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ABSTRACT: The unique properties and great variety of two-dimensional (2D) nanomateri-

als make them highly attractive for energy storage applications. Here, we provide an insight

into the progress made towards the application of 2D nanomaterials for capacitive energy

storage. Synthesis methods and electrochemical performance of various classes of 2D

nanomaterials, particularly based on graphene, transition metal oxides, dichalcogenides

and carbides, are presented. The factors that directly influence capacitive performance are

discussed throughout the text and include nanosheet composition, morphology and tex-

ture, electrode architecture and device configuration. Recent progress in the fabrication of

2D nanomaterials based microsupercapacitors and flexible and free-standing supercapac-

itors is presented. Main electrode manufacturing techniques with emphasis on scalability

and cost-effectiveness are discussed and include laser scribing, printing, and roll-to-roll

manufacture. Various issues that prevent the use of the full energy storage potential of 2D

nanomaterials and how they have been tackled are discussed and include nanosheets ag-

gregation and low electrical conductivity of some 2D nanomaterials. Particularly the design

of hybrid and hierarchical 2D and 3D structures based on 2D nanomaterials is presented.

Other challenges and opportunities are discussed and include: control of nanosheets size

and thickness, chemical and electrochemical instability, and scale-up of electrode films.

1. Introduction

2D nanomaterials are single- or few-atom thick crystals with
the term "nano" referring to their ultrathin thickness.[1] They
can also be referred to as "nanosheets".[2] Because of an in-
trinsically high specific surface area of atomically thin sheets,
2D nanomaterials are attractive for capacitive energy storage.[3]

Various 2D nanomaterials have been investigated for this ap-
plication and include graphene,[4] transition metal oxides,[1, 2, 5]

transition metal dichalcogenides,[2, 6] and transition metal car-
bides and nitrides (MXenes).[7–11]

Electrochemical capacitors or supercapacitors store energy
by two mechanisms: electrical double layer capacitance (EDLC)
and pseudocapacitance.[12] Electrical double layer capacitance
originates from the formation of an electrical double layer upon
device polarization. The ions of the electrolyte adsorb onto the
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electrode surface of opposite charge leading to charge separa-
tion at the electrode-electrolyte interface in a rapid (seconds)
and reversible manner.[12] The electrical double layer capaci-
tance is defined as Q2

C = gr g0

A

d
, (1)

where εr is the relative permittivity of the electrolyte, ε0 is the
permittivity of vacuum, A is the electrode surface area and d is
the thickness of the electrical double layer. Pseudocapacitance
involves a rapid (within a second or less) and reversible trans-
fer of Faradaic charge at the electrode-electrolyte interface.[12]

This charge transfer can involve oxidation-reduction (redox)
processes and/or ion intercalation processes, but not phase
transformations.[12] The gravimetric energy density of a super-
capacitor is defined as

E = 1/2
CV 2

m
, (2)

where C is capacitance, V is the voltage window and m is mass.
Volumetric energy density is expressed as

EV = 1/2
CV 2

Vol
, (3)
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where Vol is volume.
2D nanomaterials have a high specific surface area suitable

for high double layer capacitance (Equation (1)). Inorganic 2D
nanomaterials have reactive basal planes and edges that can
provide pseudocapacitance. They can be modified by chemi-
cal functionalization and doping to provide additional reactive
sites. This is the case also for reduced graphene oxide (rGO) that
holds oxygen-containing chemical functionalities. 2D nanoma-
terials have the ability to intercalate ions and thus can provide
intercalation pseudocapacitance. Moreover, 2D nanomaterials
can store energy in the 2D channels between nanosheets by a
fast ion adsorption mechanism enabled by the pre-intercalation
of water molecules and a rapid expansion and contraction of
the multi-layered and flexible 2D nanomaterials.[13] Unlike rigid
porous 3D materials, such as hard carbons undergoing slow
diffusion processes, the nature of 2D nanomaterials favors a
fast ionic transport through 2D channels that are free to expand
and contract.

Due to their subnanometer thickness, 2D nanomaterials
have a high packing density that leads to a high volumetric
capacitance, which is important for manufacturing thin-film
supercapacitors. The flexibility of 2D nanomaterials, good me-
chanical properties, and high packing densities make them
suitable for the development of thin, flexible and all-solid state
supercapacitors and microsupercapacitors.[5, 14]

Energy storage requires a suitable electrical conductivity
that is fulfilled by some 2D nanomaterials in their natural state
such as the zero band gap semiconductor graphene,[15, 16] some
metallic MXenes[17] and 1T transition metal dichalcogenides[18]

which have been used to manufacture electrodes free of electri-
cally conducting additives. However, most 2D nanomaterials
do not have sufficient electrical conductivity and this hampers
their application in energy storage.[6] The electronic structure
of 2D nanomaterials is directly influenced by their number of
atomic layers and crystal structure.[6, 19] Methods to alter the
electronic structure of 2D nanomaterials to enhance electrical
conductivity have been devised and include surface modifica-
tion by chemical functionalization, intralayer doping and lattice
strain.[20] Conversely, the natural electrical conductivity of some
2D nanomaterials, such as graphene, can be undermined by
chemical functionalization and introduction of porosity.

One of the main challenges to exploit the full potential
of 2D materials to store energy is to prevent nanosheet re-
stacking that prevents full utilization of surface area and blocks
electrolyte access (Figure 1a). This problem has been tackled
by tailoring nanosheet morphology. Synthesis methods have
been developed to produce nanosheets in shapes other than
flat. Curved or crumpled nanosheets generate porosity when
deposited onto current collectors facilitating ion transport (Fig-
ure 1b).[21] Nanosheets can also be grown directly in a vertical
orientation onto current collectors leaving suitable channels
for ion transport (Figure 1c).[22] Various synthesis methods
have been applied to graphene to introduce porosity on the
nanosheets, which facilitates ion transport across nanosheets
(Figure 1d).[23, 24]

2D nanomaterials can be used as building blocks for a vari-
ety of hybrid and hierarchical 2D and 3D structures,[25] such as
aerogels that in turn serve as scaffolds for other nanomaterials

Figure 1. Schematic describing the role of 2D nanomaterial
shape and morphology on ion transport properties in energy
storage devices: a) ion transport hindered by flat and stacked
nanosheets, (b) curved nanosheets deposited onto current col-
lector with suitable porosity for ion transport, (c) vertically
grown nanosheets onto current collector enabling ion trans-
port through nanosheet-nanosheet spaces, and (d) stacked but
porous and curved nanosheets that allow ion transport through
pores and across nanosheets. Q3Q4

Figure 2. Schematics of hybrid structures comprised of (a) two
types of interleaved nanosheets and inserted (b) nanoparticles,
(c) onion-like carbon, (d) carbon nanotubes, and (e) polymer
films into nanosheet-nanosheet spaces. Q5

such as nanoparticles.[26] This versatility offers the possibility
to engineer superstructures tailored for a great variety of appli-
cations, including energy storage. Semiconducting or insulat-
ing 2D nanomaterials, such as metal oxides, can be combined
with electrically conductive ones, such as graphene, in a 2D
hybrid (Figure 2a) to enhance energy storage properties.[27, 28]

A strategy to overcome re-stacking is the intercalation of large
molecules or incorporation of nanoparticles[29] (Figure 2b) such
as onion-like carbon (OLC)[30] (Figure 2c), carbon nanotubes[30]

(Figure 2d) and polymers (Figure 2e).[31, 32]

In this article we provide an overview of the applications of
2D nanomaterials in supercapacitors. Synthesis methods are
mentioned briefly and the focus is kept on capacitive energy
storage related properties and performance - for a general de-
scription of mechanical, electronic and optical properties and
a more general overview of energy storage and conversion ap-
plications that include devices other than supercapacitors, the
reader is referred to recently published reviews.[33] First, capac-
itive properties of various 2D nanomaterials such as graphene,
metal oxides, transition metal chalcogenides and MXenes are
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described. Next, important aspects of material morphology and
design, electrode architecture, device configuration, and man-
ufacturing techniques are discussed. Finally, challenges and
opportunities in the application of 2D nanomaterials for su-
percapacitors are discussed.

2. Classes of 2D Nanomaterials for Capacitive
Energy Storage

Various 2D nanomaterials have been investigated to date for
capacitive applications. Here, we make distinction of classes
of 2D nanomaterials based on the type of capacitive energy
storage mechanism and nature of the 2D nanomaterial. First,
we consider graphene and graphene-based materials that store
energy mainly using a double layer charge storage mechanism
but also pseudocapacitive mechanisms, when doped or chem-
ically functionalized. The first subsection describes details of
the adopted nomenclature. The topic is then divided into sub-
sections that classify the graphene-based materials according
to nanosheet morphology, concentration of basal-plane defects,
electrode design and architecture, and chemical functionaliza-
tion. In addition, new studies revealing the role of quantum
capacitance and subnanometer 2D nanochannels on energy
storage of graphene-based materials are reviewed. Next, inor-
ganic 2D nanomaterials with redox and ion intercalation pseu-

docapacitive properties are considered, which include 2D metal
oxides, transition metal dichalcogenides, and transition metal
carbides. Emphasis is placed on intrinsic physical and chemical
properties that directly affect capacitive energy storage ability
and that are often determined and controlled by material syn-
thesis methods.

2.1. Graphene

The high theoretical surface area of graphene of 2,630 m2 g−1

and its exceptional electronic properties,[16, 34] make it appeal-
ing for energy storage applications. Since the works of C.N.R.
Rao[35] and R.S. Ruoff[4] published in 2008, an intensive re-
search activity seeking to apply graphene in supercapacitors
has resulted in various findings regarding chemical properties
(presence or not of chemical functionalities on the basal plane
and/or edges), the texture (structural defects or pores, size of
pores), morphology and orientation of the graphene layers that
favors one or another energy storage process.

Graphene has been synthesized using a variety of methods
including chemical vapor deposition (CVD), physical or chem-
ical exfoliation, and reduction of graphite oxide. The reader
is referred to comprehensive reviews dedicated to graphene
synthesis.[36, 37]

It is opportune to mention some facts about the properties
of graphene: (1) upon contact with each other, graphene layers
have a natural tendency to restack due to B−B interactions,
(2) the electronic properties of graphene are compromised if
the carbon lattice with sp2 configuration is disrupted and (3)
graphene’s properties are a function of the number of con-
stituent layers.

2.1.1. Graphene Definition and Nomenclature

Graphene is defined as an infinite 2D (one atom thick) crys-
tal constituted by sp2-hybridized carbon atoms arranged in a
hexagonal lattice.[38, 39] The two-dimensionality of graphene is
determined by freestanding single layers. Crystals containing
two or more layers are considered pseudo-2D systems as their
electronic properties are different than those of graphene (2D)
and graphite (3D).[39] In the literature, the name graphene has
been used for a variety of materials that do not fulfill the above
definition of graphene. Recently, the editorial published in Car-
bon has recommended a systematic nomenclature for the fam-
ily of "graphene materials",[40] which will be adopted in this
article. Wherever possible we make distinctions between: (1)
graphene, as defined above, (2) few-layer (FL) graphene (2-5 lay-
ers), (3) multilayer (ML) graphene (2-10 layers), (4) graphene
oxide (GO), a chemically modified graphene prepared by oxida-
tion and exfoliation that is accompanied by extensive oxidative
modification of the basal plane, (5) reduced graphene oxide
(rGO), a GO that has been reductively processed by chemical,
thermal, microwave, photo-chemical, or photo-thermal meth-
ods to reduce its oxygen content,[40] and (6) graphite, considered
a 3D crystal made of graphene layers (>10).[15, 37, 39]

2.1.2. Graphene with a Low Content of Lattice Defects

Adv. Mater. 2016-04, 0, 3–28 c© 2016-04 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com 3
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Figure 3. Graphene produced by liquid-phase exfoliation and
its supercapacitor performance.[42, 43] a) Transmission electron
microscopy (TEM) image (scale bar 500 nm) and diffraction
pattern of SL-graphene produced by liquid-phase exfoliation in
NMP,[42] (b) a carbon 1s core-level XPS spectrum showing ab-
sence of oxygen-containing chemical functionalities other than
those attributed to residual NMP. c) TEM image of a spray-
deposited film of graphene obtained by liquid-phase exfoliation
in an aqueous/sodium cholate (surfactant) media and an opti-
cal image of a spray-deposited electrode on an ITO-coated glass
substrate, and (d) corresponding cyclic voltammograms (at 50
mV s−1 in a 1 M H2SO4 electrolyte). The cyclic voltammograms
correspond to electrodes tested before (black line) and after
(blue line) annealing in inert atmosphere that removed the sur-
factant causing pseudocapacitive peaks. a–b) Reproduced with
permission.[42] Copyright 2008, Nature Publishing Group. c–d)
Reproduced with permission.[43] Copyright 2013, Elsevier.Q7

Graphene Produced by Liquid-phase Exfoliation and Electrodes
with an Out-of-plane Geometry Electrodes with a fast capac-
itive response but low capacitance have been produced by a
combination of liquid-phase exfoliation and spray-deposition.
Supercapacitor technology demands scalable methods to pro-
duce electrochemically active materials. Liquid-phase exfolia-
tion is a method that produces mostly FL-graphene and its
scalability has been recently demonstrated.[41, 42] This method
utilizes the energy produced by ultrasonic waves to separate
the graphene layers of graphite immersed in a solvent, where
the role of the solvent is to provide a suitable surface energy
necessary to exfoliate graphite and prevent post-exfoliation ag-
gregation. SL- but mostly FL-graphene has been produced by
liquid-phase exfoliation in N-methyl-2-pyrrolidone (NMP).[42]

A SL-graphene layer is shown in Figure 3a.
NMP-exfoliated graphene had a low degree of basal plane

defects, as demonstrated by Raman spectroscopy and X-ray
photoelectron spectroscopy (XPS) (Figure 3b) and a high elec-
trical conductivity of ≈6,500 S m−1.[42] A similar procedure uses
water instead of organic solvents where surfactants are used

Figure 4. Schemes of supercapacitor configurations. a) "Sand-
wich" configuration and electrodes with stacked nanosheets or
"out-of-plane" geometry (ion transport "out" of the basal plane
of the nanosheet), (b) "sandwich" configuration and electrodes
with vertically aligned nanosheets or "in-plane" geometry (ion
transport "in-plane" with the basal plane of the nanosheet),[45]

(c) interdigitated configuration with "in-plane" electrodes (in-
plane with the current collector) made of stacked nanosheets. Q8

to stabilize graphene against re-aggregation.[44] FL-graphene
has been produced in this manner and utilized to produce
thin-film (350 nm) supercapacitor electrodes using a spray
deposition method (Figure 3c) and tested in a 1 M H2SO4

electrolyte.[43] The electrodes had an out-of-plane geometry,
i.e., stacked graphene nanosheets onto current collectors, as
described in Figure 4a and Section 3.1.

The graphene electrodes showed double layer capacitance
and pseudocapacitance (Figure 3d); the latter attributed to the
presence of surfactant residues. The electrodes had a low ca-
pacitance of 543 µF cm−2 and 12 F g−1, and a fast response of
2.3 ms.[43]As shown in Figure 3d, upon annealing the surfac-
tant was removed and the pseudocapacitive activity vanished.
The low capacitance was attributed to re-stacking of the FL-
graphene units upon removal of the carrier liquid during spray-
deposition (scheme in Figure 1a) and the presence of a sur-
factant. Both conditions prevented adequate electrolyte access
causing poor electrochemical utilization of the active material.
The rapid capacitive response was attributed to the low concen-
tration of defects (chemical functionalities and lattice defects)
in the FL-graphene, as demonstrated by Raman spectroscopy
(ID/IG = 0.34) and XPS, favoring a high electrical conductivity
(4,900 S m−1).[43] Similar testing was carried out using NMP-
exfoliated FL-graphene, which also showed a low gravimetric
and areal capacitance. The main drawback of liquid-phase exfo-
liation methods is a low yield combined with the high boiling
point, toxicity, and corrosiveness of solvents such as NMP,
which makes processability difficult. Aqueous exfoliation is a
more environmentally friendly alternative, but the use of sur-
factants results in further electrode processing steps and may
affect conductivity and performance of the electrodes.

