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Wearable energy sources based on 2D materials

*< and

Wearable energy sources are in urgent demand due to the rapid development of wearable electronics.
Besides flexibility and ultrathin thickness, emerging 2D materials present certain extraordinary properties
that surpass the properties of conventional materials, which make them advantageous for high-
performance wearable energy sources. Here, we provide a comprehensive review of recent advances in
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2D material based wearable energy sources including wearable batteries, supercapacitors, and different
types of energy harvesters. The crucial roles of 2D materials in the wearable energy sources are

highlighted. Based on the current progress, the existing challenges and future prospects are outlined

rsc.li/chem-soc-rev and discussed.

1. Introduction

Since the smart watch IBM WatchPad 1.0 running Linux was
released in 2000, a rapid succession of various wearable smart
gizmos have come to the fore."”” The smart devices today can
not only run algorithms alone, but can also be connected
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together into groups to form the internet of things.> People
can get personalized information and communicate with the
world by carrying devices such as mobile phones, in-ear monitors
or earphones, smart watches or bands, glasses, rings, and even
smart tattoos (Fig. 1).*”® These wearable smart devices offer
plenty of applications while obeying stringent size constrains,
which poses a great challenge to their power supply compo-
nents. Besides reducing the power consumption,”*’ increasing
the energy density of the power supply component and develop-
ing a sustainable power system that provides power by harvest-
ing energy from the ambient environment are two solutions to
address this challenge. Furthermore, wearable electronics are
now undergoing fast development following the trend of lighter
weight, thinner thickness, more conformable to the curved
contours of the human body and more adaptable to the
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Fig. 1 Schematic illustration of wearable energy sources and devices in near future.

body movements,"' >

which requires the power supply com-

ponents to meet these standards. Although integrating the
conventional rigid energy supply component with the other
electronic components onto a flexible substrate is a stopgap to
tackle this issue, this approach introduces additional weight to
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the device and compromises customer experience. Therefore,
wearable energy sources with light weight, thin thickness,
flexibility, in addition to high energy density and power density,
operational safety, long-term stability, and low cost are urgently

needed.
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Batteries and supercapacitors are two common energy
storage devices that are used as power supplies for electronics.
Compared with supercapacitors, batteries have a higher energy
density and are the most widely used power supply components
for electronics in the present day.'®>° Specifically, rechargeable
batteries have been given more attention due to their long-term
cycle life and less environmental impact. Rechargeable lithium
ion batteries (LIBs) have been the subject of intense research
interest for decades due to their high energy density and long
service life.>"*> Other rechargeable batteries based on abun-
dant elements such as sodium (Na) and aluminum (Al) have
also been intensively studied owing to their low cost; further-
more, Al-ion batteries show superiority in terms of high safety
and good cyclic stability.>*** Supercapacitors, on the other hand,
possess a higher power density and longer cycle lifetime,> >
and have been widely applied to deliver power for portable
consumer electronics, computer memory back-up systems,
stop-start systems of automobiles, etc. The excellent cycle life-
time of supercapacitors also makes them more suitable to act as
the energy storage component of sustainable power systems that
power electronics by harvesting energy. Thus, developing wear-
able high-performance batteries and supercapacitors is a pro-
mising route to meet the demand for wearable energy sources.

An alternative type of energy source to energy storage devices
is the energy harvesters. There are various forms of renewable
energy in the ambient environment that can be scavenged, such
as solar radiation, body motion, and body heat. Correspond-
ingly, solar cells can scavenge energy from sunlight;***° piezo-
electric and triboelectric nanogenerators are desirable to harvest
biomechanical energy due to their light weight, low cost and
high energy conversion efficiency;* > and thermoelectric nano-
generators can scavenge energy from body heat.***” It should be
kept in mind, though, that energy harvesters often need to
combine with energy storage devices to form a sustainable
power system so as to provide a stable direct current (DC)
power supply because some energy harvesters work intermittently
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(e.g., solar cells) or generate electrical pulses with irregular
magnitudes (e.g., piezoelectric and triboelectric nanogen-
erators).’®™° With wearable energy harvesters, the wearable
devices can be powered by the energy harvested from the
ambient environment, or even achieve a sustainable operation
when the amount of energy scavenged by the energy harvesters is
higher than that consumed by the electronics. Hence, developing
wearable energy harvesters is also a promising approach to satisfy
the demand for wearable energy sources.

In recent years, plenty of two-dimensional (2D) materials have
sprung up, such as graphene and graphene oxide (GO),*'™*’
graphyne,*®*® graphdiyne,’>>" transition metal dichalcogenides
(TMDs),”>>* transition metal oxides (TMOs),>” transition metal
carbides/carbonitrides (MXenes),”**” black phosphorus (BP),>*"°
etc. These novel 2D materials usually feature in-plane covalent
bonds and inter-layer van der Waals interactions. It is believed
that the atomic-scale thickness of 2D materials makes them
flexible, which is a decisive strength for use in wearable energy
devices, advantageously satisfying the requirements of thin
thickness and good flexibility.®® What’s more, since a wealth
of unusual physical phenomena occur when charge and heat
transport is confined to a plane, 2D materials present certain
extraordinary properties that are different from the properties
of their bulky counterparts.®’ These unique properties of 2D
materials and their diverse incorporations make them promis-
ing for wearable energy storage devices and energy harvesters.
For example, for batteries, the 2D crystalline structure can
facilitate the intercalation/deintercalation of ions, buffer the
volume expansion of electrode materials and enhance the
surface/interface Li storage properties; for supercapacitors,
the unique structure of MXenes can enable fast electron supply,
offer a redox-active layer surface and allow high proton accessi-
bility; for solar cells, 2D TMDs have tunable band gaps and are
predicted to absorb more incident sunlight than conventional
Si or GaAs with the same thickness; for piezoelectric nano-
generators, some 2D TMDs such as MoS, show layer-dependent
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higher piezoelectricity than their bulky counterparts; for tribo-
electric nanogenerators, reduced graphene oxide (rGO) or MoS,
introduced into the triboelectric layer can help trap electrons
and increase the triboelectric charge density; for thermoelectric
nanogenerators, some 2D IV-VI metal chalcogenides such as
SnS, have higher electrical conductivity and lower thermal con-
ductivity than their bulky counterparts that can lead to higher
thermoelectricity.

In this review, we will summarize recent advances in the
field of 2D materials for wearable energy sources, with an
emphasis on the crucial roles that emerging 2D materials play
in various types of wearable energy sources. Firstly, an overview
of wearable batteries categorized according to battery types will
be given. We will present the functions 2D materials serve,
outline the performance improvements 2D materials bring
about, and discuss the prospects and challenges. Secondly, an
overview of wearable supercapacitors will be given. We will
review wearable supercapacitors based on graphene and its
derivatives categorized according to supercapacitor types, and
discuss how they enhance the performance and what challenges
they face. Other 2D materials such as MXenes, TMDs and TMOs
for supercapacitors will also be mentioned, and the reasons for
the high performance brought about by their unique structures
will be analyzed. Thirdly, an exhaustive overview of wearable
energy harvesters based on 2D materials will be presented,
and the main focus will be on how 2D materials’ unique
properties help to improve the electrical outputs of various
energy harvesters. Finally, we will outline each category of 2D
materials, and highlight the advantages, prospects, and challenges
of using them for wearable energy sources.

2. Wearable batteries

Among various energy storage systems, batteries have become
one of the most promising power sources to meet the ever-
increasing demand for high-performance electric devices, owing
to their high energy density, long operating life, and good
stability.°>®* However, they are far from enough for the more
power-hungry electronic devices. New batteries need to be
urgently developed to meet the performance requirements of
different devices.

As mentioned earlier, the remarkable progress in wearable
electronic devices entails the development of wearable batteries.
However, most current batteries are rigid and heavy due to the
conventional manufacture method and the use of metallic
current collectors. The key challenge for wearable batteries is to
design and fabricate reliable materials for electrodes with high
capacity, high rate capability, cycling stability, good conductivity
and robust flexibility.®* To achieve better battery performance
and satisfy the wearable requirement, various 2D materials have
been applied in batteries, along with the designs of material
structure and battery configuration.®>™®

2D materials, exhibiting much more exposed surface
area than bulk materials, can provide abundant ion-insertion
channels and shorter paths for fast ion diffusion, making them

This journal is © The Royal Society of Chemistry 2018
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ideal candidates for high capacity batteries. The trend that
2D materials routinely outperform their bulk counterparts in
terms of capacity and cycle life has been demonstrated in many
emerging electrode materials.®® The 2D crystalline structure
holds a number of advantages over bulk materials, such as
facilitating the intercalation/deintercalation of ions, buffering
the volume expansion of electrode materials due to the elasti-
city of the 2D nanosheets, and enhancing surface/interface
Li storage properties.®°

Generally speaking, in traditional batteries based on the
conventional coating method and metallic current collectors,
the electrode materials may detach from the current collector
by repeated deformation.®® In comparison, the atomic-scale
thickness of the layers of 2D materials offers good mechanical
flexibility, and the nanoarchitecture design ensures good contact
with other electrode materials, making them suitable for future
wearable batteries.”® With the numerous synthetic strategies and
electrode designs, batteries based on 2D materials show enhanced
performance under repeated deformation.

A large number of batteries based on 2D materials that are
flexible, bendable, and even foldable have been reported, mainly by
exploiting the various electrode configurations or material nano-
structures to achieve excellent electrochemical and mechanical
performances. In this section, we will highlight the recent progress
in wearable batteries including Li-, Na- and Al-ion batteries as
well as other types of batteries such as lithium-sulfur (Li-S)
batteries, etc.

2.1 Wearable Li-ion batteries based on 2D materials

LIBs are among the best candidates for flexible energy-storage
systems of wearable devices, bendable displays, implanted
medical devices and so on. Since their first commercialization
by Sony in 1991, LIBs have attracted growing attention and have
been extensively applied as the power source for portable electro-
nic devices, electric vehicles as well as large-scale energy-storage
systems, owing to their high energy density, long-term cycle life,
good stability, and comparatively low cost.®

2D materials with an expanded interlayer distance have
open structures that not only facilitate the storage and efficient
transport of ions, electrons, and mass, but also provide better
tolerance to the volume change of electrode materials com-
pared with their bulk counterparts.”® Various 2D materials have
been applied in LIBs to play diverse roles, which will be dis-
cussed below.

2.1.1 Graphene. Graphene, a two-dimensional material with
a honeycomb structure, has attracted tremendous research inter-
est in recent years, owing to its high carrier mobility, large surface
area, chemical stability, flexibility, and desirable mechanical
properties.

