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Abstract—Supercapacitors have attracted significant attention as energy storage devices owing to their high power
density, high charging rate, and long cycle life. However, they possess low energy density, which limits their practical
applications. To address this issue, various high-capacitance materials, such as transition metal oxides and conducting
polymers, have been investigated. Recent pioneering studies have described the emergent pseudocapacitance in two-
dimensional (2D) nanomaterials, which are of significant interest because of their unique structure, remarkable physi-
cal properties, and tunable surface chemistry. Through this brief review, we present our contributions to this new class
of pseudocapacitive 2D nanomaterials: oxidized black phosphorous, transition metal dichalcogenides, and MXene. The
surface-capacitive charge storage mechanism of 2D nanomaterials is understood through in situ spectroscopic and
computational analyses. Moreover, the corresponding capacitive features and performances are maximized by nano-
structuring, nanoarchitecturing, and compositional control.
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INTRODUCTION

The depletion of fossil fuels and criticality of climate change have
triggered an increasing demand for high-performance supercapac-
itors (SCs), which have important applications in rapidly growing
markets such as power generation and electric vehicles (EVs) [1-
3]. An SC (Fig. 1) is a type of secondary battery that was first pro-
posed as an electric double-layer in 1853. A century later, it was
eventually commercialized using high-surface-area activated car-
bon. As they possess high power density and semi-permanent cycle
life, SCs are primarily used for memory back-up, in the produc-
tion of hybrid EVs, and as a source of renewable energy and con-
tinuous power supply.

An electrochemical double-layer capacitor (EDLC) physically
stores charge at the interface between an electrolyte and the elec-
trode and is considered an attractive energy storage device owing
to its higher power density and longer cycle life when compared
to Li ion batteries. However, EDLCs exhibit low energy density (5-
10 Wh/L), which limits their performance.

The energy density of a device is directly dependent on both
the cell capacitance and cell potential, as shown in Eq. (1). SCs are
classified as EDLCs, pseudocapacitors, and hybrid SCs, depending
on the type of active materials used and the charge storage mecha-
nism (Fig. 1). An EDLC stores energy by means of a non-Faradaic
reaction, while the charge/discharge process occurs by means of a
reversible surface Faradaic redox reaction in pseudocapacitors. Thus,
pseudocapacitors offer higher energy density and capacitance when
compared to EDLCs. Transition metal oxides, hydroxides, and con-
ducting polymers are among the typical active materials used as
pseudocapacitor electrodes. Hybrid SCs contain two electrodes based
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Fig. 1. History of SC: important materials and their storage capaci-
tance [9].

on the storage mechanism of a battery and an SC, thus exhibiting
power densities and energy densities between that of a battery and
an EDLC.
1 2
E= EC cenV ®
E (Wh/kg): specific energy density; C, (F/g): specific capacitance
of the SC cell; and V (V): cell potential

The specific capacitance of an SC (C,) depends on the mass/
volume of the electrode and quantity of electric charge, which is
related to the energy density. As shown in Eq. (2), C,, is determined
from the area of electrode (A) and areal capacitance (C,,,). For
EDLCs, because 0.2 €~ charge can be stored per atom of the active
electrode material, C,,, is lower than 30 pC/cm’. For instance, even
if single-layered graphene is ideally exfoliated from the bulk, the
theoretical C,, cannot exceed 550 F/g. To overcome this issue, re-
search has focused on increasing the capacitance of pseudocapaci-
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tive materials ten-fold or hundred-fold.

Cy=AC,u ()

C,, (F/g): specific capacitance; A (m’/g): surface area of electrode;
Caea (F/m): areal capacitance

Thus, pseudocapacitance can be increased via the electrochemi-
cal oxidation and reduction reactions on the surface of the electrode.
Based on the operating mechanism involved, pseudocapacitors can
be classified into three types [4].

First, in the case of underpotential deposition, pseudocapacitance
occurs when metal ions are adsorbed as a single layer on the sur-
face of another metal with higher reduction potential. Thus, although
lead ions show pseudocapacitance on a gold electrode surface, there
have been few reports of high-pseudocapacitive lead electrodes.

Second, intercalation pseudocapacitors exhibit pseudocapacitance
upon the insertion of ions into the internal layers or tunnels in the
active material, without any crystalline phase transition. The accel-
erated ion diffusion into the interlayers of Nb,Os was observed
theoretically when dominated by the surface electrochemical behav-
ior. However, it is difficult to discover new materials based on this
mechanism.