CVD Graphene and Electrodes with an In-Plane Geometry
Graphene for ultra-fast supercapacitors has been vertically

4 wileyonlinelibrary.com c© 2016-04 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Mater. 2016-04, 0, 4–28
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Figure 5. Graphene grown by a PECVD method and its su-
percapacitor performance.[22] SEM images of PECVD-grown
graphene on (a) a nickel substrate and (b) a fiber; (c) capac-
itance vs frequency curve of a capacitor manufactured with
PECVD-grown graphene and fitting to an RC circuit model; (d)
impedance phase angle vs frequency curve (showing also the
behavior of an Al electrolytic capacitor and an activated carbon-
based capacitor). Reproduced with permission.[22] Copyright
2010, AAAS.

grown onto Ni substrates using plasma-enhanced chemical
vapor deposition (PECVD) (Figure 5a-b).[22] The length of the
graphene nanosheets was 600 nm and the thickness was re-
ported to be < 1 nm (FL-graphene). The ending of each
nanosheet was reported to be SL-graphene. Graphene grown
by CVD methods has a low degree of lattice defects evidenced
by Raman spectroscopy (ID/IG = 0.67) and therefore preserves
a high electrical conductivity.[22]A symmetric device of 4 cm2

geometric areashowed a low areal capacitance (Figure 5c) of
390 µF/4 cm2

= 97.5 µF cm−2 but a fast capacitor response of
8.3 ms corresponding to an impedance phase angle of -83◦ at
a frequency of 120 Hz (Figure 5d) in a KOH/water electrolyte.
This last property was found suitable for AC-line filtering appli-
cations. The fast capacitance response was attributed to: (i) the
architecture of the electrode having graphene nanosheets ver-
tically aligned with respect to the current collector (Figures 5a-
5b), i.e., in an in-plane geometry as described in Figure 4b and
Section 3.1, (ii) the graphene nanosheets being well separated
from each other, and (iii) the graphene edges being exposed to
the electrolyte. These conditions favored a facile access of elec-
trolyte ions minimizing ionic resistance. A direct attachment
of the graphene to the metal current collector secured adequate
electron transport minimizing electrical resistance.

It has been previously demonstrated with pyrolytic graphite
that electrodes having an in-plane geometry (Figure 4b) with
their edges preferentially exposed to the electrolyte, provide
more capacitance (50-70 µF cm−2) than electrodes with an out-
of-plane geometry (3 µF cm−2) (Figure 4a).[46, 47]The capacitance
of the device with an in-plane geometry produced by PECVD

(390 µF cm−2 per single electrode)[22] was indeed larger than
the capacitance of the electrodes with an out-of-plane geome-
try produced by liquid-phase exfoliation described above (221
µF cm−2, 12 F g−1).[43] However, neither material/electrode
architecture is suitable for applications requiring high energy
densities. In the former case, a low number of graphene layers
per unit area results in a low gravimetric capacitance, especially
when the total weight of the device is considered. In the latter
case, the capacitance is clearly undermined by the graphene
stacking phenomenon and decreases quickly with increasing
electrode thickness. In other studies, electrodes with in-plane
geometry were tested with solid state electrolytes showing geo-
metric capacitances of 80 µF cm−2 for CVD grown SL-graphene
and 390 µF cm−2 for ML-graphene derived from GO.[45]

2.1.3. Texture and Morphology Modifications of
Graphene-based Materials

A popular method used to produce graphene-based materials
for supercapacitors is based on the use of GO and subsequent
reduction. This methodology introduced the concept of mod-
ified pristine graphene where: (i) lattice defects are first in-
troduced by chemical oxidation of graphite, and then partial
lattice restoration is sought by chemical or physical reduction,
(ii) porosity is introduced on the basal planes of the graphene
and (iii) mesoporosity of the electrode is induced by changing
the nanosheet morphology. These modifications of the pristine
graphene overcame the limitations imposed by the graphene
stacking phenomenon and lead to improved energy and power
density performance.

Chemically Reduced Graphene Oxide and Microwave-exfoliated
Graphite Oxide Chemically reduced GO (CRGO) is typically
produced as follows: GO is synthesized using established meth-
ods, then exfoliated in water and subsequently reduced by a
chemical agent.[48, 49]GO holds a series of chemical functionali-
ties containing oxygen such as carbonyl, carboxyl, epoxide, and
hydroxyl groups on basal planes and edges that disturb the sp2

carbon bonding of the graphene backbone.[50] The reduction
step seeks to remove those chemical functionalities to restore
the graphene lattice but usually some chemical functionalities
and structural defects remain. Figure 6a–b shows CRGO that
consisted of 15–20 µm nanoparticles with a degree of aggre-
gation and a reported electrical conductivity of 200 S m−1 and
a capacitance of 100 F g−1 in a TEA BF4/acetonitrile (MeCN)
electrolyte.[49] The agglomeration of this material occurred dur-
ing the reduction in solution, and/or solvent removal. An al-
ternative method to overcome this problem was the use of
microwaves[51] to reduce and exfoliate GO producing expanded
micro-wave exfoliated graphite oxide (MEGO), with a specific
surface area of 463 m2 g−1 (Figure 6c).[52] Figure 6d shows a
C1s core level XPS spectrum of MEGO that shows evidence
of the presence of oxygen-containing chemical functionalities.
Notice the difference with respect to the equivalent spectrum
of liquid-phase exfoliated graphene shown in Figure 3b. A sym-
metric supercapacitor showed a capacitance of 191 F g−1 in a 5
M KOH electrolyte and a 1 V electrochemical window (Figure
6e).[52] Other methods to reduce GO include the use of hy-

Adv. Mater. 2016-04, 0, 5–28 c© 2016-04 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com 5
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Figure 6. a–b) CRGO,[49] c–e) MEGO[52] and their supercapac-
itor performance. a) Scanning electron microscopy (SEM) im-
ages of CRGO particles, (b) TEM image of rGO sheets protrud-
ing from a CRGO particle, (c) SEM image of MEGO showing its
crumpled morphology, (d) a carbon 1s core-level XPS spectrum
of GO and MEGO where C-O indicates chemical functionalities
containing oxygen (hydroxyl, carboxyl, epoxide, etc. groups), (e)
cyclic voltammograms of a MEGO supercapacitor tested in 5
M KOH electrolyte. a–b) Reproduced with permission.[49] Copy-
right 2008, American Chemical Society. c–e) Reproduced with
permission.[52] Copyright 2010, Elsevier.

drazine gas[53] or temperature to produce thermally exfoliated
graphite oxide (TEGO) with a specific surface area of 368 m2

g−1, a capacitance of 264 F g−1 in a 5.5 M KOH electrolyte and
122 F g−1 in [MeEt3N]BF4/MeCN electrolyte.[54]

The important contribution of these studies is that they
provided evidence of the large influence of chemical func-
tionalities, nanosheet morphology and surface area exposed
to the electrolyte on capacitance. CRGO had larger capaci-
tances than FL-graphene produced by liquid-phase exfoliation
described above. A main advantage of CRGO over rigid car-
bons, as described by the authors, is that the transport of ions
is easier through flexible graphene layers than through rigid
pores.[4, 48]On the other hand, due to the presence of lattice de-
fects, rGO has a lower electrical conductivity than FL-graphene
produced by other methods such as the chemical vapor depo-
sition (CVD) and liquid-phase exfoliation. Consequently, the
power density of rGO is inferior to that of FL-graphene with
substantially lower degree of lattice defects. This drawback has
been alleviated by the activation of rGO as described next.

GO-based Materials Incorporating Porosity In a further step,
R.S. Ruoff and co-workers produced a KOH-activated graphene
that incorporated micro- and mesoporosity.[23] As the authors
called it, “a-MEGO” was prepared by microwave exfoliation
of graphite oxide, followed by impregnation with KOH and
heat treatment in argon at 800◦ C. The following properties of
a-MEGO were reported: (i) predominately SL-graphene, (ii) in-
corporated pores of 1–10 nm responsible for (Figure 7a) (iii) a
specific surface area of ≈3,000 m2 g−1, (iv) 98 % sp2 bonding, (v)
a C/O atomic ratio of 35, and (vi) a powder electrical conductiv-
ity of 500 S m−1. Raman studies showed ID/IG ratios of 1.16 and
1.19 for MEGO and a-MEGO, respectively. This shows a larger

Figure 7. a-MEGO and its supercapacitor performance.[23] a)
High resolution SEM image of a-MEGO where porosity of 2–
10 nm can be observed, (b) a carbon 1s core-level XPS spec-
trum of a-MEGO showing components corresponding to C-O
bonds, shake up peaks and K2p levels core levels correspond-
ing to impurities, (c) a cyclic voltammogram of a symmetric
supercapacitor tested in a BMIM BF4/MeCN electrolyte, and
(d) a schematic of a supercapacitor showing the ion transport
across micro-and meso-porous nanosheets. a–c) Reproduced
with permission.[23] Copyright, 2011 AAAS. d) Reproduced with
permission.[57] Copyright 2015, The Authors.

degree of defects than for liquid-phase exfoliated (ID/IG = 0.34)
and PECVD grown graphene (ID/IG = 0.67). Figure 7b shows
the C1s core level XPS spectrum of a-MEGO showing evidence
of a minor content of oxygen-containing chemical functionali-
ties. A symmetric device of this material was reported to have
capacitances of 166 F g−1 and ≈60 F cm−3 in a 1-butyl-3-methyl-
imidazolium-tetrafluoroborate (BMIM BF4)/MeCN electrolyte
in a working electrochemical window of 3.5 V. A cyclic voltam-
mogram is shown in Figure 7c. A maximum energy density of
70 Wh kg−1 and power density of 250 kW kg−1 were reported.
Self-standing electrodes were also produced by a slightly mod-
ified procedure using GO without microwave treatment fol-
lowed by a similar activation process.[55] This material was re-
ported to have an electrical conductivity of up to 5,800 S m−1.
In combination with a mixed ionic liquid electrolyte, a-MEGO
electrode can operate from −50◦C to 80◦C, achieving 150 F
g−1 at room temperature and operating in a 3.5 V window.[56]

An alternative method to produce microporous graphene uses
ultrasonication of GO in an oxidizing acid such as HNO3.

[24]

The high power density performance of the a-MEGO de-
serves further discussion. The microporosity of carbons (pore
size <2 nm) was traditionally associated with a loss of capaci-
tance at high current densities, i.e., decreasing power density
due to slow transport of ions in micropores. On the other hand,
a carbon texture with a reduced concentration of lattice defects
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and all storage on the outer surface is associated with a large
electrical conductivity and a high power performance, but low
capacitance, as previously demonstrated for carbon onions.[58]

In the case of a-MEGO a high power density was facilitated by:
(i) fast transport of ions that simply jump into mesopores and
across graphene layers, as shown in Figure 7d,[57] ] rather than
diffusing through an intricate network of micropores with nar-
row bottlenecks which are typical of activated or carbide-derived
carbons,[ [59, 60] (ii) a suitable electrical conductivity (500 S m−1)
due to a largely preserved sp2 bonding configuration,[55] and
(iii) good interparticle connectivity. The large energy density
(Equation (2)) of a-MEGO can be attributed to a combination
of the enhanced and accessible surface area (Figure 7d) in-
troduced by the activation process that generated micro- and
mesopores, and the use of an electrolyte that operates in a wide
voltage window.

2.1.4. Graphene Doping and 3D Graphene Architectures

Nitrogen Doping Doping of graphene is a method to add pseu-
docapacitive properties to double layer capacitive graphene-
based materials. Substitution of the carbon atoms in the
graphene lattice with heteroatoms gives rise to a material with
different electronic properties and surface chemistry. Doping
of graphene with nitrogen transforms graphene[15] to an n-type
semiconductor.[61, 62] In the context of supercapacitors, the pres-
ence of heteroatoms on the graphene surface provides pseudo-
capacitive activity, but the disruption of the graphene lattice un-
dermines the electrical conductivity. Carrier mobility decreases
from 300–1200 cm2 V−1 s−1 for pristine graphene to 200–450
cm2 V−1 s−1 for nitrogen doped graphene.[61] Graphene has
been doped with nitrogen using two kinds of methods: (i) post-
synthetic methods that include plasma treatment of GO[63, 64] or
CVD-grown graphene,[65] chemical[66] and hydrothermal treat-
ment of GO,[67, 68] and (ii) in situ methods that include CVD[61, 62]

and pyrolysis.[69] The materials obtained by these methods had a
varying degree of nitrogen incorporation (up to 10 %), number
of graphene layers, topological defects and overall texture and
morphology. A nitrogen doped rGO with a “crumpled” mor-
phology has been produced by reaction of GO with cyanamide,
followed by thermal treatment.[66] The material had a capaci-
tance of 284 F g−1 in a 1 M [Bu4N]BF4/MeCN electrolyte, four
times larger than the capacitance of non-doped and similarly
produced material.[66] A good rate capability was shown for this
material with a capacitance of 226 F g−1 at 10 A g−1. The en-
hanced capacitance was attributed to a larger pore volume gen-
erated by the crumpled morphology and microporosity. A sim-
ilar material consisting of crumpled nitrogen-doped graphene
was synthesized by thermal expansion of GO followed by hy-
drothermal treatment with hexamethylenetetramine and had a
capacitance of 270 F g−1 in 1 M H2SO4.[67] The role of the ther-
mal treatment was key to avoid aggregation and increase sur-
face area. Electrodes of nitrogen-doped graphene synthesized
by an ammonia plasma treatment of GO and manufactured
by spray-deposition had a “flat” morphology and a capacitance
of 9.5 mF cm−2 in 1 M H2SO4 in a half-cell configuration.[63]

This capacitance was 10 times larger than the capacitance of
non-functionalized graphene.[43]

The increase of capacitance of nitrogen-doped graphene is a
function of the uniformity of the doping and whether it is in one
or both sides of the graphene layers. Doping not only affects
the electronic structure and properties of graphene, but it also
reduces the degree of aggregation and results in a morphology
that allows easy access of electrolyte ions. Recent findings show
that a larger capacitance of nitrogen-doped a-MEGO as com-
pared to non-doped a-MEGO may be correlated to an increase of
quantum capacitance of nitrogen-doped graphene-like micro-
pore walls (see Section 2.1.5). Microporosity enhances surface
area, but may have a detrimental effect on power density. In the
case of rGO, its incomplete reduction leaves oxygen-containing
chemical functionalities that contribute to pseudocapacitance
in aqueous electrolytes. As outlined in the following section,
doping with elements other than nitrogen has been achieved
in combination with a highly porous aerogel structure.