Graphene shows many superior properties such as high
theoretical specific surface area (ca. 2630 m* g~ ),”* high carrier
mobility at room temperature (~10000 cm® V' s 1)* and
high Young’s modulus (~ 1 TPa),”> making it a multifunctional
material for wearable batteries. In the reported wearable LIBs,
graphene presents superior performance in different roles,
which can be classified into three models (Fig. 2): as an active

Chem. Soc. Rev., 2018, 47, 3152-3188 | 3155
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Fig. 2 Schematic illustration of the three roles of graphene in LIBs. All models have omitted other possible conducting additives and binders.
(a) Graphene composites as active materials. (b) Graphene as a conducting additive. (c) Graphene as a current collector.

material to store Li ions, as a conducting additive and as a
current collector. However, the easy reassembling and restacking
structure results in negative effects such as poor reversibility and
limited number of cycles, leading to the loss of all the predicted
advantages of graphene.'””® Additionally, it is suggested that
when the graphene sheet is mixed in a manner similar to
conventional carbon additives during electrode preparation,
it could negatively affect the Li" mobility because the perfect
graphene monolayer is impermeable to all atoms under ambient
conditions, thus worsening the electrochemical performance of
the electrode.”*”® Therefore, it is indispensable to have proper
nanostructure design when graphene is applied in electrodes.

To further exploit these properties in various kinds of
applications, versatile and reliable synthetic routes have been
developed to prepare graphene and its composites, ranging
from the bottom-up epitaxial growth to the top-down exfoliation
of graphite by means of oxidation, intercalation, and/or sonica-
tion.”” Different preparation methods lead to different structures
and distinguished properties. Graphene prepared by chemical
vapor deposition (CVD) methods possesses high carrier mobility
which could promote the conductivity of the electrode but the
yield is limited, while the low cost rGO with functional groups
could achieve better binding with active materials but could
result in reduced electron conductivity and the defects in rGO
would cause irreversible capacity loss during cycling.

Graphene/graphene composites as active materials. Graphene
has a relatively low potential of charge and discharge, and thus
it usually acts as an anode in LIBs. Generally, the ideal active
material for LIB anodes should have high reversible capacity,
low insertion/deinsertion potentials, chemical stability during
cycling, and high electrical and ionic conductivity for good rate
performance.”® Graphite is the most commonly used material
in commercially available rechargeable LIBs as it meets most of
these requirements; however, it presents some relevant limita-
tions. Graphite has a limited theoretical capacity of 372 mAh g7,
and its specific capacity also rapidly decays when high current
loads are applied.

Different from graphite, in which Li-ions are intercalated
between the stacked layers, monolayer graphene can theoreti-
cally store Li ions through an adsorption mechanism, both on

3156 | Chem. Soc. Rev., 2018, 47, 31523188

its internal surfaces and in the empty nanopores that exist
between the randomly arranged layers. This working mecha-
nism results in a theoretical specific capacity of 744 mA h g™+
which is twice that of graphite,”>*® and this may be even higher
when defects and additional groups exist. Nevertheless, it is
verified that the theoretical specific capacity of 744 mA h g™*
could not be fulfilled since the strong Coulombic repulsion of Li
atoms facing opposite sides of the same graphene sheet results
in lower binding energies'”*"** and there is a huge irreversible
capacity loss after the first cycle. Therefore, although graphene
can be used both as the anode for storing Li" and as a supporting
skeleton in combination with other Li storage materials, we
should have a critical insight into the graphene anodes.

Here, we review three representative structures: graphene
paper, graphene aerogel and graphene ink.

Graphene paper. Graphene paper is one of the most
reported materials for wearable batteries. Clearly, the graphene
paper derives some unique properties from the nature of graphene
and can serve as the functional anode of flexible LIBs. The
fabrication of graphene papers has been reported previously.** %
It is well known that GO can be synthesized from commercially
available, inexpensive graphite powder by oxidation using a
typical Hummers method.*® Then, graphene paper, or rGO
paper, is usually fabricated by filtration of dispersions of the
rGO solution.

Based on the general synthetic method, Wallace and cow-
orkers demonstrated the flexible and robust graphene papers.®?
The process of vacuum filtration of the as-prepared dispersion
results in the formation of ultrastrong paper-like materials
exhibiting a relatively smooth surface with a shiny metallic
luster on both sides. These graphene papers are mechanically
strong and electrically conductive. Koratkar et al. introduced
the photoflash and laser-reduction of GO to obtain similar
freestanding graphene paper anodes.’” Photothermal reduc-
tion of GO yields an expanded structure with micrometer-scale
pores, cracks, and intersheet voids, enabling accessibility of
Li ions to the underlying sheets of graphene and facilitating
efficient intercalation kinetics at ultrafast charge/discharge
rates of >100 °C. At charge/discharge rates of ~40 °C, the
anodes delivered a steady capacity of ~156 mA h ginode

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Graphene based wearable LIBs, as active materials. (a) Schematic illustration of the morphological formation of the hierarchical porous graphene
aerogel (HPGA). (b) Cycling performance and Coulombic efficiencies of HPGA-50 and HPGA-20 anodes compared with GA at 0.1 A g~* with a voltage
window of 0.1-3.0 V. Reproduced with permission from ref. 88. Copyright 2015, Nature Publishing Group. (c) Structure and image of the rechargeable
lithium battery based on the graphene-ink cathode and polymer electrolyte. (d) Poly(sodium 4-styrenesulfonate)-modified graphene ink containing
0.2 M TiO; nanoparticles and 1 M LiClO4. Reproduced with permission from ref. 18. Copyright 2011, the Royal Society of Chemistry.

continuously over 1000 charge/discharge cycles, providing a
stable power density of ~10 kW kganode’i. The batteries also
displayed outstanding stability and cycling ability.

Since the freestanding graphene paper is highly bendable,
it is clearly a good candidate for flexible batteries. Indeed, these
flexible graphene paper electrodes showed excellent cycling
stability and high rate capability.”” However, due to the fact
that the layered structure of graphene tends to reassemble and
restack, there will be unfavorable capacity decay during cycling.
Hence, hierarchical structures of graphene have been proposed
to prevent the restacking.

Graphene aerogel. The issue of reassembling and restacking
of layered graphene could be addressed by the recently developed
3D graphene aerogels (GAs), which are assembled by cross-
linking individual graphene sheets into a continuously inter-
connected macroporous network with large surface area, low
mass density, and high electrical conductivity.®® Compared
with graphene sheets, the graphene aerogel demonstrated
superior electrochemical and mechanical properties due to
the cross-linked skeleton.

Ren et al. reported a novel 3D hierarchical porous graphene
aerogel (HPGA) with uniform and tunable mesopores (e.g.,
21 and 53 nm) on graphene nanosheets.*® The HPGA was pre-
pared by a hydrothermal self-assembly process and an in situ
carbothermal reaction. The size and distribution of the meso-
pores on the individual graphene nanosheet were uniform and
could be tuned by controlling the sizes of the Co;0, nano-
particles used in the hydrothermal reaction. This unique archi-
tecture of HPGA prevents the stacking of the graphene

This journal is © The Royal Society of Chemistry 2018

nanosheets and provides more electrochemically active sites
that enhance the overall electrochemical storage significantly.
As a battery anode in LIBs, HPGA exhibited superior electro-
chemical performance, including a high reversible specific capa-
city of 1100 mA h g~ " at a current density of 0.1 A g~ ', outstanding
cycling stability and excellent rate performance (Fig. 3b). Even at a
large current density of 20 A g ", the reversible capacity remained
at 300 mA h g™, which is larger than those of the most reported
porous carbon based anodes, suggesting that it is a promising
candidate for LIBs. Unlike the graphene sheet, the cross-linked
structure in the HPGA is not such fragile, but has superior
mechanical properties.

Graphene ink. An important trend in wearable electronics
is to deposit conductive ink on a flexible substrate such as
polymer films, paper sheets or rubber slabs to form a flexible
conductive electrode. A key issue in this approach is developing
conductive ink with good dispersion. The dispersion of high
concentrations of graphene in solution is still a great technical
challenge due to the strong n-n stacking interactions between
the planar graphene sheets.®

Graphene ink, prepared in the form of a colloidal suspen-
sion, containing polymeric binders and surfactant additives,
has already been used as an electrode material for batteries and
supercapacitors.’® Wei and coworkers demonstrated an electrode
fabricated from graphene ink, obtained from the chemical
reduction of GO, deposited onto carbon fibers (Al foil as the
current collector) and then constructed a full battery with a
solid polymer electrolyte sandwiched between a Li foil anode
and the cathode (Fig. 3¢)."® Unlike all other reported methods

Chem. Soc. Rev., 2018, 47, 3152-3188 | 3157
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that used conventional ways to fabricate electrodes by mixing the
hybrid materials with poly(vinylidenefluoride) (PVDF) binders, in
this case, the flexible and potentially printable electrodes are
prepared by depositing suspensions of graphene nanoplatelets
modified with large counter anions with TiO, nanoparticles and
LiClO, (Fig. 3d). This battery delivered a specific capacity of
582 mA h g~ in the initial discharging, which is approximately
78% of the theoretical capacity (744 mA h g™ ') of graphene
sheets through the formation of Li,Ce. This approach, being
both versatile and scalable, can be adapted to a wide variety of
applications. Despite the limited electrochemical performance
of this work, it suggests a feasible route towards fully printable
rechargeable Li batteries based on graphene inks and/or other
2D materials in solutions. Regarding the strong stacking inter-
actions between layers of the 2D materials, it is important to
obtain excellent dispersion to effectively overcome the interlayer
stacking. Liu and coworkers developed a scalable and surface-
oxygen assisted CVD route to produce a type of 3D biomorphic
graphene powder materials, which preserves the 3D hierarchical
structures of the original diatom frustules to effectively overcome
the interlayer stacking and hence gives a high solution disper-
sion performance.’® This suggests the potential of solution-
processible electrodes for high electrochemical performance
and good mechanical properties.

Graphene as a conducting additive. Due to their large surface
area, good mechanical strength, and high mobility, graphene
sheets can serve as a support in various flexible functional
electrodes, endowing the electrodes with features of good
flexibility, strong mechanical strength and efficient electrical
conduction.”

c the fabrication of SINW@G@RGO
overlapped G sheets
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During the composite preparation, graphene can act as a
support for the growth of electroactive nanostructures that,
in turn, hinder the restacking by lowering the van der Waals
forces among the layers. As a result, graphene-based compo-
sites are less affected by agglomeration during electrode pre-
paration, or by capacity fading during cycling.