Third, a redox pseudocapacitor displays pseudocapacitance when
ions are electrochemically adsorbed onto the redox active sites on
the surface of the electrode. Most pseudocapacitive materials such
as hydroxides, conducting polymers, and doped carbon nanoma-
terials are redox pseudocapacitors and have been studied extensively.

Furthermore, transition metal oxides such as MnQO,, NiO,, and
CuO have low electrical conductivity and long-term stability, while
conductive polymers show relatively low chemical stability and cycle
life. RuO, exhibits capacitance only in an aqueous electrolyte with
low potential and is expensive. Thus, there is an urgent need to
develop high-capacitance pseudocapacitive materials for practical
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applications.

Two-dimensional (2D) nanomaterials that are a few hundred
nanometers in width can have molecular-level thickness and a
large aspect ratio. In addition, they form strong covalent bonds in
the in-plane direction and weak van der Waals forces between the
respective surfaces. These results in special physical and chemical
properties, as well as unique features such as large surface area to
volume ratio, high redox activity on exposed surfaces, and unusual
chemical reactivity, which are difficult to achieve in other dimen-
sions or bulk materials. Particularly, because all the atoms on the
surface of a single layer of 2D nanomaterials are exposed, various
functionalities can be introduced by the physical and chemical con-
trol of the surface characteristics, which improves the properties of
the materials. Professor Simon (identification of non-ideal capaci-
tance increase by pore size control using carbide-derived carbon)
[5], Professor Ruoff (first application of activated graphene as a SC)
[6], and Professor Gogotsi (first application of 2D transition metal
carbide as a SC) [7,8] were named Clarivate Citation Laureates for
Physics, 2018, for their contribution to the field of carbon and 2D
nanomaterials for capacitive charge storage. Thus, it is possible to
develop a new pseudocapacitive material based on a 2D nanoma-
terial by the physical and chemical control of its surface structure.
The focus is not necessarily on materials such as transition metal
oxides and conductive polymers, which involve an intrinsic sur-
face redox reaction. Herein, we briefly introduce pseudocapacitive
materials developed by controlling the microstructure, surface chem-
istry, and morphology of a 2D nanomaterial [9].

HYBRIDIZATION OF HIERARCHICAL STRUCTURED
2D TRANSITION METAL DICHALCOGENIDE

Various layered materials have been developed to replace com-
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Fig. 2. (a) 3D schematics of the structural poly-types in the 2H MoS,/graphene hybrids and 1T MoS,/graphene hybrids. (b) TEM images of
the 2D MoS,/graphene hybrids and HAADF-STEM images of MoS, (c) Electrochemical characterization of 2D MoS,/graphene

hybrids, 2D MoS,, and Bulk MoS, [20].
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mercialized battery materials. However, solid-state diffusion limita-
tions within interlayer spacing and slow charge transfer from the
anisotropic structure result in low power density. A recent report
detailed the difference between the charge storage mechanism of
graphite as a commercial anode and that of exfoliated mono- or
few-layered graphene. The electrochemical charge storage of graph-
ite is derived from the intercalation mechanism implying battery-
type behavior. In contrast, as the layered materials downscale into
single-layer graphene, absorption and desorption are dominant on
the exposed active sites at the surface, which implies double-layer
capacitive behavior.

Many 2D transition metal oxides are used as electrodes for SCs
because of their variable oxidation states and high surface area; these
properties are different in their bulk forms [10-19]. We controlled
the interface characteristics of layered molybdenum disulfide (MoS,)
by hybridization with reduced graphene oxide (RGO) (Fig. 2). The
transition of MoS, from diffusive intercalation to surface redox charge
storage behavior was observed when nanoscale sheets of layered
MoS, were heterostructured with RGO [20]. In addition, we deter-
mined the interface and chemical structures of the 2D MoS,/
graphene hybrids by density functional theory (DFT) calculations
and various in-depth analyses; the charge transfer process appears
to be facilitated by the strong interplay between 1T MoS, and
graphene. This is consistent with previous reports that the 1T
phase of MoS, exhibits high redox activity [17].