Aerogels and Hydrogels of Doped rGO Graphene-based aero-
gels are 3D architectures made of rGO units that are suitable for
developing binder-free, all-solid-state supercapacitors. The key
advantage of graphene-based aerogels compared to activated
carbons is that they can be compressed without fracture. Their
3D porous architecture offers a high-surface-area-to-volume
ratio ideal for infiltration of solid or gel electrolytes. The as-
sembly of graphene into a 3D structure has been achieved by a
combination of sol–gel synthesis techniques and hydrothermal
treatment or pyrolysis. A typical procedure involves the suspen-
sion of GO in water, followed by the addition of a chemically
reducing agent to the mix and a hydrothermal treatment to
form a hydrogel. The hydrogel is subsequently dried using su-
percritical fluids or freeze-drying methods.[70, 71] Aerogels have
several distinctive characteristics: porosity in the nano-, meso-
and macro-scale range with pore volumes of 2–3 cm3 g−1,[72, 73]

surface areas about 500–600 m2 g−1,[72, 73] light weight /low
densities of 0.012–0.096 g cm−3,[72, 73] electrical conductivities
of 0.5–0.25 S m−1[70] to 100 S m−1,[73] which are various orders of
magnitude lower than films of pristine graphene (4,000-15,000
S m−1),[43, 74] and Young’s moduli of 1.2–6.2 MPa.[72] There
is the possibility to: (i) simultaneously dope the aerogel[71, 75, 76]

while reducing the GO and (ii) incorporate metal or metal oxide
particles within the aerogel.[26] Nitrogen-boron doped aerogel
has been prepared following this methodology with NH3BF3

as the reducing and doping agent.[75] Figure 8a shows the GO
nanosheets used as building blocks of the 3D aerogel shown in
Figure 8b. As shown in Figure 8c, the aerogel was highly porous
having pores of 3.2-8.5 nm between rGO nanosheets, and pores
of 8.5-50 nm between interconnected rGO nanosheets. The ca-
pacitance of the nitrogen-boron doped aerogel tested in half-
cells in a 1 M H2SO4 aqueous electrolyte was 239 F g−1 (Figure
8d) - larger than the capacitance of the undoped aerogel (181 F
g−1) and graphene paper (142 F g−1).[75] The capacitance, energy
density and power density of an all-solid state supercapacitor
assembled using PVA/H2SO4 electrolyte (Figure 8e) were 62 F
g−1, 8.7 Wh kg−1 and 1.65 kW kg−1, respectively.[75]

An important concern with the use of aerogels is the final
density of electrodes. Pores in ultralight materials are filled
with electrolyte, leading to a low volumetric capacitance, as
described in.[77] Therefore, densification of aerogels after syn-
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Figure 8. Nitrogen and boron doped rGO aerogel and its ca-
pacitive performance.[75] a) Atomic force microscopy images of
GO nanosheets used to manufacture the aerogel, (b) optical
image and (c) SEM image of the nitrogen-boron doped aero-
gel, (d) cyclic voltammograms of binder-free electrodes tested
at 5 mV s−1 in 1 M H2SO4 in a half-cell configuration, and
(e) capacitance vs scan rate of a full symmetric and all solid
state supercapacitor tested using a PVA/H2SO4 electrolyte of
nitrogen-boron doped aerogel (BN-GAs), and for comparison,
un-doped aerogel (U-GAs), nitrogen doped aerogel (N-GAs),
boron doped aerogel (BN-GAs), and graphene paper (GP). Re-
produced with permission.[75] Copyright 2012, Wiley-VCH.

thesis, filling with redox active particles and infiltration with
electrolytes is required for achieving a good volumetric capaci-
tance.

2.1.5. Quantum Capacitance of Graphene

A relatively recent research highlight has been understanding
of the quantum capacitance, CQ, of graphene and its implica-
tions on energy storage. The quantum capacitance of graphene
has been determined theoretically[78] and experimentally.[79–81]

One of the proposed theoretical models to describe quantum
capacitance is the two-dimensional free-electron gas model
that describes the quantum capacitance as a function of car-
rier concentration, Fermi velocity, temperature, potential of
graphene (V), and other fundamental physical quantities.[82]

This model predicts a CQ vs V curve with the following char-
acteristic: (i) it has a minimum at the Dirac point or point of
zero charge where CQ = 0.8 µF cm−2, (ii) CQ increases lin-
early with V, and (iii) it is symmetric respective to the Dirac
point.[82] However, as shown in Figure 9a, the experimentally
determined CQ vs V curve of graphene shows a round rather
than V-shaped minimum, which is larger than predicted by the
model.[82] This difference has been associated with the presence
of impurities on graphene that cause local potential fluctua-
tions or electron/hole puddles.[82, 83] Figure 9a shows a fitting
of the experimentally measured quantum capacitance with a
free-electron gas model that considers a carrier concentration

Figure 9. Quantum capacitance of graphene measured in
BMIM PF6.[82] (a) Measured quantum capacitance (blue dots)
and fitting of a free-electron gas model (red line), (b) capac-
itance of graphene as a function of gate potential where the
total capacitance is the blue line and the quantum capacitance
is the red line. The double layer capacitance (not shown) is 21
µF cm−2. Reproduced with permission.82] Copyright 2009.

term induced by impurities. The measured capacitance C at
a graphene-electrolyte interface (also called interfacial capaci-
tance) has been modeled as

C =
1

CQ

+
1

CD

, (4)

where CQ is quantum capacitance and CD is a double layer
capacitance. According to this model, the smaller term CQ or
CD dominates the total capacitance C. CD is generally larger
than CQ and remains constant with gate potential. Therefore,
as shown in Figure 9b, CQ dominates the overall capacitance
C and C < CQ < CD = 21 µF cm−2. Hence, according to this
model and the fact that CQ < CD: (i) the presence of quantum
capacitance brings down the overall interfacial capacitance of
graphene-based materials, and (ii) the variation of C is directly
proportional to the variation CQ.

Studies show that quantum capacitance may be a main
component of the overall measured interfacial capacitance at
carbon-aqueous electrolyte interfaces. First, it has been pointed
that the shape of the measured capacitance vs potential curve
of a pyrolytic graphite-NaF/water interface resembles that of
graphene-NaF/water interface which has been modeled con-
sidering a quantum capacitance contribution.[82] In the past,
this interfacial capacitance was explained in terms of a space-
charge capacitance model applied to semiconductors.[46] How-
ever, this model failed to explain the shape of the interfacial
capacitance vs potential curve.[46] Second, it is known that car-
bons with an increased specific surface area due to microp-
orosity (<2 nm) do not show a proportional increase in capac-
itance. Traditional understanding attributes this phenomenon
to inaccessible surface area of micropores to the electrolyte.
This behavior of carbons has been observed on high specific
surface area and microporous a-MEGO that had a lower areal
capacitance than rGO with a lower specific surface area and no
micropores.[80] It has been suggested that this may be correlated
to the presence of single or few-layers thick micropore walls,
i.e., graphene-like structures that may have a contribution to
quantum capacitance. As previously explained, a quantum ca-
pacitance component (Equation (4)) smaller than the double
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layer capacitance component can bring down the overall inter-
facial capacitance C.[80]

The variation of the overall capacitance C of graphene (Equa-
tion (4) using a Helmholtz capacitance CH instead of CD) with
the number of layers was studied.[81] CQ was theoretically de-
termined and shown to increase with the number of graphene
layers, saturating at 5 layers. The former was attributed to an
increased density of states as more graphene layers are stacked,
and the latter was attributed to a screening effect causing charge
accumulation at the outer-most layers. From numerical cal-
culations using an experimentally applied potential and mea-
sured C, CH was found to decrease with increasing number of
graphene layers. These trends of CQ and CH resulted in a larger
overall interfacial capacitance C for SL-graphene as compared
to FL-graphene.

Further evidence of quantum capacitance playing a role in
energy storage process undergone by graphene and rGO is
the effect of overall capacitance increase with nitrogen-doping.
This has been generally attributed to the pseudocapacitance
activity of the incorporated nitrogen atoms. However, recent
studies suggest that quantum capacitance plays a role in all
kinds of carbons incorporating thin graphene-like walls, such
as carbide-derived carbons.[84] Nitrogen doping increases the
quantum capacitance of CVD grown graphene as compared
to pristine graphene from 2.5 µF cm−2 to ≈ 4.6 µF cm−2.[80]

This has been attributed to the increase of carrier density in
the graphene lattice due to the surplus of electrons supplied
by the doping nitrogen atoms.[80] In accordance with Equation
(4), it was inferred that the increase of interfacial capacitance
C of nitrogen-doped a-MEGO, from 6.0 µF cm−2 (non-doped)
to 22.0 µF cm−2 (2.3 atom % doped) may be correlated with
the increase of quantum capacitance, CQ, at nitrogen-doped
graphene-like micropore walls.[80] In summary, heptagonal and
pentagonal defects, vacancies, ad-atoms and functional groups
lead to an increase of quantum capacitance, to the expense of
decreasing the electrical conductivity of graphene.

The investigations of quantum capacitance have: (i) un-
veiled answers to long-standing questions, (ii) posed new chal-
lenges both for theoretical and experimental scientists, and (iii)
put forward new ideas about the design of graphene-based de-
vices. Capacitance is also highly influenced by the size of the
2D channels (slit pores) as outlined in the next section.

2.1.6. Capacitance in 2D Nanochannels

The sharp increase of capacitance in pores of subnanometer
size was first studied using carbide-derived carbons in organic
electrolytes.[60, 85] It was found that the maximum capacitance
was reached when the pore size approached the desolvated ion
size,[86] i.e., contrary to a long-held traditional view, desolvated
ions entered subnanometer pores. This major breakthrough
stimulated the development of new theoretical models (see
equations in Figure 10b) to explain capacitance in nanoporous
carbons[87] and further experimental studies that confirm that
this phenomenon occurs in other forms of carbon and other
type of electrolytes that involve electrolyte nanoconfinement.
Graphene is not the exception, and molecular dynamics sim-
ulations have shown a sharp increase of capacitance in sub-

Figure 10. a) Schematic of a molecular dynamics model of a
graphene nanochannel filled out with a 4 M NaCl solution.[88]

The dimensions of the system in x, y, and z directions are 10.1,
2.84, and 5.0 nm, respectively. The channel length is 3.81 nm.
Bulk and buffer regions are considered in the model for equili-
bration, (b) capacitance vs pore width calculated from molecular
dynamics simulations and theoretical calculation according to
displayed equations (variables described in[88]). a–b) Reprinted
with permission from (Journal of Physical Chemistry C 2015,
119, 23813). Copyright 2015, American Chemical Society. Q9

nanometer 2D channels of graphene in a NaCl/H2O electrolyte
(Figure 10).[88] These findings point towards the design of 2D
nanochannels that are ion-selective as a means to optimize
capacitance..

2.1.7. Concluding Remarks

In summary, research has demonstrated that it is the modifi-
cation of lattice structure, texture, morphology and chemistry
of pristine graphene that leads to enhanced energy storage.
Perfect planar graphene sheets offer a low capacitance. Open
porosity and curved morphology of graphene nanosheets were
found to favor suitable ion transport leading to both high energy
and power densities. Electrolyte access was favored by elec-
trodes with an in-plane geometry. Graphene-based materials
provide primarily double layer capacitance and pseudocapac-
itance was introduced by doping and chemical functionaliza-
tion intrinsic to rGO synthesis. Defects and dopants increase
quantum capacitance of graphene. However, even higher ca-
pacitances can be achieved with other 2D nanomaterials that
are primarily pseudocapacitive, as described next.

2.2. 2D Metal Oxides

Metal oxides are attractive for capacitive energy storage due to
their redox activity that raises their capacitance values above
those for classical EDLCs. Their larger specific weight com-
pared to carbon offers high volumetric capacitance, even when
the gravimetric capacitance is in the same range as for carbon.
A main drawback is that most of metal oxides used are insula-
tors or semiconductors, offering a lower electrical conductivity
as compared to carbons. This limits their energy storage capa-
bility, especially at high rates. Defects and non-stoichiometry
often increase the electronic conductivity. Proper design of
nanosheet morphology and texture (Figure 1), and electrode
architecture (Figure 4) can facilitate ion transport whereas elec-
trical conductivity can be improved by hybridization of metal
oxide nanosheets with other electrically conductive nanostruc-
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tures (Figure 2). Moreover, capacitive properties are brought
up by the two-dimensionality in metal oxides that in the bulk
state are better suitable for battery applications. In addition, 2D
metal oxides can be used as building blocks for 3D electrode ar-
chitectures that enable enhanced energy storage performance.

2.2.1. 2D Ruthenium Oxide

Hydrous ruthenium oxide has very high capacitance due to a
combination of electrochemical double layer capacitance and
redox pseudocapacitance related to a dual electron and pro-
ton exchange in acidic electrolytes. It also has a higher elec-
tronic conductivity as compared to most other oxides.[89] Ruthe-
nium oxide nanosheets have been obtained by the exfoliation
of ruthenic acid H0.22RuO2.11·nH2O, obtained by acid treat-
ment of potassium or sodium ruthenates, using ion interca-
lation of bulky ions such as tetrabutylammonium in aqueous
solutions.[90–92] As shown in Figure 11a, the ruthenic acid pre-
cursor has a ruthenic acid backbone, which was crystalline and
electrically conducting, with a hydrated interlayer that allows
proton conductivity.[90–92] As studied by cyclic voltammetry, this
structure enabled an overall capacitance of 392 F g−1 at 2 mV
s−1 in 0.5 M H2SO4 with contributions from double layer ca-
pacitance of 200 F g−1 (shaded region in CV in Figure 11c)
and redox activity (peaks in CV in Figure 11c).[90] Ruthenic
acid nanosheets (Figure 11b) showed a capacitance of 658 F
g−1 at 2 mV s−1, which is similar to that of hydrous RuO2

and ten times larger than that of nanocrystalline anhydrous
RuO2.[90, 92] Similar to the ruthenic acid precursor, ruthenic
acid nanosheets showed a contribution from double layer ca-
pacitance of 200 F g−1 (shaded region in Figure 11d), but an
enhanced redox activity (larger peaks in Figure 11d).[90] The
latter was attributed to a more open architecture of nanosheets
that enabled improved ion transport resulting in an increased
net redox pseudocapacitive activity.[90, 93] Cycling stability was
demonstrated up to 10,000 cycles.[90–92, 94] Flexible and trans-
parent films of ruthenic acid nanosheets were manufactured
by electrophoretic deposition.[94]

Solution-based composites of rGO and ruthenic acid
nanosheets have been prepared in order to prevent the restack-
ing of the ruthenic acid nanosheets and improve electrochemi-
cal utilization.[95] The capacitance increased from 633 F g−1 for
ruthenic acid nanosheets alone to 998 F g−1 for the ruthenic
acid nanosheets in the rGO (60 %) -ruthenic acid nanosheets
(40 %) composite in 0.5 M H2SO4.[95] While RuO2 achieves
high capacitance, the cost and need for using acidic electrolytes
limit its application. However, RuO2 nanosheets are also elec-
trochemically active in AcOH-AcOLi buffered solutions and
biocompatible electrolytes, such as fetal bovine serum.[93]

2.2.2. 2D Manganese Oxide

MnO2, unlike RuO2, is a common and inexpensive material,
showing a similar pseudocapacitive behavior. Manganese ox-
ide nanosheets have been synthesized using several meth-
ods. Early studies used the top-down approach cited above
that involved intercalation of first H+ and then bulky ions
such as tetramethylammonium (TMA) into layered precursors

Figure 11. 2D ruthenic acid nanosheets and their superca-
pacitor performance.[90] a) schematic describing the concept of
the mixed proton-electron conductivity of layered ruthenic acid
hydrate, (b) SEM image of ruthenic acid nanosheet supported
on carbon particles, (c, d) cyclic voltammograms of layered
ruthenic acid hydrate (c) and ruthenic acid nanosheets (d) in
a 0.5 M H2SO4 electrolyte at sweep rates from 2 to 500 mV
s−1. The contribution of double-layer capacitance is indicated
by shaded regions in (c, d). Reproduced with permission.[90]

Copyright 2003, Wiley-VCH Verlag.

such as K0.45MnO2 resulting in swelling and delamination.[96, 97]

Other methods use a bottom-up chemical synthesis approach
where Mn2+ ions are oxidized in the presence of TMA[98, 99]

or MnO4
− ions are reduced in the presence of organic reduc-

ing agents.[100, 101] The main disadvantages of these methods
are the multi-step and time-consuming procedures and the
difficulty to remove 100 % of the intercalant ions/molecules.
Both methods produce colloidal solutions of nanosheets of
submicrometer to micrometer width and thicknesses in the
subnanometer range implying few-layers nanosheets incorpo-
rating water.[98–100] However, a tendency to re-stack after carrier-
liquid removal persists and most of these studies showed ag-
gregates of nanosheets rather than individual nanosheets.[97–99]

Their morphology can sometimes resemble a flower.[98, 101] Re-
cently, MnO2 nanosheets were synthesized by a single-step
liquid-phase exfoliation method that produces a mix of flat
and flower-like nanosheets.[102] Challenges in the synthesis of
MnO2 nanosheets include the control of thickness distribution,
lateral size, removal of non-delaminated particles and elimina-
tion of re-stacking of the sheets upon removal of the carrier
liquid.[97–99]