Zhi and coworkers developed a kind of novel self-supporting
binder-free silicon-based anodes via the encapsulation of silicon
nanowires with dual adaptable apparels (overlapped graphene
(G) sheaths and rGO overcoats), abbreviated as SINW@G@rGO,
as shown in Fig. 4.°* The overlapped graphene sheets that were
processed by a CVD method acted as adaptable but sealed sheaths,
which encapsulated the silicon and prevented its direct exposure
to the electrolyte. As a result, the structural and interfacial stabili-
zation of silicon nanowires was achieved. Meanwhile, the flexible
and conductive rGO overcoats accommodated the volume change
of embedded SINW@G nanocables and thus maintained the
structural and electrical integrity of the architecture. As a result,
the SINW@G@rGO electrodes exhibited a high reversible specific
capacity of 1600 mAh g ' at 2.1 Ag ', 80% capacity retention after
100 cycles, and superior rate capability (500 mAhg ' at 8.4 Ag ")
on the basis of the total electrode weight.

Graphene layers provide a conducting matrix, as well as an
elastic protective layer to buffer the volume change of silicon-
based materials, thus realizing a stable silicon-based anode.
However, when mixed improperly or in excessive amounts, the
excellent impermeability of the 2D planar structure can impede
the Li ion penetration. Hence, a rational design that allows
graphene to serve as a conducting additive and also provides
ample transport channels of Li ions is indispensable for new
electrode structures.’>

lithiation

delithiation

expanded state

Fig. 4 Graphene based wearable LIBs, as conducting additives. (@ and b) Characterization of the rGO-sandwiched SINW@G nanocables
(SINW@G@RGO): (a) low magnification SEM image. The inset shows the optical image of a bent SINW@Ga@rGO film with the dashed line highlighting
its edges. (b) Cross-sectional SEM image. The inset shows an enlarged cross-sectional view. (c) Schematic illustration of the fabrication (upper panel) and
adapting (lower panel) of SINW@G@rGO. Reproduced with permission from ref. 91. Copyright 2013, American Chemical Society.
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Fig. 5 Graphene based wearable LIBs, as current collectors. (a) Schematic drawing of the flexible LIB based on graphene paper. (b) The battery is thin,
lightweight, and flexible enough to be rolled up or twisted. (c) Cycling performance of V,Os/graphene paper and V,Os/Al foil up to 200 cycles at a current
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(e) Lighting a red LED device under bending. (f) Cyclic performance of the battery in the flat and bent states. Reproduced with permission from ref. 94.

Copyright 2012, National Academy of Science.

Graphene as a current collector. As a multifunctional material,
graphene can not only act as a conducting additive but could
also be constructed as a current collector. The unique combi-
nation of graphene’s outstanding properties such as high
mechanical strength, large surface area, and superior electrical
conductivity makes it a promising current collector material for
wearable batteries.

Kang and coworkers demonstrated the freestanding
graphene paper that can be used as a versatile multifunctional
matrix for both cathode and anode in flexible LIBs (Fig. 5a-c).”
Using flexible graphene paper and V,Os/graphene paper as
anode and cathode materials, respectively, they fabricated a
graphene-based flexible LIB. The graphene paper was made by
a similar method as mentioned before, and the V,0Os/graphene
paper was fabricated by using a pulsed laser deposition tech-
nique. The graphene paper, with its good mechanical strength,
large surface area and superior electrical conductivity, acts
as both active material and current collector. The intrinsic
wrinkles and ripples on the graphene surface ensure an intact
contact with active materials. Thus, the V,05/graphene paper
exhibited a higher capacity and rate capability plus a better
cycling life compared with a non-flexible conventional V,05/Al
foil electrode. The robust integration of graphene into the
electrode ensures not only superior electrochemical perfor-
mance over conventional electrode architecture, but also the
capability of operation with full mechanical flexibility.

Recently, a highly conductive 3D graphene macrostructure,
called the graphene foam (GF), was synthesized using a Ni foam
template-directed CVD method. It consists of an intercon-
nected graphene network to achieve high electrical conductivity

This journal is © The Royal Society of Chemistry 2018

and good mechanical strength. Based on this technique,
Cheng and coworkers developed a flexible GF for LIBs for use
as anode and cathode after loading the GF current collectors
with Li TisO, and LiFePO,, respectively (Fig. 5d and e).** In
this case, no metal current collectors, conducting additives,
or binders were used. It is generally believed that the charge/
discharge rate of a LIB depends critically on the migration rate
of Li ions and electrons through the electrolyte and bulk
electrodes into the active electrode materials. Obviously, the
excellent electrical conductivity and pore structure of the hybrid
electrodes enabled rapid electron and ion transport in this
battery, leading to good high-rate performance and energy
density, in addition to the capacity of being repeatedly bent
to a radius of 5 mm without structural failure and performance
loss. Combining the mechanical flexibility and high rate per-
formance of these electrodes, a thin, lightweight and flexible
LIB was demonstrated with an initial discharge capacity of
143 mA h g~', a Coulombic efficiency of 98% at 0.2 °C and an
energy density of 110 W h kg™ " based on the total mass of the
LisTis0,,/GF anode and LiFePO,/GF cathode. Furthermore,
both the GF fabrication and the subsequent filling and loading
of active materials can be easily scaled up, which opens up the
possibility for large-scale fabrication of flexible batteries with
high capacity to power flexible electronic devices that can be
operated at a high power rate with short charging time.

2.1.2 Hydrogen substituted graphdiyne. Graphyne and
graphdiyne, new molecular allotropes of carbon, are novel 2D
carbon allotropes that feature assembled layers of sp and sp>
hybridized carbon atoms and display chemical stability and
good electrical conductivity.”> With high charge mobility and
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Fig. 6 Wearable LIBs based on hydrogen substituted graphdiyne (HsGDY). (a) Carbon species and functional groups in HsGDY. (b) The photograph of
freestanding HsGDY films. (c and d) The SEM images of HsGDY. Scale bar: 2 um (c); 500 nm (d). (e) The mechanism of Li storage. (f) A bendable
transparent LIB made up of HsGDY. (g) The cycle performance of a flexible electrode at a current density of 0.1 A g‘i. Reproduced with permission from

ref. 98. Copyright 2017, Nature Publishing Group.

high capacity for Li, graphyne and graphdiyne suggest potential
applications in LIBs. In graphite, Li ion diffusion parallel to the
plane of graphite (in-plane) is impeded by steric hindrance,
while that perpendicular to the basal plane (out-of-plane) is
hindered by the aromatic carbon rings. The unique atomic
arrangement and electronic structures of graphyne and graphdiyne
enable both in-plane and out-of-plane diffusion of Li ions with only
moderate barriers of 0.52-0.57 eV.% The large number of triangular
pores in the structure of graphdiyne endows it with more Li storage
sites and facilitates Li ion adsorption, desorption and diffusion
both in-plane and out-of-plane.”

Various studies have applied graphdiyne as the electrode
for LIBs, in order to improve the capacity for Li storage. Some
general conclusions can be drawn. For one thing, a larger pore
size in the molecular structure favours ion diffusion. For
another, the small ratio of H atoms increases the capacity, as
it is reported that Li atoms can bind in the vicinity of H atoms in
these hydrogen-containing carbons.”® Li and coworkers fabri-
cated a carbon-rich hydrogen-substituted graphdiyne (HsGDY)
film through an in situ cross-coupling reaction of triethynyl-
benzene on copper foil, as shown in Fig. 6.°® This novel
material has the merits of good electronic conductivity like
graphite with the pore structure (Fig. 6¢ and d) and convenient
synthesis process of polymers. Furthermore, the hierarchical,
porous 3D conductive structure provides a matrix for the
hopping and transport of electrons to ensure high efficient
charge collection and diffusion. As a result, this freestanding
flexible electrode can achieve a highly improved reversible and
stable capacity of 1050 mA h g~ for LIBs, which is higher than
those of intrinsic carbon allotropes and organic molecules.

3160 | Chem. Soc. Rev., 2018, 47, 3152-3188

Moreover, the carbon-rich framework endows HsGDY with
excellent mechanical properties, which can act as a bendable
transparent electrode in LIBs (Fig. 6f). The organic film can act
as a freestanding flexible electrode for not only LIBs but
also sodium ion batteries (SIBs) with a reversible capability of
650 mA h g™ "

Compared with other 2D materials such as graphene, the
unique structure of graphdiyne, with its numerous large tri-
angular pores, endows it with many Li ion storage sites and
facilitates the rapid transport of electrons and ions. This new
anode material provides a new concept for the design of high-
performance flexible electrodes with high capacity and excellent
cycling stability, thereby satisfying the requirements of next-
generation wearable LIBs.”®

2.1.3 Transition metal dichalcogenides (TMDs). As a typi-
cal TMD, MoS, has a layered structure with a high theoretical
capacity (670 mA h g "), and therefore it has been intensively
studied as the anode material for LIBs.®® However, despite its
high initial capacity, bulk MoS, normally shows quick capacity
decay in the subsequent charge/discharge cycles or at increased
charge/discharge rates. Besides, bulk MoS, in electrodes suffers
from pulverization caused by the large volume expansion as
well as the high energy barriers for intercalation of Li" ions into
the interlayer space. In contrast, 2D MoS, nanosheets showed
enhanced performance in LIBs, due to the shorter diffusion
path length for Li* ions and enlarged surface active sites. The
unique properties of TMDs engender their versatile uses in LIBs.
In a recent report, 2D MoS, nanosheets prepared by exfoliation of
bulk MoS, exhibited a reversible capacity of ~750 mA h g™ " after

50 charge/discharge cycles at a current density of 50 mA g~ *,%°
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2011, John Wiley & Sons, Inc. (c) Schematic structure of MoS,/liquid crystalline graphene oxide (LCGO) dispersions. (d) Cross-sectional SEM image of the
MG film. (e) Flexibility demonstration of the MG film. Reproduced with permission from ref. 102. Copyright 2017, John Wiley & Sons, Inc.

and values of as high as 1290 mA h ¢~* have been reported for
nanostructured MoS,/graphene composite electrodes. Similar
results have also been found in other 2D nanomaterials, such
as WS, and VS,, clearly indicating the advantages and promis-
ing future of using 2D nanomaterials in batteries.

The large surface area and interlayer spaces of TMDs provide
a convenient environment to accommodate Li* ions. Also, their
relatively low operation voltage and high energy density render
them potential candidates as anode materials in LIBs. Due
to the relatively low conductivity and easy restacking character
of the TMD sheets, hybridizing them with other materials (such
as graphene, 3D graphene networks, carbon nanotubes, Fe;0,
nanoparticles, TiO, nanotubes, and carbon fibers) is one of the
most attractive strategies to overcome the weakness of TMDs
and further optimize their performance in LIBs.'

