁc capacitance of 16.1
mF cm−2, a maximum energy density of 21.6 mW h cm−3, and
a power density of 1539 mW cm−3. Furthermore, the AMSC
retained 90% of the original capacitance after 5000 cycles, and
98% capacitance was retained after bending the device at an
angle of 180°. Intercalating sodium ions Na+ into layered
TMOs could eﬀectively increase the voltage window of the
fabricated electrodes.95 However, the growth of nanosheets on
a common substrate is quite challenging. Recently, Zhang et al.
successfully coupled hierarchical Na-MnOx@NCF/CNTF as
the cathode and VN nanosheet arrays as the anode to assemble
AMSCs which could operate in a broad voltage window of 2.4
V.96 By applying Na2SO4/carboxymethyl (CMC) gel electrolyte, the constructed AMSC delivered a notable speciﬁc
capacitance of 109.5 mF cm−2 with an energy density of 87.62
μW h cm−2. Besides, the AMSC exhibited greater mechanical
stability with negligible decay after 3000 bending cycles.
Combining the supercapacitive anode with a battery-like
cathode into a single device produces a hybrid system with
high performance. This was illustrated by constructing an allsolid-state ﬂexible asymmetric MSC based on a vanadium
nitrate (VN) nanosheet anode and redox-active Co(OH)2
nanoﬂake cathode by employing the vacuum ﬁltration
technique.97 In the ﬁrst step, metal-free current collectors of
chemically exfoliated graphene (EG) were fabricated on a
nylon substrate through vacuum ﬁltration followed by
continuous deposition of 2D porous VN nanosheets as an
anode and Co(OH)2 as a cathode with 10% and 15% of EG as
the conducting additive on either electrodes, respectively. By
applying a thin ﬁlm of PVA/KOH gel electrolyte, a speciﬁc
capacitance of 21 mF cm−2, an energy density of 12.4 mW h
cm−3, and a capacitance preservation of 84% over 10 000 cycles
were achieved by the AMSC with high ﬂexibility and facile
integration strategy.

attributed to the activation of redox-active species by exposure
to the electrolyte with charge−discharge.
One of the challenges in MSCs is micronizing of active
material on a small chip. The commonly used techniques such
as electrochemical (EC) or electrophoretic (EP) deposition
lead to material instability. Synthesizing 2D layered materials
with patterning techniques is the ultimate solution. Birnessite
manganese dioxide (δ-MnO2) is an emerging electrode
material for thin-ﬁlm supercapacitors, possessing atomically
thin layered structures, high theoretical capacity, environmental friendliness, and low cost. Recently, Wang et al.
prepared highly concentrated ink of 2D δ-MnO2 nanosheets
with a lateral size and thickness of 89 and 1 nm, respectively.90
δ-MnO2 micropatterns were engineered on oxygen plasmatreated glass/polyimide substrate through inkjet printing
without the undesired “coﬀee-ring” eﬀect. By employing a
PVA/LiCl gel electrolyte, a solid-state symmetric MSC was
constructed displaying excellent capacitive, energy storage, and
delivery performances with a capacitance loss of 12% after
3600 charge−discharge cycles. Mn3O4 is another attractive
anode material with the potential of high alkali-metal (Li/Na/
K)-ion storage providing high capacity. Designing hierarchical
structures is an eﬀective approach to boost their charge storage
capacity and cycling permanence by accommodating the
volumetric changes in the spaces within substructures. Tang
et al. utilized a selective dissolution strategy to produce
hierarchical Mn3O4/graphene microﬂowers composed of
ultrathin nanosheets with an excellent electrochemical
performance and enhanced cycling stability.91 The SEM
image revealed the formulation of nanosheet-assembled
Mn3O4-G microﬂowers with a size of 1−2 μm (Figure 7a).
The overlapping of the CV curve of the second and third cycles
indicated the high reversibility of the Mn3O4 electrodes
(Figure 7b). Improved cycling stability was achieved by
controlling the nanosheets’ interspace and designing hierarchical structures (Figure 7c).

Designing hierarchical structures
is an eﬀective approach to boost
their charge storage capacity and
cycling permanence by accommodating the volumetric
changes in the spaces within
substructures.