The capacitive performance of MnO2 nanosheets is deter-
mined by their morphology, degree of crystallinity and ade-
quate electrolyte access to the surface. A curved or flower-like
morphology favors electrolyte access. It is known that the pres-
ence of physisorbed water in amorphous MnO2 favors proton
and ion transport.[103] Most MnO2 nanosheets produced to date
were amorphous or had poor crystallinity.[27, 101] Capacitances
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up to 532.5 F g−1 have been reported for electrodes of solely
MnO2 amorphous nanosheets (5–20 nm width) tested in 1 M
Na2SO4 and in a half-cell configuration.[100] This capacitance
was larger than that for MnO2 spheres and nanorods.[100]

Due to the semiconducting nature of MnO2 and tendency of
nanosheets to re-stack, hybridization with other electrically con-
ducting nanosheets or other nanomaterials is suggested (Fig-
ure 2). A hybrid of amorphous MnO2 nanosheets and graphene
produced by liquid-phase co-exfoliation had capacitances of 300
F cm−3 (217 F g−1) in a 0.5 M K2SO4 electrolyte.[27] Another
rGO-MnO2 nanosheet hybrid achieved a capacitance of 188 F
g−1 in 1 M Na2SO4.[104] An improved performance has been
achieved by an MnO2-rGO nanosheet hybrid with an interdig-
itated microsupercapacitor configuration described in Section
3.3.[28]

High capacitances and power performance have been re-
ported for a hierarchical assembly of 3D nanostructures
of MnO2 nanosheets vertically grown on an Au layer de-
posited onto Co3O4 vertically aligned nanowalls,[105] and ver-
tically aligned MnO2 nanosheets onto carbon-coated Co3O4

nanorods.[106] However, as described in Section 2.2.4., Co3O4

is a material that has contributions from battery-type energy
storage mechanisms and, therefore, cannot be considered truly
pseudocapacitive. In addition, the synthesis methods utilized
in these works involve multi-step procedures such as electrode-
position and sputtering that may neither be cost-effective nor
allow for scalability. Printing is a more scalable manufacturing
approach and is relevant for the manufacture of flexible super-
capacitors. A flexible printed asymmetric supercapacitor made
of rGO as anode, MnO2 nanosheets as cathode, and Ca(NO3)2-
SiO2 composite gel electrolyte showed a capacitance of 175 F
g−1 at 0.1 A g−1 and maximum energy density of 97.2 Wh
Kg−1.[101]

In summary, MnO2 should be combined with graphene
or other conducting materials for achieving high capacitance
values. With a proper design of material architecture, it can
be used in both, small scale and large-scale devices. Its low
cost, compared to other transition metal oxides, makes it an
attractive candidate for large-scale energy storage applications.

2.2.3. 2D Molybdenum Oxide

Among other transition metals showing pseudocapacitive be-
havior, molybdenum trioxide is attracting much attention due
to potentially high volumetric capacitance. MoO3 is a ma-
terial that can store charge by various mechanisms includ-
ing double layer capacitance, redox pseudocapacitance, ion
intercalation pseudocapacitance and diffusion controlled ion
intercalation.[107, 108] Multi-layered 2D "-MoO3 of typical dimen-
sions of 100 nm x 40 nm x 21 nm was synthesized by liquid-
phase exfoliation, mixed with SWCNTs, and its charge storage
properties were investigated in LiClO4/PC electrolyte in a 1.5–
3.5 V electrochemical window.[109] This composite stored up to
375 C g−1 charge at 20 mV s−1, similar to that of mesoporous "-
MoO3

[107] and"-MoO3 nanobelts,[108] but with a larger contribu-
tion from diffusion controlled Li-ion intercalation.[110] This was
attributed to a larger number of intercalation sites available due
to the 2D nature, as compared to nanobelts. Hexagonal MoO3

Figure 12. 2D h-MoO3 and its supercapacitor performance.[111]

a) Model of the crystal structure of h-MoO3 where green dots
represent Mo atoms and red dots represent O atoms, (b) TEM
image and diffraction pattern of a h-MoO3 nanosheet, (c) volu-
metric capacitance vs scan rate curves of h-MoO3 film electrodes
tested in various aqueous electrolytes, (d) gravimetric and volu-
metric charge vs charging time curve of a h-MoO3 film electrode
tested in a 1 M LiClO4/EC/DMC electrolyte. Reproduced with
permission.[111] Copyright 2016, Nature Publishing Group. .

nanosheets (h-MoO3, Figure 12a) were produced using coating
of peroxomolybdate onto NaCl that served as template to guide
the growth of the oxide upon heat treatment.[111] The area of the
nanosheets (Figure 12b) was ≈400 µm2 and the thickness was
tuned from 1.6 nm to 16 nm by controlling the precursor/salt
ratio. As shown in Figure 12c, film electrodes (without elec-
trically conducting additive) of h-MoO3 nanosheets tested in a
half-cell configuration showed a high volumetric capacitance
up to 600 F cm−3 in various aqueous electrolytes. As shown in
Figure 12d, when tested in a 1 M LiClO4/EC/DMC electrolyte,
the h-MoO3 nanosheets electrodes stored a total of 996 C g−1

and 1100 C cm−3 at 2 mV s−1. This high charge storage was
mainly of pseudocapacitive nature. A fast high power perfor-
mance (≈400 C g−1 at 100 mV s−1) was attributed to the 2D
nature that facilitated a fast ion transport. It was demonstrated
that the charge storage scales down with increasing nanosheet
thickness, which emphasizes the role of two-dimensionality. A
key advantage of this templating method is that 2D nanoma-
terials with a non-layered crystal structure can be synthesized,
which is a requirement for exfoliation methods.

2.2.4. Other 2D Metal Oxides

There are many other oxides than can be produced in a 2D state,
including Co3O4,[112] NiCo2O4,

[113] TiO2-B,[114] TiO2 anatase[115]

and Fe3O4.
[116] However, not all of them can be considered

capacitive and caution in this sense should be taken as some of
those materials show plateaus in charge–discharge curves that
describe battery-type behavior.[117–119]

Metal oxides such as RuO2, MnO2 and Nb2O5 present
true pseudocapacitive behavior (also named intrinsic pseu-
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docapacitance) typical of that observed for a capacitive car-
bon electrode.[118] Mn3O4, Fe3O4 and MnFe2O4 are true pseu-
docapacitors with a modest capacitance.[118] TiO2(B) and T-
Nb2O5 present intrinsic intercalation pseudocapacitance.[118]

Some metal oxides that in bulk state behave like battery mate-
rials, such as LiCoO2, V2O5 and TiO2 (anatase phase), present
"extrinsic" pseudocapacitive behavior when nanostructured
(plateaus in charge–discharge curves are completely replaced
by almost linear regions).[118]

V2O5 is attractive for energy storage applications due to its
multiple valence states and layered structure. Although typi-
cally considered for battery applications while in its bulk state,
nanostructuring brings out its pseudocapacitive properties de-
scribed by sloping discharge curves and broad and featureless
CVs.[118] V2O5 nanosheets of lateral dimensions up to 10 µm
and thickness of 4 nm have been synthesized using hydrother-
mal methods and the nanosheets were then utilized to build a
3D structure using freeze-drying.[120] Symmetric devices of the
3D V2O5 showed a capacitance of 451 F g−1 at 0.5 A g−1 in a
1 M Na2SO4 electrolyte in a 2 V electrochemical window.[120]

A similar performance has been achieved for hybrids of V2O5

nanosheets and reduced graphene oxide.[121]

Other metal oxides such as Co3O4, NiCo2O4 and MnCo2O4

undergo both battery-type and pseudocapacitive process in
aqueous electrolytes (a discharge curve with plateaus and slop-
ing regions).[118] A fast response with an enhanced pseudoca-
pacitive contribution can be obtained when nanostructured.[118]

This is the case of Ni(OH)2 and Co(OH)2, which in the bulk
state have a battery-type behavior and, in fact, are materials
commonly used in alkaline batteries. When nanostructured,
they show a combination of plateaus (battery-type behavior)
and sloping regions (pseudocapacitive behavior) in charge–
discharge curves. This has led to confusion in the litera-
ture where often they have been incorrectly referred to as
"pseudocapacitors" or "supercapacitors".[118] Since these mate-
rials still undergo phase transformations they cannot be truly
pseudocapacitive[119] and thus they are not included in this re-
view. Moreover, they are often used in hybrid devices as the
battery electrode that is combined with a capacitive electrode,
such as carbon.[119]

2.3. 2D Transition Metal Dichalcogenides

Transition metal dichalcogenides are a large family of 2D ma-
terials that include many semiconducting and even metallic
structures showing promise for energy storage applications.[6]

MoS2 is the most common transition metal dichalcogenide,
also called molybdenite, which has 2H (semi-conducting), 1T
(metallic), both metastable, and 3R (stable at standard con-
ditions) polytypes.[122] 2D MoS2 has been produced using a
variety of synthesis techniques including chemical and elec-
trochemical exfoliation.[6, 123, 124] These processes rely on the
intercalation of Li-ions into the bulk MoS2 followed by exfo-
liation in water.[123, 125] Chhowalla et al. showed that chemical
exfoliation yields 100 % monolayer MoS2, of which, ≈70 % is
transformed from 2H to 1T phase upon Li-ion intercalation.[123]

Figure 13a shows a STEM image of a 1T-MoS2 nanosheet where
the 1T crystal arrangement can be appreciated and Figure 13b

Figure 13. 2D 1T-MoS2 and its supercapacitor performance.[18]

a) Dark field STEM image of a 1T-MoS2 nanosheet where blue
spheres indicate Mo atoms, (b) SEM image of an electrode
made of 1T-MoS2 nanosheets by vacuum filtration, (c) cyclic
voltammograms of 1T-MoS2 nanosheet electrodes showing ca-
pacitive behavior in aqueous electrolytes, and (d) volumetric
capacitance vs scan rate for MoS2 nanosheet electrodes in var-
ious aqueous electrolytes. a) Reproduced with permission.[6]

Copyright 2013, Nature Publishing Group. b–d) Reproduced
with permission.[18] Copyright 2015, Nature Publishing Group.

shows a SEM image of a film electrode made of 1T-MoS2

nanosheets. 1T-MoS2 showed capacitive behavior in aqueous
H2SO4, Li2SO4, Na2SO4 and K2SO4 (Figure 13c) and organic
electrolytes.[18] Binder-free 1T-MoS2 electrodes tested in half-
cells showed volumetric capacitances up to 650 F cm−3 (Figure
13d) at scan rate of 20 mV s−1 with a capacity retention of 97
% over 5,000 cycles.[18] This was attributed to ion intercalation
into the 1T-MoS2 layers due to their hydrophilicity and metal-
lic character. 1T-MoS2 also intercalated larger ions as it was
shown for symmetric devices with capacitances of 199 F cm−3

in TEA BF4/MeCN and 250 F cm−3 in EMIM BF4/MeCN with
capacity retention of 90 % over 5000 cycles.[18] The maximum
energy and power density of this device were 0.11 Wh cm−3

and 51 W cm−3, respectively.[18] Microsupercapacitors of 2D
MoS2 nanosheets and VS2 nanosheets are described in Section
3.2.2.

2.4. 2D Carbides (MXenes)

MXenes are a new family of 2D carbides with metallic con-
ductivity, hydrophilicity, and capability for ion intercalation
that have shown high volumetric capacitances in microsized,
binder-free, and mechanically strong electrodes.[17, 126] MXenes
are derived from MAX phases with the Mn+1AXn composition,
where M is an early transition metal (Mo, Ti, Nb), A is an ele-
ment from groups IIIA or IVA (Al, Ga, Si, Ge, Sn), X is C or
N, and n = 1, 2, 3. More than 70 MAX phases[7, 127] and about
the same number of solid solutions and multi-element layered
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Figure 14. MXenes and their electrochemical properties. a)
Schematics showing the manufacturing process, (b) SEM im-
age shows a multilayer Ti3C2Tx obtained after etching Al from
Ti3AlC2 using HF,[11] (c) SEM image of Ti3C2Tx paper obtained
by vacuum assisted filtration of Ti3C2Tx sheets; the inset shows
its flexibility,[11] (d) cyclic voltammogram of Ti3C2Tx paper in
1 M KOH,[11] (e) Ti3C2Tx film manufactured by rolling clay-like
Ti3C2Tx obtained by etching Al out of Ti3AlC2 with a mix of LiF
and HCl,[126] (f) cyclic voltammograms showing high volumetric
capacitance of clay-like Ti3C2Tx in 1 M H2SO4.[126] a) Adapted
with permission.[7] Copyright 2015, American Chemical Society.
b–d) Reproduced with permission.[11] Copyright 2013, AAAS.
e, f) Reproduced with permission.[126] Copyright 2014, Nature
Publishing Group..

structures[8, 128] have been produced, providing a large num-
ber of potential precursors for MXene synthesis. As shown
in Figure 14a, Mn+1Xn or MXenes are obtained by etching
away the A element from the MAX phase. This was achieved
for the first time by treating Ti3AlC2 with hydrofluoric acid
(HF) to produce a multilayer Ti3C2Tx (Figure 14b) followed
by sonication that produces delaminated MXene sheets (Fig-
ure 14c).[9] This treatment induces the presence of chemical
functionalities Tx on the delaminated MXene surfaces includ-
ing = O, –OH, and –F groups.[9, 129] These surface function-
alities influence the electronic properties of MXenes and in-
duce hydrophilicity.[7, 10] Importantly, MXenes can intercalate
ions and organic molecules;[11, 130] this property was used to
delaminate multilayer MXenes into single- or few-layer sheets
by intercalation of dimethyl sulfoxide (DMSO)[130] or tertiary
amines[131, 132] followed by sonication in water.

Most research on MXenes to date has been focused on
Ti3C2Tx even though about 20 different MXenes have already
been produced. Ti3C2Tx films have a metallic conductivity of
2.4×105 S m−1[17] and show spontaneous intercalation upon
immersion into solutions, and capacitive behavior in a variety
of aqueous electrolytes including sulfates, hydroxides and ni-
trates of Na+, K+, Li+, Al3+, Mg2+, with capacitances up to 350
F cm−3 for binder-free Ti3C2Tx paper (Figure 14c) tested in 1 M
KOH electrolyte (Figure 14d).[11] A significant advance in the
science of MXenes is the use of alternative methods, other than
HF, to selectively etch away aluminum from the MAX phase.
Recently, Ti3C2 was produced by using a solution of LiF + HCl
as an etchant.[126] This methodology favored the intercalation
of water and Li ions, which in turn, conferred the material a
clay-like texture that allowed its rolling into free-standing films
(Figure 14e). When tested in 1 M H2SO4, these films showed a
high volumetric capacitance of up to 900 F cm−3 (Figure 14f),
and high gravimetric capacitance of 246 F g−1. Cycling stability

was demonstrated for 10,000 cycles at 10 A g−1. The improved
performance of these films in respect to the HF-etched Ti3C2

was attributed to water molecules and Li ions incorporated be-
tween the MXene layers and improving ion access to MXene
surfaces.