Zhang and coworkers reported a facile and scalable process
to fabricate a flexible, 3D, and binder-free electrode architec-
ture consisting of a highly conductive carbon nanotube paper
(CNP) uniformly covered by MoS, nanosheets (Fig. 7a and b)."***
Its distinct advantages include a highly porous structure, a
highly conductive pathway for electrons, fast transport channels
for Li* ions and excellent mechanical strength. After 100 cycles,
the MoS, nanosheets/CNP electrode maintained a discharge
capacity of 1091 mA h g~ " with capacity retention of 90% for the
initial discharge capacity of 1204 mA h g ', demonstrating
its superior cycling stability. In comparison, although the
discharge capacity of bulk MoS, in the first cycle was high
(1209 mA h g™), its capacity retention was poor: the discharge
capacity decreased to 264 mA h g~ " after 100 cycles, which was
only approximately 22% of the initial value. By using the flexible
MoS, nanosheets/CNP composite as a combined binder-free

This journal is © The Royal Society of Chemistry 2018

anode and a current collector, rechargeable batteries with excellent
mechanical strength, high electrical conductivity, and superior
electrochemical performance were obtained.

Wallace and coworkers combined the excellent electro-
chemical performance and inherent flexibility of atomically
thin 2D MoS, along with the self-assembly properties of liquid
crystalline graphene oxide (LCGO) dispersion to fabricate a
porous anode for high-performance LIBs (Fig. 7c-¢)."%* Flexible,
freestanding MoS,-rGO film with a 3D porous structure was
fabricated via a facile spontaneous self-assembly process and
subsequent freeze-drying. This is the first report of the one-
pot self-assembly, gelation, and subsequent reduction of the
MoS,/LCGO composite to form a flexible, high-performance
electrode for charge storage. The gelation process occurs directly
in the mixed dispersion of MoS, and LCGO nanosheets at a low
temperature (70 °C) and normal atmosphere (1 atm). The MG
film with 75 wt% of MoS, exhibited a high reversible capacity of
800 mA h g ' at a current density of 100 mA g~ '. It also
demonstrated excellent rate capability and cycling stability,
with no capacity drop over 500 charge/discharge cycles at a
current density of 400 mA g~ .

TMDs have a layered structure with higher theoretical
capacity than graphite, making them more promising materials
for LIBs. However, their low conductivity and easy restacking
character require new structural design or hybridization with
other materials. In addition, constructing porous 2D TMD nano-
sheets and mono- or few-layer TMDs and then assembling them
into 3D macroscopic structures could increase the specific
surface area and provide more ion channels compared with
disordered TMD layers alone. Thus, higher capacitance and rate
performance could be achieved for energy storage.'®
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Fig. 8 Structure and electrochemical behaviors of the flexible BP—graphene (BP-G) hybrid paper. (a) Photograph of a BP—G hybrid paper, showing its
good flexibility. (b) Top-view SEM and (c) cross-sectional SEM images of the BP—G hybrid paper, showing that the small BP nanosheets (indicated by blue
arrows) are in close contact with the large graphene sheets (indicated by red arrows). (d) The second galvanostatic charge/discharge profiles of the
BP nanosheet, graphene paper, and BP—G hybrid paper electrodes at a current density of 100 mA g~ (e) Rate performance of the BP nanosheet,
graphene paper, and BP-G hybrid paper electrodes at different current densities. Reproduced with permission from ref. 105. Copyright 2016,

John Wiley & Sons, Inc.

2.1.4 Black phosphorus (BP). In addition to the afore-
mentioned 2D materials for flexible LIBs, atomically thin BP
has also been considered recently as a reliable anode material
in LIBs. BP, a rare allotrope of phosphorus, possesses a high
theoretical specific capacity of 2596 mA h g™, which is approxi-
mately 7 times that of the widely used graphite (372 mA h g™ ),
with a reasonable anode potential of discharge and charge, 0.9 and
0.45 V versus Li metal, respectively.'®*

Recently, Ren and coworkers reported a scalable and clean
method to produce BP (Fig. 8)."%> Few-layer BP nanosheets were
exfoliated in water by fully utilizing the hydrophilic nature
of BP crystals. Then the obtained materials were combined
with highly conductive graphene sheets via vacuum filtration.
Owing to its great mechanical robustness, the BP/graphene
hybrid paper exhibited superior flexibility as it can be bent to
nearly 180° without breaking, which demonstrates its great
potential for future flexible energy storage devices/systems.
When the BP/graphene hybrid paper was employed as the
anode in LIBs, it exhibited a high electrochemical Li storage
capacity of 920 mA h g~" at 100 mA g~ ', while the respective
capacities for BP nanosheets and graphene paper electrodes
were 180 mA h g~ ' and 435 mA h g7, respectively (Fig. 8d).
In addition, the hybrid paper also demonstrated a perfect
synergistic effect and great improvement in rate capability and
cycling performance. These results demonstrate the advantages
of BP based 2D materials for flexible electrochemical energy
storage applications.

3162 | Chem. Soc. Rev., 2018, 47, 3152-3188

Despite its high theoretical specific capacity of 2596 mA h g%,
which surpasses those of most 2D materials, the synthesis of BP
remains difficult. Currently, the mechanical exfoliation of bulk
BP is still the main method of preparing atomically thin BP
sheets, which obviously has a low yield and limits BP’s utiliza-
tion in energy storage applications.'® In addition, the poor
chemical stability of BP is still a serious impediment for further
application.

2.1.5 Transition metal oxides (TMOs). Compared with 3D
bulk crystals, ultrathin 2D TMOs normally show improved
specific capacity and rate capacity, because their large surface
area provides abundant active sites for Li ion storage and their
shortened ion diffusion distance leads to fast ion transport.
However, one of the disadvantages of ultrathin 2D nanomaterials
is their tendency for aggregation during the electrode fabrication
process, which significantly decreases their cycling stability.
There are mainly two solutions to tackle this problem.

One effective way to solve this issue is to hybridize the
ultrathin 2D nanomaterial with another type of nanomaterial
to form hierarchical hybrid nanostructures. By doing so, the
structural collapse and the aggregation of ultrathin 2D nano-
materials can be minimized and better cycling performance
can be achieved for the electrode material.®® Cheng and
coworkers designed an anisotropic TiO,/graphene sandwich
paper (A-TO/GSP) electrode, in which Li* ion insertion and diffu-
sion are anisotropic, by the controlled growth of TiO, nano-
sheets parallel to the surface of graphene paper (Fig. 9a—c).'*
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Fig. 9 Schematic illustration, structure and electrochemical behaviors of the flexible electrode based on TMOs. (a) lllustrations of A-TO/GSP for Li ion
transport. (b) High magnification SEM image of LTO nanosheets in the anisotropic TiO,/graphene sandwich paper (A-TO/GSP). The inset image shows a
bent flexible A-TO/GSP. (c) Comparison of the specific capacity at different rates between the A-TO/GSP and |-TO/GSP electrodes. Reproduced with
permission from ref. 106. Copyright 2013, the Royal Society of Chemistry. (d) Schematic representation of the synthesis procedure of CuO nanosheets/
rGO paper. (e) Cross-sectional SEM image of the CuO nanosheets/rGO paper, which shows good flexibility (inset). (f) Cycling performance of rGO, CuO
nanosheets, and CuO nanosheets/rGO-1-1, at a constant current density of 67 mA g~*. Reproduced with permission from ref. 107. Copyright 2013,

American Chemical Society.

The anisotropic electrode gives a gravimetric capacity of
112 mA h g ' at an ultrahigh rate of 100 °C (corresponding to
36 s of charge/discharge), 3 times higher than that of a referenced
isotropic electrode. The results indicate that such an anisotropic
electrode can be useful in the search for high-power LIBs. This
electrode is also flexible and can be bent into arbitrary shapes. Peng
and coworkers reported a flexible freestanding CuO nanosheets/
rGO hybrid lamellar paper (Fig. 9d-f).'®” It was fabricated through
vacuum filtration and hydrothermal reduction processes. A unique
3D nanoporous network was achieved with the CuO nanosheets
homogeneously embedded within the rGO layers. As a binder-free
anode for LIBs, this hybrid lamellar composite paper demonstrated
excellent cyclic retention with a specific capacity of 736.8 mAh g™*
after 50 cycles. This is much higher than those of the pristine CuO
nanosheets and rGO film (219.1 mA h ¢ " and 60.2 mA h g/,
respectively) at the same current density of 67 mA g~ ". The high
capacitance and excellent cycling performance were generated from
the integrated nanoporous structure composed of CuO nanosheets
spaced rGO layers. This structure offered electrically conducting
channels with high efficiency, favoured electrolyte penetration, and
buffered the volume variations during the lithiation and delithia-
tion process. These outstanding electrochemical capabilities of
CuO nanosheets/rGO paper hold great promise for flexible
binder-free anodes for LIBs.

Besides hybridization with other nanomaterials, intrinsically
engineering TMOs into porous or nanofluidic-type structures
is also an effective way to tackle the aggregation problem.'*®""!

This journal is © The Royal Society of Chemistry 2018

For example, Yu and coworkers reported a two-step strategy for
controlled synthesis of holey 2D TMO nanosheets with tunable
pore sizes using GO as a sacrificial template.'”® The 2D holey
ZnMn,0, nanosheets inherit strong mechanical properties,
maintaining the holey morphology and displaying minimal
structural changes during the lithiation/delithiation processes.
As a result, the 2D holey TMO nanosheets exhibit improved
cycling stability. The nanofluidic structure by combining con-
trolled interlayer spacing and surface functionalization can offer
excellent electrochemical performance in LIBs."'* In principle,
a surface charged nanofluidic channel narrower than the Debye
length of the electrolyte enables exclusive transport of oppositely
charged ions, and ionic conductivity can be greatly enhanced in
such unipolar ionic transport. Therefore, properly constructed 2D
nanofluidic structures could achieve fast Li-ion transport. More-
over, the nanofluidic channels provide natural void space that
can buffer volume changes during charge/discharge processes.

Wearable LIBs based on 2D materials show excellent specific
capacity, rate capacity and electrochemical stability because of
the large active surface area, shortened ion diffusion distance
and superior structural stability of 2D materials. The perfor-
mance of wearable LIBs with various 2D materials as electrode
materials is summarized in Table 1.