Additionally, we revealed the surface redox charge storage mech-
anism of a surface-exposed tungsten dichalcogenide (WS,) [21].
As shown in Fig. 3, we used RGO and WS, nanosheets as the 2D
building blocks for 3D macroscale architectures, which were syn-
thesized through exfoliation of GO and WS,, self-assembly com-
bining colloidal and template chemistries, and reduction process.
Unlike MoS,, WS, film does not exhibit surface redox reactions

— (a)
Self-
assembly
GO ﬁ
- : : _'. -
WS, or MoS, 3D WS, (MoS,)/GO/PS
b Surface Redox Chemistry
( ) WS, + XH+ Xe - - H WS, "

3D Hetero-Nanosheets

2D Hetero-Nanosheets

because of its long diffusion path in a tortuous structure. By con-
trast, 3D macroporous RGO/WS, heteronanosheets show a fast and
reversible pseudocapacitive behavior owing to facilitated ion diffu-
sion through the 3D internetworked macropores and surface-exposed
redox active sites in the 1T phase of WS,. Besides, they achieve dou-
ble capacitance of 299 F/g compared to a layered film structure, a
high rate capability of 88.0%, and cycling stability of 98.8%. This
indicates that assemblies of 2D nanosheets as the building blocks
for 3D hierarchical architectures maximize the capacitive perfor-
mance by promoting surface redox reactions.

The surface redox charge storage mechanism of the RGO/WS,
heteronanosheets was investigated using in situ Raman spectros-
copy and synchrotron X-ray absorption spectroscopy (Fig. 4). During
charge and discharge under operating potential (0.3 V—>—03V—
0.3V), there was a reversible structural change, confirmed by the
change in composition and W-W interatomic distances (2.73 A—>
2.76 A—2.73 A), from 2H to the 1T phase. The W-W distance in-
creases after S atoms from WS, interact with the fast protons enter-
ing the 3D structure, where the highly active 1T phase exists. To
attain charge neutrality after the insertion of protons into the 3D
matrix, the oxidation state of W*" in the octahedral 1T phase be-
comes W™, During the desertion of protons, the reverse, includ-
ing structural change and interactions, is observed. Thus, we have
illustrated the novel surface-dominant charge storage mechanism
of the 2D WS, nanosheets, while also providing a fundamental
understanding of the high electrochemical performance.

CONTROL IN THE SURFACE STRUCTURE OF
OXIDIZED BLACK PHOSPHOROUS NANOSHEETS

Black phosphorous (BP) is considered a promising battery elec-
trode material owing to its high theoretical capacity of 2,600 mAh/

3D WS, (MoS,)/RGOIPS

Removal of
PS bead

3D RWhs (RMhs)

Fig. 3. (a) The synthesis of 2D WS, and graphene nanosheets assembled 3D hierarchical architectures. (b) Comparison of ion diffusion in 3D
hierarchical WS,/graphene nanostructure and layered films with same composition [21].

Korean J. Chem. Eng.(Vol. 36, No. 10)



1560 S. K. Park et al.

Fig. 4. Pseudocapacitor mechanism of 3D hierarchical structured WS,/graphene nanosheets using in situ Raman and X-ray absorption spec-
troscopy [21].
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Fig. 5. (a) Schematic image of surface redox active P=0 site of functionalized 0BP/graphene. (b) In-situ *'P NMR spectra of functionalized

0BP/graphene as a function of applied voltage. (c) In-situ Raman spectra for the A',, B’, and A’, vibrations of the functionalized oBP/
graphene at various charge-discharge potentials [25].

g, which is seven-times higher than that of commercial graphite. low cyclic and rate capabilities because of their poor electrical con-
In addition, mono- or few-layered BP (similar to exfoliated graphene) ductivity and large volume change (>300%) upon Li storage.
shows unique physical properties. However, BP electrodes exhibit Considering that the theoretical characteristics of energy stor-
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age materials are limited by the intrinsic structure and/or charge
storage mechanism, the structure of 2D BP has been currently inves-
tigated to improve the performance [22-24]. We demonstrated a
new pseudocapacitive mechanism by controlling the molecular-
level redox active sites to overcome the intrinsic limitation of BP
[25]. In situ analysis and DFT calculations confirmed that a fast
and reversible SC behavior is achieved by controlling BP. The sur-
face redox pseudocapacitive features of surface modified BP resolve
the limitation of sluggish kinetics and electrochemical instability
previously reported for alloying/dealloying-based BP materials [25].