MXenes not only provide a high storage capacity but also
deliver it at high rates. Unlike storage processes in battery
materials that are limited by Li-ion diffusion, MXenes store
charge by cation adsorption into swollen MXene galleries, due
to water and electrolyte ions intercalated in between MXene lay-
ers, accompanied and facilitated by rapid layer expansion and
contraction.[13] Pseudocapacitive storage mechanisms include
a reversible change in the oxidation state of the M element, as it
has been demonstrated for Ti3C2Tx in 1 M H2SO4.[133] This re-
dox process lead to the very high volumetric capacitance of 900
F cm−3, at a low (<100 m2 g−1) specific surface area determined
by nitrogen gas adsorption.[126] Moreover, high volumetric ca-
pacitances are maintained for thick electrodes (≈550 F cm−3

and ≈380 F cm−3 for electrodes with thicknesses of 30 µm and
75 µm, respectively).[126] This implies that MXenes are suitable
for manufacturing both, microsized and conventional superca-
pacitors. The presence of chemical functionalities on MXenes
can be exploited to further enhance energy storage. It has been
found that removal of fluorine functionalities and substitution
for oxygen containing functionalities increased gravimetric and
volumetric capacitance (in 1 M H2SO4) of Ti3C2Tx immersed
in KOH or KAc.[134]

Delaminated MXenes have been processed into free-
standing films that, due to the combination of suitable elec-
trical conductivity, hydrophilicity, tensile strength and flexibil-
ity, show promise for flexible supercapacitor applications. A
Ti3C2Tx/PVA-KOH composite film achieved a volumetric ca-
pacitance of 530 F cm−3 at 2 mV s−1 (much higher than ≈100
F cm−3 for graphene[23]), electrical conductivity of 2.2×104 S
m−1, tensile strength of 30 MPa and Young’s modulus of 3
GPa.[17] A strategy to overcome the natural tendency of de-
laminated MXenes to re-aggregate has been the introduction
of separating particles that include onion-like carbon (0D),
carbon nanotubes (1D) and graphene (2D) in sandwich-like
assembled films.[30] Ti3C2Tx/onion-like carbon (397 F cm−3),
Ti3C2Tx/SWCNTs (390 F cm−3), and Ti3C2Tx/graphene (435
F cm−3) sandwich-like films showed improved volumetric ca-
pacitance as compared to the pure Ti3C2Tx (360 F cm−3) in 1
M MgSO4.[30] In situ polymerization of pyrrole between MX-
ene sheets increased capacitance beyond 1000 F cm−3 due a
synergy between two pseudocapacitive materials proving en-
ergy storage in both, Ti3C2Tx and polypyrrole.[32] Binder free
MXenes can be used as current collector-free electrodes due
to their high metallic conductivity, minimizing the amount of
inactive materials and further increasing the energy density of
the device. However, the key issue for MXenes use as pseu-
docapacitive material is finding a matching positive electrode
with equally high capacitance and conductivity, as they can only
operate under negative potentials in aqueous electrolytes.

Li-ion and Na-ion capacitors using MXenes (Ti2C, V2C and
other) with organic electrolytes allow expanding the voltage
window and are a promising research direction.[131, 135] It has
also been shown that Ti3C2Tx can work with common organic
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electrolytes.[136] Also, more than a dozen of MXenes already
available now should be evaluated, as thinner M2C structures
should offer a higher gravimetric capacitance, while Mo, Nb
and V containing MXenes may experience a larger change in
the oxidation state, compared to Ti, and provide a higher redox
capacitance.

2.5. Materials Summary and Applications

Table 1 summarizes the performance of the various 2D nano-
materials reviewed here. Among the graphene-based materi-
als, a-MEGO had the largest gravimetric energy and power
densities that reach far beyond the performance of commercial
activated-carbon supercapacitors that have an energy density of
≈5 Wh kg−1 and power density of 800–1200 W kg−1[137] and,
thus, is suitable for large scale energy storage applications.
Moreover, a-MEGO in combination with mixed ionic liquids
can be used for devices operating under extreme weather con-
ditions (−50◦C to 80◦C). PECVD-grown graphene is suitable
for AC-line filtering application, where operation at high fre-
quencies is necessary. Aerogels based on rGO are promising
for the development of all-solid-state supercapacitors, and their
doping can add pseudocapacitance. As described in the next
section, adequate electrode design makes rGO suitable for mi-
crosupercapacitor applications, where the volumetric and areal
capacitances are critical.

2D transition metal oxides and transition metal dichalco-
genides offer larger gravimetric capacitances than graphene-
based 2D nanomaterials and can be suitable for both large-
and small-scale applications. Ruthenic acid nanosheets have
the highest capacitance and a high gravimetric and volumet-
ric energy and power densities, which make them suitable
for microdevice applications. The electrical conductivity and
transparency of these nanosheets make them also suitable for
use in energy storing windows and screens. Manganese oxide
nanosheets are suitable for both large scale and thin-film based
supercapacitors, when hybridized with an electrically conduct-
ing component. MoO3 nanosheets with high volumetric ca-
pacitance are suitable for thin-film devices. Moreover, MoO3

nanosheets are active in a variety of aqueous and organic elec-
trolytes. The same can be said about transition metal dichalco-
genides, as demonstrated for 1T-MoS2, which is suitable for
manufacturing binder-free electrodes due to their metallic con-
ductivity. 2D carbides, such as Ti3C2Tx, combine highly desir-
able characteristics for supercapacitors including metallic con-
ductivity, flexibility, mechanical stability and redox-active sur-
faces, which lead to a high volumetric capacitance delivered at
high rates, even for electrodes with thicknesses in the order of
tens of micrometers. These materials are especially promising
for binder-free flexible devices and microsupercapacitors.

As described in the next section, the realization of all
these applications relies not only on materials design, but also
strongly depends on the electrode architecture, device configu-
ration and manufacturing approaches.

3. Electrode Architecture, Device Design and
Manufacturing

Electrode design and device configuration are crucial for maxi-
mizing the performance of supercapacitors based on 2D nano-
materials. In this section, various aspects of design, architec-
ture and manufacturing of 2D nanomaterials-based electrodes
and full supercapacitors are discussed.

3.1. Nanosheet Morphology and Device Configuration

Early studies on the application of graphene for supercapacitors
showed that the stacking of nanosheets hindered electrolyte
access (Figure 1a). This problem was alleviated by: (1) modify-
ing the nanosheet morphology from flat to curved (Figure 1b),
which prevented the nanosheets from restacking[138] and (2) in-
troducing mesoporosity using a carbon activation process that
generated a network of micro- and mesopores (Figures 1d and
7d),[23] and (3) manufacturing of electrodes with an "in-plane"
geometry[45] which is the focus of this section. In a typical "sand-
wich configuration" (Figure 4a), nanosheets are stacked onto
current collectors that face each other. In this configuration the
transport of electrolyte ions across nanosheets is difficult. In
contrast, when nanosheets are vertically aligned with respect
to current collectors (Figure 4b), the electron transport trough
inter-sheet spaces is more efficient. The literature describes
the latter configuration (Figure 4b) as "in-plane" geometry.[45]

This can be interpreted as the ion transport direction respect
to the basal plane of the nanosheet, i.e., "in-plane" geometry
refers to the transport of ions in a direction parallel to the
basal plane of the nanosheet. Conversely, the configuration
in Figure 4a, is said to have an "out-of-plane" geometry, i.e.,
where the ion transport direction is orthogonal to the basal
plane of the nanosheet. In an interdigitated configuration (Fig-
ure 4c), typically used for microsupercapacitors, electrodes of
stacked nanosheets lie side by side (usually separated by few-
micrometer distances) in the same plane of the current col-
lector (thus described as in-plane electrodes). The electrolyte
is deposited on top and in between the electrodes, so that the
ion transport occurs along the basal plane of the nanosheets.
This geometry favors a faster ion transport as it utilizes the 2D
channels between nanosheets, optimizing the utilization of the
active surface area. This leads to enhanced energy and power
densities.

3.2. Microsupercapacitors, Flexible and Freestanding
Film Supercapacitors

Besides their high surface area, one of the main attractive fea-
tures of 2D nanomaterials is their flexibility allowing bending
and folding. The 2D nature of these materials allows manufac-
turing of flexible and freestanding film devices that keep their
charge storage properties unaltered after bending and folding.
When combined with solid-state electrolytes, 2D nanomaterials
are suitable for manufacturing flexible all-solid state superca-
pacitors.

The combination of flexibility with high electrical conductiv-
ity makes 2D nanomaterials particularly attractive for manufac-

14 wileyonlinelibrary.com c© 2016-04 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Mater. 2016-04, 0, 14–28



adma201506133.xml Generated by PXE using XMLPublishSM April 20, 2016 9:27 APT: WF JID: ADMA
R

eview

Author Proofwww.advmat.de

Table 1. Summary of 2D nanomaterials

Material Electrochemical performance Electrode thickness Configuration Electrolyte

Liquid-phaseexfoliated
graphene[43]

543 µF cm−2, 12 F g−1, 2.3
ms cap. resp.

350 nm half cell 1 M H2SO4

PECVD graphene[22] 97.5 µF cm−2,3 Fcm−3,8.3
ms cap. resp.

600 nm symmetric device 25 % KOH/H2O

CRGO[49] 100 F g−1 - symmetric device TEA BF4/MeCN

MEGO[52] 191 F g−1 - symmetric device 5 M KOH

TEGO[54] 264 F g−1 - symmetric device 5.5 M KOH

TEGO[54] 122 F g−1 - symmetric device [MeEt3N]BF4/MeCN

a-MEGO[23] 60 F cm−3, 166 F g−1, 70 Wh
kg−1, 250 kW kg−1, 10,000

cycles

- symmetric device BMIM BF4/MeCN

a-MEGO[56] 150 F g−1 at -50 ◦C- 80 ◦C 55 mm symmetric device PIP13-FSI+PYR14-FSI

Nitrogen-doped graphene[66] 284 F g−1 at 5 mV s−1 and
226.5 F g−1 at 10 A g−1

- symmetric device 1.0 M [Bu4N]BF4/MeCN

Nitrogen-doped graphene +

thermal expansion[67]
270 F g−1 at 1 A g−1 , 182 F

g−1 at 10 A g−1, 24 Wh kg−1,
1.5 kW kg−1

- half cell 1 M H2SO4

Nitrogen-boron doped rGO
aerogel[75]

239 F g−1 at 1 mV s−1, ∼150
F g−1 at 10 mV s−1

1 mm half cell 1 M H2SO4

Nitrogen-boron doped rGO
aerogel[75]

62 F g−1 at 5 mV s−1, 8.6
Wh kg−1, 1.65 kW kg−1

1 mm symmetric device PVA/H2SO4

Undoped rGO aerogel[75] 181 F g−1 1 mm half cell 1 M H2SO4

Laser-scribed rGO with
round design[139]

0.51 mF cm−2, 3.1 F
cm−3,4.3×10−4 Wh cm−3,

1.7 W cm−3

- IMS H2O in hydrated GO

Free-standing GO films[140] 3.67 mF cm−2, ∼ 0.45 F
cm−3, 33 ms cap. resp.,

10,000 cycles

- symmetric device 1 M H3PO4, PVA/H3PO4

Free-standing GO films[140] 5.02 mF cm−2, 276 F g−1,
1.36 x 10−3 Wh cm−3, 0.8 W

cm−3

- symmetric device EMIM BF4/MeCN

Laser-scribed rGO onto a
DVD[141]

2.32 mF cm−2, 3.5 F cm−3 at
16.8 mA cm−3 , 19 ms cap

resp.

- IMS (16 electrodes) PVA/H2SO4 gel

Laser-scribed rGO onto a
DVD[141]

2.35 F cm−3, 1.5×10−3 Wh
cm−3, 200 W cm−3

- IMS (16 electrodes) Ionic liquid/silica

Functionalized rGO +

Nafion[144]
118.5 F g−1 at 1 A g−1, 110 F
g−1 at 30 A g−1, 1000 cycles

- symmetric device 1 M H2SO4/Nafion

rGO/niquel nanocone 3D
substrate[145]

6.84 mF cm−2 at 0.1 mA
cm−2, 1.73 F cm−3, 0.15

mWh cm−3, 20,000 cycles

45 µm symmetric device PVA-Na2SO4 gel

rGO/MWCNTs[152] 6.1 F cm−3, 3.2 ms, 4×10−4

Wh cm−3, 77 W cm−3, 3.4
ms cap. resp.

6 µm IMS 3 M KCl

Free standing rGO/PANI[31] 581 F g−1, 10,000 cycles - half cell 1 M H2SO4

Free standing rGO/PANI[31] 5.5×10−3 Wh cm−3,
3×10−2 W cm−3

- symmetric device PVA/H2SO4 gel

Ruthenic acid nanosheets[90] 658 F g−1 at 2 mV s−1,
10,000 cycles

- half cell 0.5 M H2SO4

Ruthenic acid nanosheets +

rGO[95]
998 F g−1, 20.3 Wh kg−1,

600 W kg−1
- half cell 0.5 M H2SO4

RuO2 nanoparticles/ rGO
nanosheets[29]

570 F g−1, 20.1 Wh kg−1, 10
kW kg−1, 1,000 cycles

- half cell 1.0 M H2SO4

MnO2 nanosheets[100] 532.5 F g−1 - half-cell 1 M Na2SO4

MnO2 nanosheets +

graphene[27]
300 F cm−3, 217 F g−1 - half-cell 0.5 M K2SO4

MnO2 nanosheets/rGO[101] 175 F g−1, 97.2 Wh kg−1, 4
kW kg−1

- hybrid device Ca(NO3)2-SiO2 gel

dgelO2 nanosheets/rGO[28] 250 F g−1 at 0.5 A g−1, 17.0
Wh kg−1, 2.5 kW kg−1, 7,000

cyles

40 nm IMS PVA/H3PO4 gel
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Table 1. Continued.

Material Electrochemical performance Electrode thickness Configuration Electrolyte

Hexagonal MnO2

nanosheets/MWCNT
paper[146]

91.7 mF cm−2, 1035 F g−1 at
2 mV s−1, 572 F g−1, 48.8

mF cm−2 at 25 A g−1

- half cell 0.5 M Na2SO4

Hexagonal MnO2

nanosheets/MWCNT
paper[146]

147 F g−1, 17 Wh kg−1 , 38
kW kg−1

- symmetric device PVA/LiCl gel

Hexagonal MnO2

nanosheets/MWCNT
paper.[146]

25.3 Wh kg−1, 81.0 kW kg−1 - coaxial device PVA/LiCl gel

aVA/L3 nanosheets (21 nm
thick)/SWCNTs[109, 110]

375 C g−1

(pseudocapacitive), 365 C
g−1 (diffusion controlled),

200 F g−1

- half cell 1 M LiClO4/PC

h-MoO3 nanosheets (1.6 nm
thick)[111]

600 F cm−3 - half cell 1 M H2SO4

h-MoO3 nanosheets (1.6 nm
thick)[111]

996 C g−1, 1100 C cm−3, 550
F cm−3, 498 F g−1, 0.3 Wh

cm−3, 1 W cm−3, 3,000
cycles

1-4 µm half cell 1 M LiClO4/EC/DMC

3D gel of V2O5 nanosheets
(4 nm thick)[120]

451 F g−1 at 0.5 A g−1 and
150 F g−1 at 50 A g−1

- symmetric device 1 M Na2SO4

1T- MoS2 nanosheets[18] 650 F cm−3, 5,000 cycles - half cell 1 M H2SO4

1T-MoS2 nanosheets[18] 199 F cm−3, 5,000 cycles - half cell TEA BF4/MeCN

1T-MoS2 nanosheets[18] 250 F cm−3, 0.11 Wh cm−3,
1.1 W cm−3

- half cell EMIM BF4/MeCN

MoS2 nanosheets[142] 8 mF cm−2, 178 F cm−3 0.45 µm IMS (10 electrodes) 1 M NaOH

VS2 nanosheets[143] 4.7 mF cm−2, 317 F cm−3,
1,000 cycles

150 nm IMS PVA/BMIM BF4 gel

Ti3C2Tx paper[11] 350 F cm−3, 10,000 cycles - half cell 1 M KOH

Ti3C2Tx film[17] 530 F cm−3 - half cell PVA/KOH

Clay-like Ti3C2Tx
[126] 900 F cm−3, 246 F g−1 ,

10,000 cycles
5 µm half cell 1 M H2SO4

Clay-like Ti3C2Tx
[126] 550 F cm−3, 380 F cm−3 30 µm, 75 µm half cell 1 M H2SO4

turing high-performance microsupercapacitors. Microsuperca-
pacitors are small devices that can be incorporated into mi-
crochips, flexible integrated circuits, flexible displays, windows
and screens, wearable and portable electronics, sensors, trans-
mitters, and microelectromechanical systems.[14] Microsuper-
capacitors are typically designed in an interdigitated configu-
ration (Figure 4c) and thus called interdigitated microsuperca-
pacitors (IMSs). Micrometer-sized electrodes are separated by
micrometer distances, where the electrolyte is deposited, which
implies shorter ion transport distances and diminished overall
device resistance. The use of separators and polymeric binders
is excluded. The total footprint area may be in the millimeter
or centimeter scale and the thickness is typically less than 10
µm.[14] Flexible and freestanding film supercapacitors can oc-
cupy a fairly large area (cm2) or be micro-sized. In the latter
case, they can also be called microsupercapacitors.