2.2 Wearable non-Li-ion batteries based on 2D materials

2.2.1 Na-Ion batteries and Al-ion batteries. Currently, prac-
tical LIBs with very high energy density and long cycle life have
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Roles of 2D Potential range Cycle  Current Specific

2D material Electrodes materials applied (vs. Li'/Li) (V) number density capacity Wearablility Ref.
Graphene Photothermally active materials 0.03-3 1000 40 °C 156 mA h g~' Flexible 87

reduced graphene
Graphene HPGA Active materials 0.1-3.0 100 100 mA g’ 1100 mA h g~' Flexible 88
Graphene SINW@G@rGO Conducting additives 2-0.002 100 2100 mA g~ 1600 mA h g~ " Flexible 91
Graphene V,Os/graphene paper Current collector 3.8-1.7 200 20 pA cm 2 19 pA hem™  Flexible 93
Graphene LTO/graphene foam Current collector 0.8-2.5 130 200 °C 135 mAh g ' Flexible 94
HsGDY HsGDY Active materials 0.005-3 100 100 mA g7 * 1050 mA h g~" Flexible 98
Graphdiyne Bulk graphdiyne Active materials 0.005-4 200 50mAg ' 552mAhg ' — 97

powder
TMD Li,S@TiS, Active materials 1.8-2.6 400 0.2°C (255 mAg™") 1156 mAhg ' — 263
TMD MG film Active materials 0.01-3 500 100 mA g * 800 mAhg ' Flexible 102
TMD MoS, NSs/CNP Active materials 0.01-3.0 100 100 mA g71 1091 mA h g71 Flexible 101
BP BP-G hybrid paper  Active materials 0.001-3 500 100 mA g’ 920 mAh g ' Flexible 105
BP BP-G Active materials 0.01-2.0 100 0.2 °C 2786 mAhg ' — 104
MXene Nb,CT/CNT Active materials 1.0-3.0 300 2.5 °C 430 mAh g ' Flexible 264
TMO CuO NSs/r-GO Active materials 0.01-3.0 50 0.1°C(67mAg ") 736.8mAhg " Flexible 107
TMO A-TO/GSP Active materials 1.0-3.0 100 10°C (1680 mA g ') 147 mAh g ' Flexible 106

% Notes: SINW@G@rGO: silicon nanowires (SiNWs) with dual adaptable apparels (overlapped graphene (G) sheaths and rGO overcoats); HPGA:
hierarchical porous graphene aerogel; HsGDY: hydrogen substituted graphdiyne; MG film: MoS,-reduced graphene oxide (MG) film; MoS,
NSs/CNP: carbon nanotube paper (CNP) uniformly covered by MoS, nanosheets (NSs); BP-G: black phosphorus nanoparticle-graphite composite;
CuO NSs/r-GO: CuO nanosheets (NSs)/rGO; A-TO/GSP: anisotropic TiO, (A-TO)/graphene sandwich papers (GSP).

been realized and have attracted extensive attention.***> However,
there are other potential issues for LIBs such as safety, cycle life,
and poor low-temperature performance. What’s more, as the use
of large-format LIBs becomes widespread, the low abundance
and uneven distribution of Li in the Earth’s crust lead to
increased price of the Li element, which in turn significantly
affects the further extension of commercial LIBs."*® Thus, there
is an urgent need to explore rechargeable batteries based on
abundant elements that also have low cost, high safety, and
cycling stability. Up to now, a number of such batteries have
been developed using cheap, earth-abundant elements, such as
Na-ion,"**"* Mg-ion,"" and Al-ion batteries.*

Compared with Li*, Na* has similar intercalation chemistry
but much higher abundance and lower cost. These factors, as
well as its low redox potential (slightly higher than that of Li),
make SIBs a promising alternative to LIBs for state of the art
batteries."'®'"” The large size of Na ions (0.102 nm in radius)
requires a larger interlayer distance than LIBs. Thus, ultrathin
2D nanomaterials have also been explored as electrode materials
for SIBs, such as graphene, TMDs, MXenes, and BP. Similar to
wearable LIBs, SIBs can be designed to be wearable. But up to
now, studies of wearable energy-storage devices have mainly
focused on LIBs, while reports on SIBs have been very limited.

Yu and coworkers developed an Na-ion full battery using all
stretchable components, based on graphene-modified poly-
(dimethylsiloxane) (PDMS) sponge electrodes and an elastic
gel membrane (Fig. 10).""® Fig. 10a shows the synthesis strategy
for preparing the PDMS/rGO sponge from a sugar cube com-
pletely filled with PDMS precursors containing base/curing
agents. In this work, they integrated 2D VOPO, nanosheets
and commercial hard carbon as stretchable electrodes (based
on the PDMS/rGO sponges), respectively. Clearly, the PDMS/rGO
sponge/VOPO, electrodes displayed superior rate capability and
good cycling stability. A stable capacity of ~126 mA h g " can be
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achieved at a current density of 50 mA g~ ". The electrode can
deliver a capacity of up to ~83 mA h g~ " even at a high current
density of 1.0 A g~". The high rate capability can be ascribed to
the tailored properties of the PDMS/rGO sponge based electro-
des, which include high electrochemical conductivity, stable
porous architecture, as well as the robust mechanical deform-
ability. Owing to the robust mechanical strength of PDMS/rGO,
the battery exhibited high deformability: its electrochemical
characteristics can be well-maintained under many different
stretching conditions and after hundreds of stretch-release
cycles. This novel design integrating all stretchable components
provides a pathway toward the next generation of wearable
energy devices in modern electronics.

Rechargeable Al-ion batteries have unique superiority in
terms of battery safety, and they have gained increasing atten-
tion for wearable energy storage devices. Batteries based on
Al also benefit from Al's three-electron redox properties (i.e.
potential for high-capacity batteries), stability in the metallic
state, and very high natural abundance."”® Lu and coworkers
reported plasma-etched graphene nanoribbons on highly
porous 3D graphene (GNHPG) foam as the cathode material
for rechargeable Al-ion batteries.'*® The freestanding and flexi-
ble pouch cell exhibited excellent performance: low charging
voltage plateaus (cutoff voltage of 2.3 V, below which the battery
has no side reactions), high discharge voltage plateaus near 2 V,
a high capacity of about 123 mA h g~* at a current density of
5000 mA g~ ' with Coulombic efficiency higher than 98%,
long cycle life (no capacity decay after more than 10000 cycles),
and high rate performance (148, 125, 123, 119, 116, and
111 mA h g™ ' at current densities of 2000, 4000, 5000, 6000,
7000, and 8000 mA g™, respectively). In addition, the battery
also showed fast charge and slow discharge (fully charged in
80 s and discharged over 3100 s). Although there was less
information about the flexibility of the electrode and the
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Fig. 10 Wearable SIBs based on graphene. (a) Schematic illustration of preparation steps of conductive PDMS/rGO sponge. While the PDMS/GO sponge
(insulating) was brownish in color, once the material was reduced to rGO (conductive), the material appeared black. (b) Schematic illustration of the
fabricated stretchable PDMS/rGO sponge/VOPO,4//PDMS/rGO sponge/hard carbon sodium-ion full battery and photographs of the stretchable sodium-
ion full battery in the unstretched state (top) and stretched state with ~50% strain (bottom) to power a commercial LED light. (c) Cycling stability of the
full battery at the rate of 1.0 °C. The inset image shows the full battery in the unstretched state. Reproduced with permission from ref. 118. Copyright

2017, John Wiley & Sons, Inc.

whole battery, these results are still promising for next-
generation wearable batteries.

2.2.2 Li-S batteries. 2D materials can also be integrated
into other kinds of batteries, such as Li-S batteries, Li-O,
batteries, and some other novel batteries.

The theoretical specific capacity of Li-S batteries
(1672 mA h g~ ") is much higher than those of traditional cathode
materials. Therefore, the Li-S batteries are promising candidates
for next-generation energy storage applications.'”'™"** Neverthe-
less, it has been difficult to develop a practical Li-S battery partly
due to the low electrical conductivity of sulfur, the dissolution of
polysulfides in the electrolyte, and volume expansion of sulfur
during discharge. Moreover, highly soluble polysulfides in the
electrolyte, which can shuttle between the anode and cathode
and form a deposit of solid Li,S,/Li,S on the cathode and anode
(“shuttle effect”), could cause an irreversible loss of S, which
leads to low Coulombic efficiency, low cyclic capacity, and an
increase in impedance.'**

The adoption of hierarchically structured graphene and
associated nanomaterials as a supporting matrix for Li-S
batteries can partly overcome these obstacles, because of their
good conductivity, fast e /Li" transport kinetics, large specific
surface area, and high flexible characteristics.®’

Cheng and coworkers developed a flexible Li-S battery
electrode by using graphene foam (GF) as a current collector
and host to achieve high sulfur loading through simple slurry
infiltration (Fig. 11a-c)."** The PDMS coating on the GF makes
this interconnected network sufficiently robust, guaranteeing

This journal is © The Royal Society of Chemistry 2018

the flexibility of the cathode. The interconnected GF also pro-
vides efficient electron transport pathways, offers vast void space
to accommodate a significant amount of sulfur and sufficient
electrolyte, as well as provides a robust mechanical support. As
shown in Fig. 11a, the sulfur loading in the GF-based electrodes
can be tuned from 3.3 to 10.1 mg cm 2 The electrode with
10.1 mg cm 2 sulfur loading could deliver an extremely high
areal capacity of 13.4 mA h em™2, much higher than that of the
commonly reported Li-S electrodes and the commercially used
lithium cobalt oxide cathode with a value of 3-4 mA h em™>.
Meanwhile, the electrode with high sulfur loading retained
high rate performance with reversible capacities higher than
450 mA h g ! under a large current density of 6 A g, plus
stable cycling performance with only 0.07% capacity decay per
cycle over 1000 cycles. These impressive results indicate that
such electrodes could enable high-performance and flexible
Li-S batteries with fast charge and stable performance over
extended charge/discharge cycling.

2.3 Perspectives

We have highlighted the recent progress in 2D material based
wearable batteries, but there is still much to do to realize the
wearable battery system. The batteries for wearable applications
should possess good electrochemical property, mechanical
property, and operational safety. Correspondingly, studies on
wearable batteries should focus on properties such as (1) high
energy density and long-term cycle life without decay during
operation while being bent and even folded; (2) maintaining an
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Fig. 11 Wearable Li-S batteries based on graphene. (a) Comparison between electrode design in which sulfur is coated on an Al foil and a graphene
foam (GF)-based flexible electrode. (b) 3D image of the reconstructed S-PDMS/GF electrodes with 10.1 mg cm ™2 sulfur loading (graphene and carbon
black marked in gray, sulfur particles marked in yellow and PDMS marked in white). (c) Rate performance of the S-PDMS/GF electrodes with different
sulfur loadings and the electrode with sulfur coated on an Al foil. Reproduced with permission from ref. 123. Copyright 2014, Elsevier Ltd.

intact and stable structure without cracking while being bent
and folded; (3) good packing to prevent leakage and adaptable
separator to avoid internal short-circuits. While many works
have reported the flexibility of electrodes, there is a lack of data
about their performance under repeated bending or folding.
For practical wearable applications, merely the flexibility of the
electrodes is not enough, and the whole battery needs to be
robust and flexible. The development of shape-conformable
solid-state package/electrolytes/separators still needs to be
undertaken. Last but not least, the safety of wearable batteries
is obviously crucial for realizing the wearable system and
therefore should get more attention. Since the conventional
liquid electrolytes used in batteries tend to be flammable,
replacing them with solid-state electrolytes can provide better
safety. For the same reason, safety of the overall package could
be improved.