5. CONCLUSION AND OUTLOOK
The unique properties of electrochemically active 2D layered
transition metal compounds endow a wide window of
opportunities in achieving outstanding electrode materials for
applications in micro-energy-storage systems. In particular, the
exploration of MSCs is the platform of evolving thrust in
research where these 2D inorganic materials show great
potential toward coupling a highly energy-dense powering
system to the planar, wearable, and ﬂexible electronics. This
Outlook focuses on recent experimental progress of 2D
structural TMDs, MXenes, and TMOs/TMHs regarding
their exceptional ultrathin geometry, large surface area, ample
redox-active sites, tunable physicochemical properties, and
outstanding ﬂexibility. Along with the surface charge storage
properties for high-level power, their variable oxidation states
confer dominant energy density through the Faradaic charge
storage mechanism of transition metal cations. The aforementioned properties are prerequisite for obtaining electrode
materials with enhanced energy capacity, high rate capability,

4.3. 2D TMOs/TMHs-Based Asymmetric MSCs. Asymmetric MSCs based on TMOs/TMHs draw further research
interests because of their high energy capacity originating from
the larger work function drop between dissimilar electrodes.92,93 Qin et al. successfully synthesized a highly porous
interconnected network of 2D mesoporous MnO2 (m-MnO2)
through the self-assembly strategy.94 Ultrathin nanosheets were
obtained with a thickness of 10 nm, mesopores of diameter
ranging from 5 to 15 nm, and a surface area of 128 m2 g−1
(Figure 7d). The mesoporous network provided structural
integrity during the cycling process, as these mesopores created
enough void spaces to hold the increase in volume of
nanosheets during charging and discharging. Mask-assisted
layer-by-layer deposition was employed to obtain an
asymmetric MSC device based on the positive electrode of
as-prepared m-MnO2 and negative electrode of vanadium
K
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and reliable cycling performance for MSCs. Nevertheless, some
vital technical constraints remain to be resolved to achieve full
exploitation of transition-metal-based 2D compounds as the
active electrode materials for widespread practical applications.
The lamellar, porous structures form the basis of enhancing
the active sites and speciﬁc surface area to achieve the eﬃcient
adsorption, intercalation, and ion transport for the enhancement of the electrochemical reaction. One-step exfoliation of
bulk crystals has been proven to be an eﬀective strategy to
induce interlayer lattice expansion of exfoliated monolayer
sheets to overcome the issue associated with the poor
conductivity of TMOs/TMHs and TMDs; at the same time,
the pore engineering through etching the basal plane produces
uniform porous structures. Besides, the nanosheets prepared
via soft chemical exfoliation have a degree of bendability that is
desirable for a thin, mechanically robust, and ﬂexible MSC.
The alteration of the crystalline structure through the
geometric shift of atoms yields an intriguing metallic 2D 1T
phase which is hydrophilic and 107 times more conductive
than the semiconducting 2H phase, while the nonterminated
metallic MXene sheets intrinsically exhibit a high ionic/
electronic mobility which renders them promising for the
electrode material. Despite expanding the interlayer spacing,
the bottleneck of 2D layered materials still lies in their
tendency of inevitable aggregation due to interaction between
charged nanosheets and electrolyte cations.
The interlayer spaces can be modulated by the incorporation
of additional species, which stabilize the crystal structure of the
host material, prevent the restacking of layers during the
insertion/extraction of electrolyte ions, and enhance the
electrochemical utilization of the entire layered structure.
The hybridization of transition metal compounds through
conductive additives produces high capacitance due to the
increased electrical conductivity. Hierarchical integration of
heterostructures would alleviate instability issues during the
volume expansion and presents multifold advantages required
for high electrochemical performance. The heterostructures
with vertically aligned 2D nanosheets of smaller lateral size
realize short diﬀusion pathways for electrolyte ions. Moreover,
the direct contacts between nanosheets and conductive
collectors fasten the electron transport through the interface
in a coaxial direction. Therefore, the strongly coupled hybrid
materials witness to overcome the various shortcomings
associated with TMDs, MXenes, and TMOs/TMHs and
produce synergistic eﬀects more expedient than the individual
counterparts. Nevertheless, the overall performance relies not
only on the active materials but also on the construction of
MSCs. Taking this into account, the asymmetric conﬁguration
is an eﬀective strategy to utilize the extended working potential
of two dissimilar microelectrodes for the enhancement of their
energy density. Given the aforementioned challenges and
achievements, it is anticipated that the surface chemistries and
precise engineering of transition-metal-based 2D layered
materials can pave the path for numerous opportunities to
improve the intrinsic properties of electrode materials desired
for the future endeavors in MSCs as the energy storage units
for on-chip integrated systems.
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