3.2.1. Microsupercapacitors Based on Reduced Graphene
Oxide

Microsupercapacitors based on 2D nanomaterials have shown
advantageous features compared to other thin-film energy stor-
age devices. Ajayan et al. reported the fabrication of microsu-

percapacitors of various geometries by reducing hydrated GO
free-standing films with a laser beam.[139] The laser reduced
rGO areas constituted the electrode, whereas the non-reduced
and hydrated GO areas served as separators and solid state elec-
trolyte. Except for power density, the in-plane devices showed
a better performance (see Table 1) than the devices manufac-
tured in a sandwich configuration.[139] The in-plane configura-
tion also favored an increased ionic conductivity (2.8×10−3 S
cm−1).[139] Importantly, the laser scribing induced film poros-
ity, avoiding nanosheet re-stacking, enhancing ionic conduc-
tivity and surface area utilization. The ionic conductivity of
the non-reduced GO was attributed to oxygen-containing func-
tionalities, making it hydrophilic, and water and ions presence
between the GO layers.

In a similar approach, Kaner et al. produced free-standing
rGO electrode films using an infrared laser inside a LightScribe
CD/DVD optical drive.[140] A symmetric device (sandwich con-
figuration) tested in 1 M H3PO4 showed a volumetric capaci-
tance of ∼ 0.45 F cm−3 with good stability up to a current den-
sity of 4.5 A cm−3, an areal capacitance of 3.67 mF cm−2 and a
response time of 33 ms.[140] A similar device based on activated
carbon showed about the same capacitance, but inferior power
performance. An all-solid state device in a sandwich configura-
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Figure 15. rGO microsupercapacitors manufactured by laser
scribing.[141] a) Schematic of the manufacturing process. A GO
film is coated onto a PET film that is supported onto a DVD
media disc. An interdigitated microsupercapacitor is scribed
using a LightScribe DVD burner and electrical contacts and a
PVA/H2SO4 gel electrolyte area applied, (b) an optical image
of a sample of more than 100 microsupercapacitors scribed on
a single run, (c) cyclic voltammograms and (d) volumetric ca-
pacitance vs scan rate curve of a microsupercapacitor with a
sandwich configuration (black line) and interdigitated microsu-
percapacitors with 4 (red line), 8 (green line) and 16 (blue line)
electrodes. Reproduced with permission.[141] Copyright 2012,
Nature Publishing Group.

tion incorporating a polyvinyl alcohol (PVA)/H3PO4 electrolyte
showed similar capacitance and power density with no per-
formance degradation under bending, and 97 % capacitance
retention after 10,000 cycles.[140] The use of EMIM BF4/MeCN
as electrolyte enabled a further enhancement of specific capac-
itance by increasing the voltage window to 4 V.[140] The same
group also demonstrated a high throughput fabrication of IMSs
(more than 100 made in ≈30 min) coated onto a DVD, with
a spatial resolution of 20 µm and thickness of 7.6 µm (Figure
15a–b).[141] The laser-scribed interdigitated devices were tested
in a PVA/H2SO4 gel electrolyte. The capacitance (see Table
1, and Figure 15c-d) was proportional to the number of in-
terdigitated electrodes, superior to the capacitance of a device
with a sandwich configuration (Figure 4a) and an activated-
carbon based device.[141] The high power density was attributed
to the open interlayer structure of the electrode and the short
ion-diffusion distance between the interdigitated electrodes.
The RC constant of the device was 19 ms, which was shorter
than that of other carbon-based nanostructures. When using
an ionogel (ionic liquid plus fumed silica) as electrolyte, the
energy density and power density (see Table 1) were further
enhanced.[141] The performance of this device was reported to
be competitive in energy density with a thin film Li-ion battery
and in power density with an aluminum electrolytic capacitor.

3.2.2. Microsupercapacitors Based on Inorganic 2D
Nanomaterials

Other materials may offer a higher volumetric or areal ca-
pacitance compared to pure graphene. MoS2 nanosheet-based
IMSs were prepared by spray coating and laser patterning.[142]

They outperformed the rGO-based EDLC microsupercapacitor

described above, showing areal capacitance of 8 mF cm−2 at
10 mV s−1 and volumetric capacitance of 178 F cm−3 in 1 M
NaOH. This was attributed to redox pseudocapacitance and
a crumpled morphology of electrodes that favored electrolyte
access.

VS2 nanosheet-based IMSs were manufactured using a
blade-molding technique and were tested in a PVA/BMIM BF4

gel-ionic liquid electrolyte.[143] Despite the metallic conductiv-
ity of VS2 nanosheets, cyclic voltammetry showed a resistive
behavior at 200 mV s−1. The capacitances (coming from only
double layer capacitance contribution as no pseudocapacitive
activity was identified) reported were 4.7 mF cm−2 and 317 F
cm−3, but the thickness of the device was only 150 nm.

3.2.3. Flexible and Free-standing Film Supercapacitors Based
on 2D Nanomaterials

One of the challenges faced in the design of all-solid state su-
percapacitors is a slow ion transport due to the introduction
of a solid or gel electrolyte that has a lower ionic conductivity
than a liquid one. An approach to solve this problem is devel-
oping an intimate contact between individual particles of active
materials and the the solid state electrolyte. A symmetric all-
solid state supercapacitor has been manufactured with nafion-
functionalized rGO films sandwiching a nafion membrane.[144]

Here the nafion polymer was incorporated onto solution exfo-
liated GO prior to reduction achieving an intimate contact be-
tween GO and the polymer. Films were then manufactured by
vacuum assisted filtration. The nafion film used as separator
was prepared by casting a solution containing H2SO4, which
increased ionic conductivity, onto the electrode films. This fa-
cilitated the incorporation of the electrolyte into the electrode
pores. Nafion also served as binder, and a close contact be-
tween active material and nafion was aided by hot pressing.
All these elements of chemical and manufacturing design re-
sulted in a two-fold increase in capacitance (118.5 F g−1 at 1 A
g−1) and improved rate performance as compared to a similar
device without nafion. The device retained 90 % of capacitance
during 1000 cycles under bending conditions showing good
mechanical stability.

Wong et al. recently published a study that demonstrated
the potential for integration of rGO based devices into wearable
electronics.[145] As shown in Figure 16a, nickel nanocone arrays
(NCA) were electrodeposited onto Ti foils forming a 3D struc-
ture, where rGO was electrodeposited. In order to make the
device mechanically robust, blocks of ethyl vinyl acetate (EVA)
were stencil-printed onto the nickel nanocones array surface
prior to rGO electrodeposition. They were uniformly spaced
across the electrode area to serve as supports and as separator
units. Next, a PVA-Na2SO4 gel electrolyte was applied and two
such electrodes were assembled face-to-face by hot pressing. A
single electrode tested in aqueous Na2SO4 electrolyte had a high
areal capacitance of 51.3 mF cm−2 at 2 mV s−1. The all-solid
state symmetric supercapacitor showed an areal capacitance
up to 6.84 mF cm−2 (Figure 16c), a volumetric capacitance of
1.73 F cm−3 for a 45 µm device, a volumetric energy density of
0.15 mWh cm−3 and a capacitance retention of 99 % for 20,000
cycles. The relatively high areal capacitance was attributed to
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Figure 16. a) Schematic of the manufacture of a tailorable
flexible device.[145] Nickel nanocone arrays are electrodeposited
onto a Ti foil where EVA "banks" are then stencil-printed. rGO
is then electro-deposited and the Ti foil is peeled-off. Two such
electrodes are coated with a PVA-Na2SO4 gel electrolyte and
assembled by hot-pressing, (b) SEM image of the macroporous
rGO electrodeposited onto the NCA showing a height of 20
µm, (c) cyclic voltammogram, (d) areal capacitances vs current
density curves, (e) capacitance retention vs compression stress
curve and cyclic voltammograms under various compression
tests. Adapted with permission.[145] Copyright 2015, American
Chemical Society.

the enhanced mass loading of active material in the nickel
nanocone 3D array as compared to a flat surface, and also due
to the macroporous nature of the rGO (Figure 16b). Due to
the EVA supports, the device resisted compressive stress up to
90 kPa with 92.6 % capacitance retention (Figure 16d), folding
and bending. A connection of 3 supercapacitors in series was
capable of lighting a LED during and after cutting with ceramic
scissors and while attached to a jacket (both device and cloth
were cut). This demonstrated possibility for tailoring and reli-
ability of the device while subject to cutting and puncturing, as
required for integration in wearable electronics. However, the
weight of metal may be an obstacle to the practical use of this
approach.

In another study, hexagonal MnO2 nanosheets were syn-
thesized using a chemical reduction method and an aqueous
MnO2 nanosheet ink was coated onto conductive multi-walled
carbon nanotube paper.[146] The electrode (tested in a half-cell)
showed a capacitance of 1,035 F g−1 (91.7 mF cm−2) at 2 mV
s−1, nearly the theoretical capacitance, in a 0.5 M Na2SO4 aque-
ous electrolyte. A symmetric all-solid state supercapacitor as-
sembled in a sandwich configuration and using a PVA/LiCl
gel electrolyte showed a capacitance of 147 F g−1 at 2 mV s−1,
energy density of 17 Wh kg−1 and power density of 38 kW
kg−1.[146] Replacing the sandwich configuration by a co-axial
geometry, where the MnO2 coated conductive multiwalled car-
bon nanotube paper was wrapped around carbon fibers, further
enhanced energy density.[146]

3.2.4. Transparent and Flexible Electrodes

The development of transparent supercapacitors is important
for flexible, transparent and wearable electronics. For this ap-
plication, electrodes must meet requirements of high transmit-

tance (> 90 %), low sheet resistance (< 10 � sq−1), stretcha-
bility and mechanical flexibility.[147] Monolayer or few-layer 2D
nanomaterials that are electrically conducting and transpar-
ent are particularly promising for this application. Multilayer
graphene has been used to manufacture "wrinkled" electrodes
with 60 % transparency.[148] An all-solid-state symmetric su-
percapacitor assembled with these electrodes achieved a ca-
pacitance of 6.5 µF cm−2 and could be stretched up to 40 %
strain without performance degradation over 100 stretching
cycles.[148] Other works have combined graphene with metal-
lic nanowire networks in a hybrid with improved transparency
and reduced sheet resistance.[149] Materials with electrochromic
properties, such as WO3, are relevant in the development of
multifunctional windows that combine energy storage and
electrochromism.[150] An electrochromic device made of 2D
WO3·2H2O has shown advantages of more rapid ion diffu-
sion, rapid color switching, and high coloration efficiency, all
favored by the high surface area of the nanosheets and the
presence of 2D channels.[151] A recent work integrating the
electrochromic and pseudocapacitive properties of WO3 films
in a "pseudocapacitive smart window",[150] suggests that this
type of multifunctional devices will be greatly improved by us-
ing the high-surface-area ultrathin 2D WO3·2H2O.

3.3. 2D and 3D Hybrids Based on 2D Nanomaterials

One of the strategies to impede the stacking of 2D nanomateri-
als is the introduction of "spacers" in between the nanosheets
(Figure 2). These spacers can be other 2D nanomaterials, 0D
or 1D nanoparticles or molecules. The resulting hybrid archi-
tecture often has an improved performance due to synergistic
effects of the components.

IMSs of d-MnO2/rGO nanosheet hybrids tested in
PVA/H3PO4 gel electrolyte (Figure 17a) showed a better capac-
itance (250 F g−1 at 0.5 A g−1), rate performance (Figure 17b),
and cyclability (91 % capacitance retention over 7000 cycles)
than the graphene-only microsupercapacitors.[28] This was at-
tributed to synergistic effects of the 2D nanomaterials: (i) inter-
leaving of *−MnO2 and rGO nanosheets that prevented stack-
ing thus opening up channels for ion transport, and (ii) hybrid
interfaces where rGO nanosheets facilitated electronic con-
duction for an enhanced pseudocapacitive activity of *−MnO2

nanosheets. The interdigitated configuration played a key role
shortening ion transport distances and promoting transport
along the basal plane of the 2D hybrid material. A lower electri-
cal resistance and enhanced electrochemical utilization were
favored by a low electrode thickness of only 40 nm, but this
certainly limited the total energy stored.

A hybrid of rGO nanosheets and RuO2 nanoparticles was
synthesized using a sol–gel method (Figure 18a-b). Oxygen-
containing functionalities on the rGO nanosheets favored the
anchoring of 5–20 nm RuO2 nanoparticles.[29] The surface area
of the hybrid (281 m2/g) was larger than the gas accessible
surface area of the rGO nanosheets (108 m2/g), which demon-
strated that the nanoparticles acted as spacers. The capaci-
tance of the hybrid with 38 % Ru content was 570 F g−1 in
a 1 M H2SO4 electrolyte, whereas the capacitance of the rGO
nanosheets was only 148 F g−1. The measured capacitance of
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Figure 17. a) Schematic of the *−MnO2/rGO nanosheets IMS
showing details of the ion transport through 2D channels fa-
vored by the interdigitated configuration and the hybrid elec-
trode design,[28] b) capacitance vs current density curve of the
*−MnO2/rGO nanosheets and rGO-based devices tested in a
in PVA/H3PO4 gel electrolyte. Reproduced with permission.[28]

Copyright 2013, American Chemical Society.

Figure 18. a) Schematic of synthesis of the rGO nanosheets-
RuO2 nanoparticles hybrid showing RuO2 nanoparticles an-
chored to rGO,[29] (b) TEM image of the rGO nanosheets-RuO2

nanoparticles hybrid with 38.3 wt% Ru, (c) capacitance vs Ru
content of the rGO nanosheets-RuO2 nanoparticles hybrid as
calculated from cyclic voltammetry at 1 mV s−1. Each bar rep-
resents the total measured specific capacitance C ex p

s p = C ex p
s p of

rGO nanosheets + C ex p
s p of RuO2 nanoparticles + a surplus ca-

pacitance due to the synergistic effect of the hybrid (grid area).
C cal c

s p indicates calculated specific capacitance.

the hybrid was higher than the calculated from the sum of the
contributions of each component, which demonstrated a syn-
ergistic effect of the hybridization (Figure 18c). The capacitance
of the hybrid was also larger than the capacitance of a mixed
composite (360 F g−1). The hybrid had a significantly larger
capacitance retention (99.7 %) than RuO2 powder (42 %) and
rGO nanosheets (90.9 %) over a 1,000 cycles stability test.

Synergistic effects were shown by a rGO/MWCNTs IMS
tested in a 3 M KCl electrolyte.[152] The hybrid IMS showed a
low capacitance (6.1 F cm−3 at 10 mV s−1), but was able to
perform to the very high scan rate of 50 V s−1 retaining 50 % of
the capacitance developed at 10 mV s−1. A dramatic capacitance
loss (62 % for MWCNTs and 80 % for rGO) was shown by the
single-component IMSs. The fast capacitive response of the
hybrid IMS was also described by a time constant of 3.4 ms,
one order of magnitude lower than the time constant (33 ms) of
the rGO-based IMS, and a volumetric power of 77 W cm−3. The
improved rate performance of this hybrid device was attributed

to the synergistic effects of electrically conducting MWCNTs
that acted as nanospacers between rGO nanosheets creating
porosity and thus a better accessibility of electrolyte ions, the
in-plane and interdigitated design of the device, and the binder-
free electrodes.