3. Wearable supercapacitors

The fast development of flexible and wearable electronic devices
calls for wearable power sources. Thus, wearable energy-storage
devices with high-performance are urgently needed. Batteries
and supercapacitors are two typical energy storage devices."*>"*

a — Charging b

e — e —s

While batteries tend to be limited by their lower power densities,
supercapacitors have many advantages such as higher power
densities, ultrafast charge/discharge rates, and superior cycle
lifetime. As a consequence, developing wearable supercapacitors
is considered to be one avenue to meet the great demand for
wearable power sources. Moreover, their long-term cyclic stabi-
lity makes supercapacitors more suitable than batteries as
the energy storage component in sustainable power systems,
which integrate energy harvesters with energy storage devices to
directly power electronics. According to the working mecha-
nisms, supercapacitors can be divided into three types (Fig. 12):
(1) electric double-layer capacitors (EDLCs); (2) pseudocapa-
citors; and (3) hybrid supercapacitors.’> EDLCs are based on ion
adsorption/desorption that lead to fast charge/discharge rates
and excellent cyclic stability."*® Pseudocapacitors utilize fast
reversible redox reactions that result in increased energy density
and power density compared with EDLCs. Hybrid supercapa-
citors combine EDLCs with pseudocapacitors in a single device,
and they have energy and power densities comparable to those of
EDLCs and cyclic stability better than that of pseudocapacitors.
Recently, great efforts have been made for developing high-
performance supercapacitors. The requirements for wearable
supercapacitors include flexibility, light weight, high power
density, high energy density, durability, safety and so on.
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3166 | Chem. Soc. Rev., 2018, 47, 31523188

This journal is © The Royal Society of Chemistry 2018


https://doi.org/10.1039/c7cs00849j

Published on 07 February 2018. Downloaded by Beijing Institute of Nanoenergy and Nanosystems CAS on 8/11/2023 7:51:05 AM.

Review Article

2D materials, such as graphene and its derivatives, MXenes,
TMDs, and TMOs, have many advantages to meet such require-
ments: firstly, their high specific surface area and more active
sites for electrochemical reactions can increase the capacity
and power density; secondly, they have negligible thickness and
high flexibility; thirdly, some 2D materials such as 2D carbon
materials endow supercapacitors with lightweight property and
high durability since carbon electrodes are much lighter than
metal or conducting polymer electrodes and do not react with
the electrolyte. In this part, 2D material based supercapacitors
that have the potential for wearable power sources will be
discussed.

3.1 Wearable supercapacitors based on graphene and its
derivatives

As one of the most representative 2D materials, graphene and
its derivatives have been widely used for supercapacitors.

3.1.1 EDLCs. Graphene and rGO have been applied as
electrodes of EDLCs, which improve the high-frequency opera-
tion. Conventional porous electrode based EDLCs behave like a
resistor rather than a capacitor when driven by high frequency
alternating current (AC), which limits their applications for
filter circuits. Thus, materials with high surface area but less
inherent porosity are required. Graphene nanosheets offer a
promising route to tackle this challenge due to their advantages
such as a high amount of exposed and accessible edge planes,
minimal porosity effects and extremely high conductivity.
Holloway et al. demonstrated EDLCs with an efficient filtering
of 120 Hz current, using electrodes made from vertically
oriented graphene nanosheets grown directly on metal current
collectors." At 120 Hz, the derived capacitance value was
175 mF, and the measured resistance was 1.1 Q, yielding an
RC time constant of less than 200 ms. Such good high-
frequency operation may be attributed to the following reasons.
Firstly, these graphene nanosheets have a preponderance of
edge planes that result in higher specific capacitance. Secondly,
the exposed and directly accessible charge-storage edge planes
of these graphene nanosheets minimize the distributed nature
of the charge storage. Thirdly, the open structure of graphene
nanosheets reduces the ionic resistance and therefore minimize
porosity effects. Finally, these graphene nanosheets have extremely
high conductivity and are directly grown on current collectors,
which minimizes the electronic resistance.

For a majority of graphene based supercapacitors, the
restacking of graphene sheets is always a problem that lowers
the energy and power densities. Therefore, alleviating the strong
sheet-to-sheet van der Waals interaction to a reasonable degree
is important for graphene based supercapacitors. El-Kady et al.
applied direct laser reduction on GO to produce graphene using
a standard LightScribe DVD optical drive (Fig. 13a and b)."*° The
initially stacked GO sheets were converted into graphene films
with high electrical conductivity (1738 S m ™) and high specific
surface area (1520 m* g~ ). The LightScribe laser causes simul-
taneous reduction and exfoliation of GO sheets and produces an
open graphene network, which prevents the agglomeration of
graphene sheets and contributes to the high performance.

This journal is © The Royal Society of Chemistry 2018

View Article Online

Chem Soc Rev

Supercapacitors made with these electrodes presented ultrahigh
energy density, high power density and excellent cyclic stability
(96.5% after 10000 cycles). Besides, these supercapacitors
also exhibited excellent flexibility with only 5% loss after
1000 bending cycles. Other methods were also used for provid-
ing more interactive sites to bind graphene nanosheets. For
example, Weng et al. developed a graphene-cellulose paper
(GCP) in which graphene nanosheets cover the cellulose fibers
and are distributed through the macroporous filter paper,
forming a conductive interwoven network.'*' Therefore, this
membrane is believed to overcome the low porosity as well as
low strength of graphene or GO papers. Moreover, the GCP
membrane can endure over 1000 repeated bending tests with
only 6% increase in electrical resistivity, and it can be tailored
to various shapes for applications of several prototypes of
flexible supercapacitors. Flexible large-area hierarchical porous
graphene films have also been fabricated by using GO hydrogels
as the initial feedstock. Xiong et al. used viscous GO hydrogels
to form films with desired sizes and shapes, followed by reduc-
tion of the stable GO hydrogel with HI/HAc to form graphene
electrodes with macroporous/mesoporous structures.'*> The
flexible supercapacitor based on these electrodes can be bent
to arbitrary angles (up to 180°) with almost no capacity loss.
Flexible graphene fibers integrate individual graphene nano-
sheets into useful and macroscopic ensembles, which can also
effectively alleviate the restacking problem. Meng et al. reported
an EDLC based on flexible graphene fibers (Fig. 13c-f)."**> The
core of the graphene fiber is covered with a sheath of 3D porous
network-like graphene framework. The graphene core-sheath fiber
was prepared by electrochemically electrolyzing 3 mg mL™* GO
aqueous suspension containing 0.1 M lithium perchlorate on
graphene fibers at an applied potential of —1.2 V for 5 min.
The as-produced graphene fibers possess high conductivity and
excellent flexibility, and have a density of 0.23 g cm ™2, which is
7 times and 85 times lower than that of conventional carbon
fibers (>1.7 g cm %) and Au wire (~20 g cm ) respectively.
The supercapacitor based on this graphene fiber has a specific
capacitance of 25-40 F g~', which is lower than that of 3D
graphene electrodes (>100 F g~ '), but is still close to that of
activated carbon textiles (20-70 F g~ ). The energy density and
power density of this supercapacitor are 0.4-1.7 x 10~ W h cm ™2
and 6-100 x 10~ ® W cm >, respectively. The supercapacitor can
be weaved into fabrics and has a capacitance of ~19 F cm™ " in
the knotted state.

As for further improving the performance of supercapacitors,
optimization of their ion transportation remains a challenge.
Choi et al. reported a graphene based supercapacitor by assem-
bling the thin films of functionalized rGO (f-rGO) and solvent-
cast Nafion electrolyte membranes (Fig. 13g-i)."** The produced
f-rGO supercapacitors exhibited higher performance compared
with the normal rGO supercapacitors, and the cyclic voltam-
metry (CV) curves were of almost the same shape during the
bending test demonstrating their excellent flexibility. The
specific capacitance was 118.5 F g~' at 1 A ¢~ ' and the rate
was ~90% at 30 A g~ . Two main factors may be responsible for
such high performance: (1) the interconnected networks of
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Fig. 13 Graphene and rGO for EDLCs. (a) Schematic illustration of the fabrication of supercapacitors based on laser-scribed graphene (LSG). (b) The GO
film reduced to LSG with the color changed from golden brown to black. The cross-sectional SEM images show that the laser changed the stacked GO
sheets into a well-exfoliated few-layered LSG film. Reproduced with permission from ref. 130. Copyright 2012, AAAS. (c) Schematic illustration of the
graphene fiber based supercapacitor. (d) Photograph showing the supercapacitor in the bending state. (e) Photograph showing the textile embedded
with two graphene fiber based supercapacitors. (f) The CV curves at a scan rate of 50 mV st of two graphene fiber based supercapacitors weaved in the
textile in the flat and bending state. Reproduced with permission from ref. 133. Copyright 2013, John Wiley & Sons, Inc. (g) Photograph and schematic
diagram of the all-solid-state flexible functionalized rGO (f-rGO) based supercapacitor. (h) CV curves at 100 mV s~ of the rGO and f-rGO based
supercapacitors. (i) Durability test of the rGO and f-rGO based supercapacitors. Reproduced with permission from ref. 134. Copyright 2011, American

Chemical Society.

f-rGO lead to fast charge transport and continuous transport
pathways; (2) the close contact between the electrode and the
electrolyte results in decreased resistance and enhanced perfor-
mance."*® Moreover, the flexible f-rGO supercapacitors demon-
strated no significant changes after 1000 cycles of charge/
discharge processes and the shape of the CV curve was almost
unchanged after bending to a radius of 2.2 mm.