The molecular-level oxidation state obtained through ozone-
driven chemistry resulted in an increase in the oxidation stability
of BP. Subsequently, heat treatment was carried out to reduce the
functional groups on GO, where the formation of covalent bonds
resulted in strong interlayer coupling between redox-active oxi-
dized BP (0BP) and electronically conductive RGO. This facilitated
ultrafast charge transfer during the surface reaction through the
conjugated structure of graphene via the shortened ion diffusion
pathways from the graphene layer, while also chemically stabiliz-
ing the 2D oBP. In situ nuclear magnetic resonance (NMR) spec-
troscopy revealed that the P=O peak shifts reversibly during charge/
discharge because the redox-active P=0 sites bind with protons at
the molecular level (Fig. 5).

In conclusion, we obtained a pseudocapacitance of 478 F g, four-
times higher than that of commercially available activated carbon
(Fig. 6). The BP/graphene hybrid structure exhibited superior revers-
ibility with coulombic efficiency of 99.6% at a high scan rate of 50
A g and cyde stability of 90% after even 50,000 cycles. Our research
also provides a fundamental understanding of the surface effects
of 2D BP and a chemical approach for molecular-level control to

(a) 2D black phosphorous +rGO

solve issues such as unstable cycle life and low rate capability of the
existing alloying/dealloying of BP.

POROUS ARCHITECTURE OF MXene/POLYMER
HYBRID MATERIALS

Electrolytic capacitors have been applied as power devices for
AC filtering in electronic circuits owing to their high-frequency oper-
ation. Supply of a constant voltage to an electronic device is possi-
ble by filtering the AC voltage generated by energy harvesting devices,
as well as by eliminating voltage noise or ripple during electricity
supply. However, the volumetric capacitance and device scalability
have certain limitations. An energy storage device such as a bat-
tery has a high capacity; however, energy loss in the form of heat
dissipation occurs at high frequencies. Thus, the application of energy
storage devices is limited by the trade-off between the capacity and
frequency response.

We demonstrated flexible electrochemical capacitors with a
superior volumetric capacitance at high frequency using a porous
MXene/conducting polymer hybrid and a gel-networked electro-
lyte [26]. The 2D MXenes are attractive pseudocapacitive materi-
als for SC electrodes because of their good conductivity; high surface-
to-volume ratio, and abundant active sites [7,27-33].

A large-area and flexible-file-type electrode of less than 100 nm
was fabricated through a spray-coating process using Ti,C, MXene
nanosheet and Ti,C,/poly(34-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS) hybrid (Fig. 7); this provides high redox
activity and faster ionic transport by controlling the nanoscale-
porous structure. In addition, after double networking of polyvi-
nyl alcohol and polyhydroxyethyl methacrylate, a gel electrolyte

2D oxidized BP/rGO
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Fig. 6. (a) Synthesis and (b) electrochemical characterization of the functionalized oBP/graphene [25].
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with excellent mechanical properties and high ionic conductivity
was synthesized by absorption of 3M sulfuric acid in the network-
ing structure.

The porous MXene/conducting polymer hybrid shows high
capacitance at a rate of 1,000 V/s, from 60 to 10,000 Hz. Specifically,
at 120 Hz, it shows high areal and volumetric capacitance of 0.56
mF/cm’ and 24.2 F/cm’, respectively. Moreover, owing to its high
volumetric capacity, it is possible to reduce the volume by more
than 1,000 times when compared to a previously reported electro-
lytic capacitor. The mechanical deformation test, including bend-
ing and relaxing, shows their long-term durability over 30,000 cycles
(Fig. 8). This study provides opportunities for designing various
architectures with high area depending on the field of application.

CONCLUSIONS

We have discussed surface redox pseudocapacitors obtained by
physical and chemical control in the surface structure of 2D nano-
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materials. The surface redox mechanism of 2D nanomaterials, such
as WS, and BP, was investigated by in situ spectroscopy and theo-
retical calculations. In the case of 2D MXene, a flexible ACfilter-
ing SC was developed by overcoming the trade-off between capacity
and frequency response. As shown in Fig. 9, the energy storage
performance limitations of existing materials can be resolved by
controlling the surface chemical composition, crystal structure, edges
and defects, morphology, porous structure, and interface structure
of 2D nanomaterials.

In the future, we will attempt to resolve various issues of 2D
nanomaterials for practical energy storage applications, such as the
types and optimized compositions of electrolyte and electrode,
scalable synthesis of 2D nanomaterials, and fabrication of a thick
and dense electrode. During materials synthesis and electrode fab-
rication processes, loss of intrinsic properties should be prevented.
Suppression of the side reaction at the interface and interpretation
of the energy storage mechanism by in situ spectro-electrochemistry
and computer simulation need to be carried out as future directions.
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