In a different approach, micrometer-sized films of rGO
and polyaniline (PANI) were interleaved to manufacture a
rGO/PANI/rGO hybrid free-standing electrode that was tested
in 1 M H2SO4 electrolyte in a half-cell.[31] The hybrid electrode
showed improved capacitance of 581 F g−1, an order of magni-
tude larger than that of rGO electrode (55 F g−1), and improved
cycle stability (85 % capacitance retention over 10,000 cycles).
This was attributed to the synergistic effects of redox active
PANI sandwiched between rGO sheets having a higher elec-
trical conductivity. The rGO films served as current collectors
improving electron transfer to and from PANI while helping to
accommodate strain caused by repeated swelling and shrinking
of the polymer during cycling.

2D nanomaterials were also used as building blocks of 3D
nanostructures. Graphene-based aerogels and hydrogels re-
viewed in Section 2.1.4 are an example of highly porous and
interconnected 3D structures that can be used as binder-free
electrodes and scaffolds for pseudocapacitive materials.[26, 153]

Ball-like 3D rGO crumpled nanostructures are attractive for
energy storage due to their porosity, stability against aggrega-
tion or deformation either under mechanical stress, heating or
solution processing.[154] However, the volumetric characteris-
tics become less impressive as the electrode density decreases.
The use of 2D nanomaterials as building blocks of various
hybrid structures is discussed in detail elsewhere.[25]

3.4. Printing of Electrodes and Entire Devices

Printing of nanomaterials is a promising technique for the
manufacture of flexible devices in a scalable, reproducible
and high-throughput manner. Research around the printing
of 2D nanomaterials has been focused mostly on rGO, but
there are reports on printing of inorganic nanosheets includ-
ing MoS2/rGO.[155] rGO has been printed using several tech-
niques including screen printing,[101] inkjet printing,[156] and
e-jet printing.[157] A schematic of the inkjet printing technique
is presented in Figure 19a. Other techniques include a dis-
pensing methodology originally used to manufacture DNA
microarrays[158] and micro-extrusion.[159] Screen printing relies
on the use of a mask to transfer a pattern onto a substrate,[160]

inkjet printing works by ejecting droplets through a nozzle us-
ing thermal or acoustic force,[157, 161] and e-jet printing is simi-
lar to inkjet printing, but it uses an electrical field instead for
drop ejection.[157] Most studies focused on improving various
critical parameters including adhesion of films to substrates,
mechanical stability and flexibility, uniformity of films, print-
ing resolution and good definition of pattern features, ability
to produce various electrode patterns, reproducibility, printing
speed and scalability.

Inkjet printing is attractive due to its versatility to produce
different geometries and designs that can be readily transferred
from a computer, reduction of material waste, and ability to
print large areas.[162] A particular challenge to inkjet printing
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Figure 19. a) Schematic of the inkjet printing process.[161, 164]

The pattern to print is fed to the system, a driver sends an elec-
trical signal to a piezoelectric print head. In the print head, a
piezocrystal expands in response to the electrical driving signal,
deforming a membrane, causing a pressure impulse within the
ink chamber, and expelling a single droplet from the orifice. The
chamber is refilled through the inlet by capillary action at the
orifice.[161] The droplets are deposited onto a desired substrate
attached to a stage. The stage is displaced by a motor in X and
Y directions. In (b) and (c), optical images of graphene pat-
terns printed on glass slides using the terpineol/ethyl cellulose
method described in the text.[162] The droplets in (b) are ≈ 55 µm
in width and ≈ 50 µm in height. The lines in (c) are are ≈ 60 µm
in width and ≈50 µm in height. a) Reproduced with permission.
(ECS Transactions 2014, 64 135.) Copyright 2014, The Electro-
chemical Society. b–c) Reprinted with permission.[162] Copyright
2013 Wiley-VCH.Q10

of 2D nanomaterials is the formulation of suitable inks. Parti-
cle size of active material that does not clog nozzles, viscosity
and surface tension of the carrier liquid, which are required
for suitable jet performance, and stability of 2D nanomate-
rial suspensions, where active materials do not coagulate and
separate from the carrier liquid, are critical factors for inkjet
printing. A main problem in the printing of graphene is its hy-
drophobicity that induces agglomeration and destabilization in
aqueous suspensions. The viscosity of fluids where graphene is
stable, such as DMF and NMP, is not suitable for adequate jet
performance.[162] Ostling et al. reported a methodology where
graphene is first exfoliated in DMF, this solvent is then replaced
by terpineol using distillation, achieving a more concentrated
dispersion in a liquid of adequate viscosity for printing (see
representative patterns in , Figure 19b-c).[162] The graphene is
stabilized against aggregation in terpineol by adding ethyl cel-
lulose prior to distillation. This polymer is then removed by
annealing after printing. Another approach for stabilization of
graphene dispersions is the use of surfactants such as sodium
dodecyl sulfate.[163] These methodologies involve multiple steps
and both surfactants and polymers can have a deleterious effect
on supercapacitor performance. In fact, most studies reported
to date opt for printing graphene oxide first, followed by a post-
printing reduction.[156–158]

An important quality metric of a printed pattern is its reso-
lution. Inkjet printing relies mainly on drop size and volume to
achieve a given resolution which is controlled by the nozzle size
and physical forces involved in drop ejection.[157] The achieved
resolution with inkjet printing is 20–30 µm.[157] An improved
resolution has been reported for e-jet printing achieving well-
defined 5 µm lines.[157] This was attributed to the fact that
thinner than the nozzle jets can be produced, enabling a better

Figure 20. Schematic of the roll-to-roll production of graphene
films for transparent electrodes.[165] The process includes ad-
hesion of polymer supports, copper etching (rinsing) and
dry transfer-printing on a target substrate. Reproduced with
permission.[165] Copyright 2010.

control over the flow rate and, in turn, to a higher resolution.
The drop volume influences drying time and printing time to
achieve a desired thickness during printing. E-jet printing can
handle drop volumes in the subpicoliter range, which leads to
faster drying.[157] Another technique reported for printing a GO-
based supercapacitor uses a liquid dispenser, equipment that
was originally used for manufacturing DNA arrays.[158] This
methodology offers flexibility and control over the dispensed
volumes. The minimum volume that could be dispensed in
this particular study was 300 pL, which is larger than with e-jet
printing. Larger dispensed volumes lead to a larger amount of
active material delivered at a time but also longer drying times.
Whether this can improve the overall printing time and/or
resolution is still to be demonstrated.

3.5. Roll-to-roll Manufacture

The possibility to integrate 2D nanomaterials into large-scale
and continuous manufacturing processes has been demon-
strated by manufacturing of large-area and flexible graphene
films using a roll-to-roll technique. As shown in Figure 20,
typically, a film of graphene is grown onto a copper foil by
CVD, then the graphene film is transferred first to a sup-
port film, and then onto a target substrate using the roll-to-
roll procedure.[165–167] Ongoing research is focused mainly on
optimizing manufacturing variables to achieve uniform films
with improved uniform electrical conductivity across large ar-
eas and speed of production. A good discussion of the topic
can be found elsewhere.[167] These highly conductive graphene
films may serve as current collectors for flexible and transpar-
ent supercapacitors.

3.6. Optimization of Electrode Density, Thickness and Vol-
umetric Capacitance

The optimization of volumetric and areal capacitance is
especially important for microsupercapacitors[77] and devices
powering microelectronics where size matters. Unlike, gravi-
metric capacitance, these metrics account for the entire device
including current collector, electrolyte, binder and other com-
ponents and not only its active component. The gravimetric
capacitance takes only the weight of the active material into
account and can only be used as a material parameter. The

20 wileyonlinelibrary.com c© 2016-04 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Mater. 2016-04, 0, 20–28



adma201506133.xml Generated by PXE using XMLPublishSM April 20, 2016 9:27 APT: WF JID: ADMA
R

eview

Author Proofwww.advmat.de

volumetric capacitance is defined as

CV =
Q

V × At
, (5)

where Q is charge, V is the voltage window, A and t are area
and thickness of the electrode. Equivalently,

CV = Cg × D, (6)

where Cg is the gravimetric capacitance and ρ = m/Vol is the
electrode density. It is clear from these equations that at a con-
stant electrode area, electrode density and thickness are critical
variables for optimization of the volumetric capacitance. In
practice, controlling these variables is a manufacturing chal-
lenge. Very often as the mass of an electrode increases, the
thickness also increases, but the ionic and electronic resis-
tance and the packing density may vary non-uniformly with
thickness.[126]

One of the strategies to increase volumetric capacitance is to
increase the electrode density. Graphite is the most dense con-
ducting carbon material (2.2 g cm−3) whereas activated carbons
incorporating porosity have density of 0.5 to 0.7 g cm−3[[168] and
aerogels possess a much lower density of 0.01-0.1 g cm−3.[72, 73]

Denser materials allow less accessibility for electrolytes and
usually have a low capacitance.[168] For instance, the capacitive
performance of dense graphite is poor. On the other hand, low-
density carbons that allow easy access of electrolyte are flooded
with electrolyte, which produces a net effect of a low volumet-
ric capacitance. The density of graphene varies according to
sheet morphology and electrode architecture. The densities of
graphene electrodes have been reported to be < 0.5 g cm−3.[77]

Flat nanosheets can be tightly packed increasing the electrode
density (stacked electrodes), but leading to poor electrolyte ac-
cess and thus limiting the electrode thickness to a few microm-
eters or less and leading to underutilization of the material, as
many layers are not accessible to electrolyte. Curved and or
porous graphene provides a larger gravimetric capacitance but
lower electrode densities lead to poor volumetric energy densi-
ties.

A clever strategy to manufacture graphene-based electrodes
with both improved density and electrolyte access and there-
fore improved volumetric capacitance has been achieved by
incorporating electrolyte in between graphene sheets during
electrode manufacturing.[168] Films of chemically reduced rGO
were prepared by vacuum assisted filtration. Later, they were
soaked on a mix of electrolyte (H2SO4 or EMIM BF4) and water.
Once the mix was completely adsorbed on the electrode film,
the water was selectively retrieved from the film by vacuum
evaporation having the effect of compacting the film and leav-
ing the pre-incorporated electrolyte. SEM images of films with
pre-incorporation of H2SO4 and different density are shown
in Figure 21a–b. The density of the electrodes decreased with
electrolyte/water fraction pre-incorporated into the films. Sym-
metric supercapacitors were assembled in a sandwich config-
uration and tested in 1 M H2SO4 or 1 M EMIM BF4/MeCN
electrolytes. The gravimetric capacitance was inversely propor-
tional to electrode density whereas the volumetric capacitance

(Figure 21c) was directly proportional to electrode density (255
F cm−3 for an electrode of 1.33 g cm−3 in 1 M H2SO4) and
supercapacitors with pre-soaked electrodes had better rate per-
formance than a supercapacitor with completely dry (no elec-
trolyte pre-incorporated) and dense electrodes. The supercapac-
itor time constant improved with fraction of pre-incorporated
electrolyte (0.73 s, electrodes of D = 1.33 g cm−3) as compared
to the dry supercapacitor (3.85 s, electrodes of D = 1.49 g cm−3).
When tested in EMIM BF4/MeCN, the volumetric energy per
unit volume of electrode of a device with dry films decreased
dramatically with mass loading (Figure 21d). A less drastic
decrease was observed for a device with pre-soaked films (Fig-
ures 21d). This showed evidence of an efficient ion transport
in pre-soaked films. The Ragone plot in Figure 21e shows the
superior performance of pre-soaked devices as compared to dry
devices, all tested in EMIM BF4/ MeCN. A symmetric device
with pre-incorporated electrolyte (D = 1.25 g cm−3 and areal
mass of 10 mg cm−2) had a stack volumetric energy of 70 Wh
L−1. A stack volumetric power of 75 kW L−1 was achieved for
electrodes with the same density but a lower mass loading of
1.0 mg cm−2. Importantly, this work showed that for the same
material, the stack volumetric energy and power densities of a
symmetric device are a function of electrode density and mass
loading (hence a function of electrode thickness), all important
variables to observe when analyzing Ragone plots.[77]

In general, transition metal oxides, hydroxides, dichalco-
genides and carbides have a higher specific weight than carbon
and can offer a higher volumetric capacitance at the same gravi-
metric capacitance and a larger areal capacitance at the same
film thickness. Therefore, they offer an attractive alternative
to graphene for microscale, wearable and transparent energy
storage solutions. For instance, MXenes are able to achieve
high volumetric capacitances due to their high packing density
and ion intercalation capacity. Ti3C2Tx as a free-standing paper
produced by vacuum assisted filtration had a density of 3.2 g
cm−3 and achieved a volumetric capacitance of 360 F cm−3 (in
1 M Mg2SO4).[30] This is larger than the volumetric capacitance
achieved by graphene (250-350 F cm−3[[169]) with much lower
packing densities (<0.5 g cm−3). However, the tight architec-
ture of Ti3C2Tx paper may hinder electrolyte access and its
performance has been improved by intercalating carbon nan-
otubes in a layer-by-layer fashion resulting in free-standing hy-
brid films with a density of 2.9 g cm−3 that achieved an increase
in volumetric capacitance of 300 F cm−3, respect to the non-
hybridized Ti3C2Tx films.[30] Water and ions pre-intercalated
clay-like Ti3C2Tx achieved an outstanding volumetric capaci-
tance of 900 F cm−3 in 1 M H2SO4

[126] (see also Section 4.5).
A further improvement was achieved by intercalating a redox
active polymer between MXene layers.[32] Design of thick elec-
trodes with a high density, but good ion accessibility is the key
challenge to improving energy and power density of the devices
built of atomically thin 2D sheets.
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Figure 21. rGO films with pre-incorporated electrolyte and
their capacitive performance.[168] SEM images of rGO films pre-
incorporated with (a) 78.9 vol % and (b) 27.9 vol % of H2SO4

corresponding to densities of 0.42 g cm−3 and 1.33 g cm−3,
respectively, (c) capacitance per unit volume of electrode vs
current rate of symmetric rGO supercapacitors with films pre-
incorporated and tested with H2SO4 electrolyte and densities
of 0.13 g cm−3 (blue line), 0.42 g cm−3 (green line), 0.76 g
cm−3 (cyan line), 1.33 g cm−3 (red line), and dry films hav-
ing a density of 1.49 g cm−3 (black line), (d) energy per unit
volume of electrode and per unit volume of the stacked su-
percapacitor vs electrode mass loading curves of symmetric
supercapacitors of rGO films with (density of 1.25 g cm−3, red
lines) and without (density of 1.49 g cm−3, black lines) EMIM
BF4/MeCN electrolyte pre-incorporation that were tested in the
same electrolyte at 0.1 A g−1, (e) Ragone plot of supercapac-
itors with (a-d) and without (e-f) EMIM BF4/MeCNelectrolyte
pre-incorporation showing the variations of energy and power
per unit volume with electrode mass loading and density (a 1.25
g cm−3, 10.0 mg cm−2, b 1.25 g cm−3, 5.0 mg cm−2, c 1.25 g
cm−3, 1.0 mg cm−2, d 0.39 g cm−3, 1.0 mg cm−2, e 1.49 g cm−3,
1.0 mg cm−2 and f 1.49 g cm−3, 5.0 mg cm−2). Stack volume
makes reference to the volume of all the components in a full
device. From.[168] Reprinted with permission from AAAS.