The doping of heteroatoms such as nitrogen (N) and boron
(B) in graphene basal planes can further enhance the capaci-
tance because the doped graphene can not only improve the
electrode conductivity but can also result in additional pseudo-
capacitance contributions.”®'*” Lin et al. reported a super-
capacitor based on N-doped ordered mesoporous graphene-like
layered carbon.’*® The typical preparation of the graphene-like

3168 | Chem. Soc. Rev., 2018, 47, 31523188

layered carbon used a sacrificial mesoporous silica as the
template. After the synthesis of the graphene-like carbon, the
silica was etched away and self-supporting ordered mesoporous
graphene-like few-layered carbon was obtained. The N-doped
graphene-like layered carbon had high conductivity (360 S cm ™)
and high specific surface area (1900 m* g~ ). The electrodes of
the supercapacitor were fabricated by combining the N-doped
graphene-like layered carbon powders with 3D graphene foam by
using a binder (at lower mass loading, the binder is not used).
In 0.5 M H,SO, electrolyte, the electrode had a specific capa-
citance of 790 F g ' at 1 A g, and its packaged device had a
specific energy density of 23.0 W h kg™ and a specific power
density of 18.5 kW kg™ %; in 2 M Li,SO, (pH 1.8) electrolyte,
the corresponding values were 720 F g ', 38.5 W h kg,
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and 22.5 kW kg™, respectively. This high performance mostly
originates from the robust redox reactions at N-associated
detects that transform graphene-like layered carbon into an
electrochemically active substance without compromising its
electrical conductivity.

3.1.2 Pseudocapacitors and hybrid supercapacitors.
Compared with EDLCs, pseudocapacitors work based on fast
reversible redox reactions and have higher energy density.
Conducting polymers, metal oxides, and other kinds of materials
that can provide fast redox reactions act as active materials for
pseudocapacitors. Graphene and rGO used in pseudocapacitors
are mainly aimed to increase the specific surface area for redox
reactions and improve the conductivity of active materials.
Hybrid supercapacitors combine EDLCs with pseudocapacitors
in a single device and have energy density and cyclic stability in
between those of EDLCs and pseudocapacitors. Graphene and
rGO can serve as the EDLC electrode, or combine with active
materials to act as the pseudo electrode, or be used for both the
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electrodes of hybrid supercapacitors, playing the same roles as
those in EDLCs or pseudocapacitors.

Graphene and rGO can be applied in conducting polymer
based pseudocapacitors or hybrid supercapacitors to enhance
the performance by providing high specific surface area. Zang
et al. used a hybrid film as the pseudo electrode material, which
was composed of graphene woven fabric (GWF) and polyaniline
(PANTI)."*® PANI also acts as the active material that offers the
fast redox reaction of the supercapacitor and the GWF provides
a high specific surface area for the supercapacitor. The GWF
was grown directly on copper meshes by a CVvD method. For the
synthesis of the hybrid film, they used an in situ electropoly-
merization method, coating PANI on a GWF film (Fig. 14a and b).
The supercapacitor had a capacitance of 23 mF cm ™~ (Fig. 14c)
and exhibited good flexibility. The device could be deformed
more than 500 times while still maintaining the areal capaci-
tance. Besides, it showed a capacitance retention of ~100% after
2000 cycles. In the same year, Xiao et al. also combined PANI with
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Fig. 14 Graphene and rGO for pseudocapacitors and hybrid supercapacitors. (a) Schematic illustration of the fabrication process of the pseudocapacitor
based on graphene woven fabric (GWF) and PANI. (b) SEM images of GWF/PANI films. (c) Areal capacitance of GWF and GWF/PANI. Reproduced with
permission from ref. 138. Copyright 2015, the Royal Society of Chemistry. (d) TEM images of the N-doped rGO/MnO, nanosheet (NGMn) composite.
(e) The structure of the flexible supercapacitors. (f) CV curves of the flexible device under various bending conditions at 10 mV s~*. Inset: Photograph of a
blue LED powered by the two supercapacitors in series. Reproduced with permission from ref. 141. Copyright 2016, American Chemical Society. (g) The
structure of the ultraflexible planar supercapacitors. (h) Schematic illustration of the 2D planar ion transport favored with the 2D 3-MnO,/graphene hybrid
structures. (i) Comparison of the specific capacitance of the supercapacitors based on the hybrids and based on graphene. Reproduced with permission
from ref. 142. Copyright 2013, American Chemical Society.
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rGO for supercapacitors.”>® They fabricated a kind of rGO/
PANI/rGO nanohybrid paper that had high conductivity, good
chemical stability and excellent mechanical robustness. Porous
PANI nanomaterials were electropolymerized in situ on the rGO
paper. Then the surface of the PANI coated rGO paper was
wrapped by an ultrathin rGO layer, resulting in a freestanding
sandwich-structured paper. This nanohybrid paper was used as
the pseudo electrode for supercapacitors, and its unique struc-
ture increased the specific capacitance and improved the cyclic
stability. The as-obtained supercapacitor exhibited not only
high energy density but also high power density. Moreover, it
also showed excellent cyclic stability and exceptional mechanical
flexibility. These results demonstrated its potential for flexible
energy-related devices and wearable electronics.

Graphene and rGO can also be used in metal oxide based
pseudocapacitors or hybrid supercapacitors to increase the
performance by improving the conductivity of the metal oxide.
Metal oxide based supercapacitors have many advantages. For
example, MnO, has high theoretical specific capacitance and
low cost.'*® However, there are still some problems hindering
their practical applications, such as poor electrical conductivity,
low specific surface area, and dissolution in the electrolyte.
Combining MnO, with conductive and chemically inert materials,
such as graphene, may be an approach to solve such problems.
Liu et al. reported a hybrid supercapacitor based on N-doped
rGO/MnO, nanosheet (NGMn) composites, which showed
excellent electrochemical performance."*' N-doped rGO was
used as a template to induce the growth of layered 6-MnO,
nanosheets (Fig. 14d), which improved the electrical conduc-
tivity of the composite. The NGMn composites exhibited a large
specific capacitance of about 305 F ¢~ * at a scan rate of 5 mV s~ .
The supercapacitor was fabricated using NGMn as the cathode,
activated carbon as the anode and polyvinyl acetate (PVA)/LiCl
gel as the electrolyte (Fig. 14e), and it exhibited a maximum
energy density of 3.5 mW h cm ® and a power density of
0.019 W cm°. Besides, the supercapacitor possessed good
robustness, with CV curves almost unchanged under different
bending angles (Fig. 14f). The flexibility, high energy density,
and good cycle life all demonstrate that this NGMn based
supercapacitor has great potential in portable and wearable
electronics. Peng et al. reported a supercapacitor based on a 2D
3-MnO,/graphene hybrid thin film (Fig. 14g)."** 5-MnO, nano-
sheets were integrated onto the rGO sheets (Fig. 14h), resulting
in more active surface area and extra interface at the hybridized
interlayer regions. This structure not only provides benefits for
absorption/desorption of ions but also facilitates charge trans-
port during charge/discharge processes, leading to good rate
capability and cyclic stability. In addition, this structure also
opens up the interlayer space to allow more electrolyte ions to
penetrate efficiently into the hybridized film, which helps to
increase the faradaic capacitance. The specific capacitance of
this supercapacitor was 267 Fg ' at 0.2 Ag ' and 208 Fg ' at
10 A g~ ' (Fig. 14i) and capacitance retention was 92% after
7000 charge/discharge cycles. Moreover, after 1000 times of
folding/unfolding, the capacitance retention was over 90%.
Bissett et al. produced a MoS,/graphene composite membrane
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to act as the pseudo electrode material."*> The composite
membranes were synthesized by mixing dispersions of MosS,
and graphene, with no binders. The highest specific capacitance
of supercapacitors based on the composite membranes was
obtained when the weight ratio of MoS, to graphene was 1:3.
The differences in flake dimensions as well as surface energies
of the MoS, and graphene prevent restacking and improve the
performance. At a scan rate of 5 mV s ', the composite
membrane exhibited a specific capacitance of 1.16 mF cm 2.
These results demonstrate a simple and scalable approach for
flexible supercapacitors.

In addition, GO has also been applied to serve as the
separator of supercapacitors.***'*> Hu et al. reported an all-
in-one flexible fiber supercapacitor."*® The rGO-GO-rGO fiber
supercapacitor was obtained by region-specific reduction of
the GO fiber under laser irradiation. The rGO parts act as
the electrodes, and the GO intermediate layer acts as both the
separator and the reservoir for holding the electrolyte. The
capacitance of this fiber supercapacitor can reach a value of
1.2 mF cm 2 at a current density of 80 uA cm 2 The capaci-
tance shows no obvious degradation after 1000 cycles of charge/
discharge processes. The energy and power densities of the
fiber supercapacitor are 2-5.4 x 10°* W h cm™? and 3.6-9 x
10> W cm 2, respectively. This kind of graphene fiber based
supercapacitors could be woven into textile and are promising
for use in wearable electronics.

Graphene nanosheets have been used as the electrodes of
EDLCs, which endow EDLCs with improved high-frequency
performance because they have exposed and accessible edge
planes that lead to minimal porosity effects and high conduc-
tivity. The restacking of graphene is a big challenge, which can
be resolved by methods such as direct laser reduction of GO or
constructing graphene with interwoven network structures. By
doping graphene with heteroatoms, the electronic structure
and density of state can be further improved and additional
pseudocapacitance contributions can be introduced, leading
to higher electrochemical performance. However, the doping
processes require precise control, which may elevate the
fabrication cost. Graphene and rGO have also been introduced
into conducting polymer based supercapacitors to increase
the specific surface area and cyclic stability, and into metal
oxide based supercapacitors to improve the conductivity of the
metal oxide. GO has been applied to act as the separator of
supercapacitors.

3.2 Wearable supercapacitors based on other 2D materials

3.2.1 Transition metal carbides (MXenes). MXenes are a
class of 2D materials that have the general formula of M,,,1 X, Ty,
where ‘M’ is a transition metal, X is C and/or N, n means an
integer between 1 and 3, and T, represents surface functional
groups.'*® MXenes have been used for supercapacitors due to
their excellent properties, such as the extra active pseudocapa-
citive centers from the inorganic frameworks and the capability
of electrosorption of electrolyte ions. Their unique structure
brings about many advantages for energy storage: (1) fast electron
supply to electrochemically active sites is enabled because of
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the conductive transition metal carbide layer; (2) a redox-active
transition metal oxide-like surface is generated during the
synthesis; (3) fast ion transport is permitted due to the 2D
morphology and pre-intercalated water.'*”

Lukatskaya et al. reported high-performance EDLCs with
layered Ti;C, MXene serving as the electrode materials."*® The
Ti;C, MXene layers can be intercalated with a variety of cations,
including Na*, K*, NH,*, Mg?*, and AI** (Fig. 15a and b). As a
consequence, the excellent performance based on the flexible
Ti;C, Ty paper resulted from both the double-layer capacitance
and intercalation, and the latter made up for the shortcoming
of the low specific surface area. The capacitance of this material
was in excess of 300 F cm™>. This study demonstrates the
potential of 2D carbides and carbonitrides for electrochemical
energy storage applications.