4. Challenges and Opportunities

4.1. Low Electrical Conductivity of Some 2D
Nanomaterials

The efficient performance of 2D nanomaterials for energy stor-
age is a function of suitable electrochemical activity (double
layer or surface redox), electrical conductivity and a surface
area accessible to ions. Many 2D nanomaterials have electro-
chemically active sites that can provide a high capacitance.
However, their poor electronic conductivity hinders their elec-
trochemical utilization. As discussed previously, hybridization
of semiconducting or insulating oxides with conducting 2D or
other low-dimensional nanomaterials is a strategy to improve
performance. However, manufacturing procedures of hybrids
such as layer-by-layer deposition, vacuum assisted filtration

and others have limitations of scalability, efficiency develop-
ing suitable nanosheet-nanosheet contacts, and are frequently
time-consuming. Physical and chemical modification of poorly
conducting 2D nanomaterials to enhance their electrical con-
ductivity is an alternative approach and a comprehensive review
of this topic was recently published.[20] Methods to modify the
electronic structure of 2D nanomaterials include chemical sur-
face modification, intralayer doping and lattice strain.[20] For in-
stance, the electrical conductivity of TiS2 has been improved by
"injecting" extra electrons in the S-Ti-S lattice by functionaliz-
ing it with hydrogen.[170] Films of HyTiS2 nanosheets achieved
an electrical conductivity of 6.76×104 S m−1 at 298 K. For com-
parison, the reported conductivity of indium tin oxide trans-
parent films is 1.9×104 S m−1[171] and 1.4×105 S m−1[172]. The
change of semiconducting behavior of 2H-MoS2 to metallically
conducting 1T-MoS2 has been achieved by chemically interca-
lating Li- or Na-ions[173] that reduce the Mo atoms inducing a
transition from prismatic to octahedral coordination, d-orbital
splitting and rearrangement of orbital filling.[18, 123, 174] This in-
crease in electrical conductivity leads to an increase in capaci-
tance and energy density of MoS2 electrodes. Partial reduction
and formation of oxygen deficient structures may significantly
increase electronic conductivity of transition metal oxides.[175]

Understanding of the electrical properties of 2D nanomateri-
als, their change as a result of coupling with a material having a
different work function, effects of surface termination, defects,
electrolyte adsorption and other factors should allow suitable
tuning and tailoring for supercapacitor applications.

4.2. Chemical and Electrochemical Instability

Among the drawbacks of several 2D nanomaterials is their
chemical and/or electrochemical instability. Metal oxides are
more stable than sulfides, carbides and nitrides. TMDs such
as TiS2 are particularly sensitive to oxidation in air and mois-
turized environments[176] and therefore unsuitable for sym-
metric aqueous supercapacitors. H-MoS2 has shown poor cy-
cle stability and this has been mainly attributed to its semi-
conducting nature.[6] This poor performance has been allevi-
ated by hybridization with graphene[177] or other carbon-based
materials[178] that provide electrical conductivity and mechan-
ical robustness. T-MoS2 with a metallic character has shown
an improved cycle stability in aqueous electrolytes.[18] In this
sense, MXenes offer advantages of intrinsic metallic conductiv-
ity and their cycle stability has been demonstrated up to 10,000
cycles.[126] However, they can be oxidized by oxygen dissolved
in the electrolyte or when a high anodic potential is applied in
an aqueous electrolyte.[11, 179] In the case of activated graphene,
the presence of oxygen-containing chemical functionalities is
known to lead to poorer cycle stability that can be alleviated by
annealing.[56]

4.3. Electrolytes and Electrode-Electrolyte Interfaces

The energy density of nanomaterials can be improved by en-
larging the voltage window (Equations 2 and3).[12] Higher en-
ergy densities are achieved by moving from 0.9-1.0 V for sym-
metric devices in aqueous electrolytes to 1–2 V for hybrid de-
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vices, 2.5–2.7 V for supercapacitors with organic electrolytes,
and to 3–4 V for devices using ionic liquids.[12, 180] There are rel-
atively few reports on the capacitive performance of 2D nano-
materials in nonaqueous electrolytes due to slow transport of
large organic ions in narrow slit pores between 2D sheets.[136]

Also, the pseudocapacitive charge storage mechanism that is
responsible for energy storage in oxides, chalcogenides and
carbides of transition metals may not work in organic elec-
trolytes. Protic ionic liquids or Li+ containing electrolytes may
provide a solution. Activated MEGO and 1T-MoS2 have shown
enhanced energy density when using organic electrolytes or
ionic liquids.[18, 23] The largest capacitance and energy density
of activated MEGO was found when using BMIM BF4/MeCN
(3.5 V).[23] By using a suitable mix of ionic liquids, activated
MEGO delivered a much higher capacitance (up to 170 F g−1)
compared to carbon nanotubes and carbon onions in a wide
temperature range of -50 to 80 ◦C.[56] Similarly, a larger vol-
umetric energy density was found for 1T-MoS2 when using
TEA-BF4/MeCN and BMIM-BF4/MeCN.[18]

Electrolyte choice is intrinsically linked to the design of
electrode-electrolyte interfaces. The properties of the 2D nano-
material surface determine the nature of the interaction with
specific electrolytes and include: (i) hydrophilicity or hydropho-
bicity (ionophobicity), (ii) presence of functional groups on
the surface and their nature, (iii) porosity and pore size, and
(iv) specific surface area accessible to electrolyte ions. Besides
nanosheet surface properties, the spacing between nanosheets,
nanosheet morphology and arrangement in electrode films de-
termine their intercalation ability, ion transport properties and
energy storage mechanisms. For instance, the ability of multi-
layered Ti3C2Tx to simultaneously show high energy and power
densities in acidic electrolytes, i.e., fast rate performance, was
attributed to adsorption of protons onto Ti3C2Tx layers and fast
charge transfer to Ti atoms in the outer Ti layer.[13] A dynamic
access of protons and other cations into the MXene galleries
was enabled by the presence of water molecules and ions prior
to electrochemical intercalation into multi-layered Ti3C2Tx.

[13]

Completely delaminated Ti3C2Tx improved capacitance and
rate response even more due to its higher surface area available
for ion adsorption and enhanced mechanical flexibility.[13] The
presence of water molecules in the inter-layer space has also
been associated with the charge storage mechanisms under-
gone by 1T MoS2 in various aqueous electrolytes.[18]

These findings clearly point towards research venues in 2D
nanomaterials that embrace the design of morphology and
texture of active materials, study of electrode-electrolyte in-
terfaces, finding an appropriate electrolyte, and study of en-
ergy storage mechanisms as a means to improve supercapaci-
tor performance. Finding nonaqueous electrolytes that enable
pseudocapacitive energy storage in a variety of transition metal
containing compounds may lead to a major breakthrough in
energy storage.

4.4. Synthesis Methods and Control of Nanosheet Size
and Thickness

Control of size and thickness of 2D nanomaterials remains to
be a synthesis challenge. As compared to multi-layer materials,

single-layer nanosheets provide an enhanced specific surface
area, a larger number of sites for pseudocapacitive activity,
and a faster ion transport through inter-sheet spaces, provided
that re-stacking has been mitigated. Supporting this argument,
it has been found that the volumetric capacitance of h-MoO3

nanosheets decreases as the nanosheet thickness is increased
from 1.6 nm to 12 nm.[111] A larger nanosheet lateral size is ex-
pected to enhance electrical conductivity as there will be fewer
nanosheet-nanosheet contacts,[111] but it can also hinder diffu-
sion of ions and decrease the charge/discharge rate. In addi-
tion, the materials surface must be free of contaminations, such
as surfactant or polymeric binders, which will reduce active
surface area while preventing adequate electrode-electrolyte
contact. Liquid-phase exfoliation methods can produce mostly
few-layer nanosheets with lateral dimensions of at most a few
micrometers.[42] Environmentally friendly solvents but less ef-
fective for liquid-phase exfoliation produce preferentially multi-
layered "nanosheets",[109] or nanoplatelets.[181] If surfactants are
used, a post-synthesis removal step is necessary.[43] Methods
using intercalation of bulky organic ions to induce exfolia-
tion usually produce nanosheets of lateral dimension in the
submicrometer range,[98–100] have problems of contamination
with intercalant residues, and may lead to a high fraction of
non-delaminated material.[98] The latter can usually be sepa-
rated by centrifugation. Chemical and electrochemical lithia-
tion followed by ultrasonication in water has proved to be ef-
fective in producing single-layer TMDs.[6, 18, 123] However, resid-
uals of lithiation compounds may remain as contamination.
CVD methods produce high-quality and large-size single-layer
nanosheets, but generally with a low yield.[182] A new method to
produce large-area metal oxides including MoO3, WO3, MoO2

and MnO uses salts as template to guide the growth of crystals
at high temperatures and in vacuum.[111] This method allows
the synthesis of nanosheets of non-layered metal oxides that
cannot be produced by exfoliation methods that rely on precur-
sors with a layered crystal structure that can be cleaved through
weak bonds.

4.5. Scale-up of Thin Films Manufacturing

Volumetric capacitance, hence energy per unit volume, deteri-
orates as electrode thickness increases due to mass transport
limitations and increase of electrode resistance. This effect be-
comes more pronounced when the overall device volume is
considered.[77] In addition, the variation of volumetric capaci-
tance with electrode thickness is not linear.[168] Thin films with
a high volumetric capacitance but a small amount of energy
stored may be suitable for microsupercapacitors. Most studies
in 2D nanomaterials have been carried out with thin films with
at most few-micrometers thickness, and thus are considered
suitable for micro-supercapacitor applications. New frontiers
for supercapacitor applications demanding large energy den-
sities may be opened by new and newly designed 2D nano-
materials. MXenes, for instance, can provide high volumet-
ric capacitances with fairly thick electrodes; clay-like Ti3C2Tx

showed volumetric capacitances of ≈550 F cm−3 and ≈380 F
cm−3 for electrodes with thicknesses of 30 µm and 75 µm,
respectively.[126]

Adv. Mater. 2016-04, 0, 23–28 c© 2016-04 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com 23



adma201506133.xml Generated by PXE using XMLPublishSM April 20, 2016 9:27 APT: WF JID: ADMA
R

ev
ie

w

Author Proof
www.advmat.de

4.6. Scalability of Synthesis and Electrode Manufacturing

Scaling-up current 2D nanomaterials synthesis methods and
devising new scalable and inexpensive manufacturing meth-
ods is a concern for the realization of commercial applications
which require large quantities (tons) and high throughput
production.[183] In the context of supercapacitor applications,
activation processes and synthesis of exfoliated and reduced
graphene oxide offer a potential for scalability.[23] Scale-up in
the production of graphene by liquid-phase exfoliation has been
demonstrated.[41] This suggests that scale-up can be extended
to TMDs produced by the same method. However, further
improvement of yield of liquid-phase exfoliation methods is
necessary to meet the needs of industry.[183] The areal scalabil-
ity of CVD methods has been demonstrated by the roll-to-roll
production of graphene films.[165–167] Proposed methods for
the synthesis of existent or new 2D nanomaterials need to be
scalable, to reach at least the volumes required for electronic
applications.

The scalability of electrode manufacturing is at an early
stage and a demonstration has been given by the high through-
put fabrication of rGO microsupercapacitors (100 devices /30
min) using laser scribing.[141] Many of the currently used labo-
ratory techniques such as layer-by-layer deposition by dip coat-
ing or vacuum assisted filtration have a limited potential for
large-volume manufacturing. 2D and 3D printing and spray-
deposition are promising techniques for the large-scale manu-
facturing of film electrodes,[43] as well as hybrid 2D[27] and 3D
hierarchical structures.

5. Summary and Outlook

The application of 2D nanomaterials in supercapacitors is a hot
research area. First graphene and then a series of 2D inorganic
nanomaterials were investigated and have demonstrated a po-
tential in various energy storage applications. Due to their 2D
nature that provides a high surface area accessible to ions, the
availability of multiple reaction sites and inter-layer spaces, and
the possibility to modify their surface chemistry, 2D nanoma-
terials can store energy by electrical double layer capacitance,
redox and ion intercalation pseudocapacitance.

Nanosheet composition, shape, texture, thickness and elec-
trode architecture play a crucial role in energy storage. Studies
on graphene-based and inorganic 2D nanomaterials showed
that the optimum energy storage is achieved with porous and
curved nanosheets that allow fast ion transport through 2D
channels and across nanosheets. New findings show the role of
quantum capacitance in the energy storage of graphene based
and related materials. The capacitance of inorganic 2D nano-
materials including h-MoO3 was found to decrease with in-
creasing nanosheet thickness. This showed that single-layer
nanosheets can maximize energy storage. In-plane electrode
geometry with interdigitated electrodes favored an enhanced
storage and faster ion transport compared to the traditional
sandwich device architecture.

Drawbacks of 2D nanomaterials, such as poor electrical
conductivity of many of them and a tendency to re-stack that
limits ion transport, have been tackled through hybridization.

Synergistic effects resulting in enhanced capacitance, rate per-
formance and cycling stability have been observed between
graphene and 2D metal oxide nanoparticles, carbon nanotubes
and polymers. Doped graphene-based aerogels and MXenes
offered the possibility to manufacture binder-free and mechan-
ically strong electrodes with enhanced capacitances. Aerogels
were also used as scaffolds for other nanomaterials with pseu-
docapacitive properties, further enhancing the overall energy
storage. The design of 3D hierarchical structures combining
2D nanomaterials with other nanomaterials has shown to add
up greatly to enhancement of energy storage.

2D nanomaterials have been exploited for the manufacture
of flexible, free-standing and binder free supercapacitors, all-
solid-state supercapacitors, and microsupercapacitors. Major
achievements have been realized in the fabrication of flexible
rGO microsupercapacitors. The potential of 2D nanomaterials-
based supercapacitors to be integrated into wearable electronics
has been demonstrated with an rGO-based all solid state super-
capacitor that tolerated bending, puncturing and cutting while
performing well in terms of energy storage.

Due to their high packing density, 2D nanomaterials are
particularly promising in the development of miniaturized de-
vices with high volumetric and areal capacitances. High pack-
ing density, however, may impede electrolyte access to the ac-
tive surface of nanosheets. This problem has been tackled by
pre-incorporating electrolytes in between nanosheets (wetting)
or pillaring with large molecules prior to electrode manufac-
turing. This approach has also been applied to solid (gel) elec-
trolytes to enhance ionic conductivity through the bulk of the
electrode. Pre-intercalation of water and ions in between 2D
nanosheets has been found to play a key role in utilizing the
full energy storage potential of MXenes and 1T-MoS2 by facil-
itating ion intercalation and fast and reversible ion adsorption
when tested in aqueous electrolytes.

In order to fully utilize the available electrochemically active
sites of poorly conducting 2D nanomaterials, research efforts
are focused on improving their intrinsic electrical conductivity.
Methods that modify the electronic structure of 2D nanomate-
rials include partial reduction of oxides, chemical surface mod-
ification, intralayer doping and lattice strain. Their efficiency
has been demonstrated, for instance, by improving the electri-
cal conductivity of metal dichalcogenides. These findings and
appreciation of the role of quantum capacitance emphasize the
importance of understanding the fundamental properties of
2D nanomaterials to be in a position to fully exploit them in
energy storage applications.

Many challenges still remain for the wide use of 2D nanoma-
terials in energy storage. Chemical and/or electrochemical in-
stability of some 2D nanomaterials is a main drawback. Many of
the emerging new 2D nanomaterials, such as phosphorene,[184]

and silicene[185] are unstable an air. Insulating materials, such
as boronitrene[186] can only be used in separators. Some other
materials are difficult to synthesize[185] and are unavailable in
amounts required for supercapacitor applications. Even MX-
enes oxidize easily under anodic potential in aqueous elec-
trolytes, requiring coupling with more stable positive electrodes
in hybrid devices. The investigation and/or design of new 2D
nanomaterials must take into account their stability along with
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compatibility with suitable electrolytes in wide electrochemi-
cal windows that enable an enhanced energy density, and the
design of suitable electrode-electrolyte interfaces.

Synthesis methods must improve control of nanosheet
thickness and size, yield, minimize the content of contami-
nants in the final product, while offering reproducibility, scal-
ability, being environmentally friendly and cost effective. Cur-
rently, the cost involved in the synthesis of 2D nanomaterials
using sophisticated methods and/or exotic and expensive pre-
cursors is much higher than that of producing conventional
activated carbon powders used in the majority of supercapaci-
tors today. The scalability of manufacturing 2D nanomaterials-
based electrodes has been demonstrated for graphene.[141]

Printing of 2D nanomaterials is promising and current re-
search is seeking to improve composition of inks, printing
speed and resolution. A significant progress in the application
of 2D nanomaterials in supercapacitors has been made. Find-
ings described here point to clear research venues that should
lead to further progress in the future.
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