In 2017, Lukatskaya et al. further applied Ti;C,T, MXene for
pseudocapacitors that have pseudocapacitive energy storage
with ultrahigh rate.'®® The macroporous Ti;C,T, MXene film
delivered a high specific capacitance of 210 F g~ ' at a scan
rate of 10 V s~ . Moreover, the volumetric capacitance (about
1500 F cm™?) reached the previously unmatched performance
of RuO,. The high performance can be attributed to the unique
structure of the Ti;C,T, MXene film, the macroporous electrode
and the increased concentration of the electrolyte. Firstly, the
conductive inner transition metal carbide layer enables fast
electron supply to the electrochemically active sites; the transi-
tion metal oxide-like surface generated during the synthesis
is redox active; and the intercalated water molecules enable
high accessibility of protons to the redox-active sites. Secondly,
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the electrodes were characterized by 1-2 pm-diameter macro-
pores with a submicrometer-thick MXene wall, which greatly
reduce the ion transport length. Thirdly, 3 M H,SO, was used as
the electrolyte in this study, and the higher concentration of
proton results in slightly higher capacitance values and superior
rate performance than that using 1 M H,SO, solution.

3.2.2 TMDs and TMOs. TMDs and TMOs have also been
applied for supercapacitors. Feng et al. demonstrated that vanadium
disulfide (VS,) is a potential material for high-performance planar
supercapacitors, because of the synergy between its metallic nature
and exfoliative characteristics brought by the conducting S-V-S
layers stacked up by weak van der Waals interlayer interactions.">
The electrical resistivity increased with increasing temperature,
demonstrating the typical metallic conducting behavior and con-
firming the metallicity of VS, nanosheets (Fig. 15c).">* The highly
conductive VS, thin films were successfully assembled as the
electrodes of the planar EDLCs (Fig. 15d) with a specific capacitance
of 4760 UF cm™? in a 150 nm in-plane configuration. The capaci-
tance showed no obvious degradation after 1000 charge/discharge
cycles. Wu et al. reported a flexible ultrathin pseudocapacitor based
on aoy-vanadyl phosphate (VOPO,) ultrathin nanosheets with less
than six atomic layers.'>" These nanosheets could undergo a
reversible pseudocapacitive reaction with Li':

VOPO, + xLi" + xe~ «< 2Li,VOPO,.

The energy density of the as-obtained flexible supercapacitor
was 1.7 mW h cm 2, and the power density was 5.2 mW cm ™2,
In addition, the specific capacitance showed negligible degra-

dation even after 400 bending cycles.

PVA-BMIMBF,
electrolyte
VS, thin-film electrode

Fig. 15 Supercapacitors based on MXenes and TMDs. (a) Schematic illustration of the electrode fabrication process. First, the multilayer TizC,T, powders
are delaminated to produce few-layer MXene flakes; then the resulting colloidal solution is filtered through a porous membrane, producing binder and
additive-free TizC,T, paper electrodes for use in capacitance tests. (b) SEM image of the paper electrode. Inset: photograph showing its flexibility.
Reproduced with permission from ref. 148. Copyright 2013, AAAS. (c) Temperature dependence of planar resistivity of the VS, thin film. (d) Up: the
migration path of ions for the planar supercapacitor; bottom: schematic illustration of the as-fabricated supercapacitor configuration. Reproduced with

permission from ref. 150. Copyright 2011, American Chemical Society.
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The unique structure of MXenes enables fast electron sup-
ply, a redox-active layer surface, and high proton accessibility,
which endow MXene based supercapacitors with high perfor-
mance. TMOs and TMDs have also been applied for flexible
supercapacitors, and their layered structure makes them promis-
ing for flexible supercapacitors with planar structure.

It should be noted that for wearable purposes, the configu-
ration of the supercapacitor electrodes is of great importance.
Big challenges emerge for conventional sandwich-structured
supercapacitors when further decreasing the thickness to
achieve high performance and flexibility, such as how to prevent
short circuit and ensure a smooth transportation of ions during
bending. Planar supercapacitors, with the electrode material,
electrolyte, and current collector integrated onto the same plane,
are a promising solution to address these issues. Even when the
supercapacitors are rolled or even folded, planar supercapacitors
can offer planar channels for ions without affecting the ion
transportation."® Due to their layered structures, 2D materials
are desirable for use in flexible planar supercapacitors. The
wearable planar supercapacitors based on 2D materials usually
feature two parallel or interdigital electrodes, on a flexible
substrate."*""*® The fabrication techniques of planar supercapa-
citors include photolithography, plasma etching, laser scribe,
and inkjet printing."**™*” Chen et al. reported a flexible planar
supercapacitor based on graphene prepared by liquid-air inter-
facial assembly."*® The GO film supported by the PET substrate
was reduced into electrically conductive graphene by using
hydriodic acid as the reducing agent. Then the flexible planar
supercapacitor was constructed on the PET supported graphene,
without the substrate-transfer procedure. The fabricated planar
supercapacitors with MnO, and PANI as the active materials
presented an areal specific capacitance of up to 963 and
2561 UF cm™ >, respectively. Further development of wearable
planar supercapacitors based on 2D materials can involve
improving the electrochemical properties of the electrode materials,
optimizing the device geometry (number of finger electrodes,
interspace between adjacent electrodes, etc.), and reducing the
cost of the manufacturing processes.

3.3 Perspectives

Supercapacitors have advantages over batteries in terms of
higher power density, ultrafast charge/discharge rates and
superior operating lifetime. The excellent cyclic stability also
makes supercapacitors more suitable than batteries to serve as
the energy storage component of sustainable power systems
that combine energy harvesters with energy storage devices to
power electronics. Therefore, wearable/flexible supercapacitors
are promising to meet the demand for wearable power sources.
The flexibility of 2D materials satisfies the basic requirement for
flexible supercapacitors. But what really tantalizes researchers is
that the potential of 2D materials for flexible supercapacitors goes
well beyond flexibility. Graphene nanosheets possess exposed and
accessible edge planes that result in minimal porosity effects and
high conductivity, and thereby improve the high-frequency
operation of EDLCs. Doping graphene with heteroatoms can
further improve the supercapacitor performance by enhancing
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the conductivity and introducing additional pseudocapacitive
contributions. Graphene and rGO can increase the specific
surface area and cyclic stability of conducting polymer based
pseudocapacitors and improve the conductivity of the metal
oxide for metal oxide based supercapacitors. GO has been used
as the separator of supercapacitors. The unique structure of
MXenes endows the supercapacitors with high performance due
to the fast electron supply, redox-active layer surface and high
proton accessibility. TMOs and TMDs are promising for flexible
supercapacitors with planar structure due to their layered struc-
ture. The performance of the supercapacitors based on these 2D
materials is summarized in Table 2.

For future studies, there are lots of challenges that require
tremendous efforts. Precise control over the structural stability
and doping processes of graphene and its derivatives without
compromising the cost is still needed. Some other 2D carbon
materials such as graphdiyne are predicted to have great
potential for the electrodes of supercapacitors, and yet the
experimental performance is not ideal.">® The quality, stability,
and synthesis method of these 2D carbon materials need to be
improved. For non-carbon 2D materials, more controllable
approaches are needed to precisely manipulate their thickness
and crystallographic structures, and effective procedures are
needed to tune the electrochemical properties at the atomic
and molecular level.

In addition, further fundamental studies are still required to
understand the operation mechanism so as to achieve optimized
device performance and fulfill large-scale production standards.
For practical wearable applications, devices are required to have
strong robustness and high bending stability. Planar structured
supercapacitors seem to be an effective route to tackle this
challenge. Still, it is necessary to design new architectures and
optimize both the electrochemical and mechanical properties of
the 2D material based wearable supercapacitors.

4. Wearable energy harvesters

The unique properties of 2D materials also make them promising
for energy harvesting. For example, due to their tunable light
absorption property and band gap, some 2D materials such as
MoS,, WS,, MoSe, and WSe, show great potential for the con-
struction of solar cells with high power density and ultrathin
thickness; some 2D materials such as BN, MoS,, MoSe,, MoTe,,
WS,, WSe,, and WTe, show stronger piezoelectric coupling than
conventional bulk wurtzite structures, thereby offering new
opportunities for piezoelectric nanogenerators; some 2D materials
such as SnS, have increased electrical conductivity and decreased
thermal conductivity compared with their bulk material counter-
parts, which provide new platforms for thermoelectric nano-
generators. In this section, applications of 2D materials for
wearable energy harvesters will be reviewed and discussed.

4.1 Solar cells based on 2D materials

Solar radiation is an abundant energy source that is sustainable
and renewable. Solar cells that convert sunlight into electricity

This journal is © The Royal Society of Chemistry 2018
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can be mounted or integrated into the human body or clothes/
accessories to serve as a power source for wearable electronics.
2D materials such as graphene and its derivatives, 2D TMDs,
and phosphorene (monolayer BP) show great potential for
application as solar cells due to their unique optoelectronic
properties.

Graphene possesses a lot of merits for wearable solar cells,
such as high optical transparency, high electron mobility, and
excellent mechanical flexibility, which make it promising to
replace the traditional indium tin oxide (ITO) or fluorine-doped
tin oxide (FTO) electrodes. Compared with the brittle ITO,
graphene is much more flexible and therefore is more desirable
for flexible solar cells. Also, ITO is opaque to ultraviolet light
(wavelength <320 nm) due to its band gap of ~4 eV and to
infrared light because of free carrier absorption; on the other
hand, the monolayer graphene has an optical transparency of
~97.7% over the entire solar spectrum, with the addition of
each layer corresponding to a ~2.3% decrease in transparency.
For graphene, the increase in layers leads to a decrease in
optical transparency but an increase in conductivity; thus
there should be a balance when it comes to graphene layers.

View Article Online
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The main limitation faced by graphene is its lack of an intrinsic
band gap. This limitation can be alleviated through functionaliza-
tion. Due to the excellent transparency, high carrier mobility and
chemical stability, graphene and rGO have been applied to act as
the anode of dye sensitized solar cells (DSSCs), heterojunction
silicon solar cells and organic solar cells (OSCs) (Fig. 16a—c),'** "
the cathode of heterojunction photovoltaic solar cells and
0SCs,'**% the charge transport layer of DSSCs and OSCs,"*™"?
and the intermediate layer of tandem OSCs.'”*'”®> Graphene
has also been used to serve as the active layer of OSCs for light
harvesting/accepting since its 2D structure and high aspect
ratio can facilitate the desired donor/acceptor interface forma-
tion for charge separation and charge transfer."”®'”” Function-
alized graphene has been applied as the counter electrode
of DSSCs due to the large density of lattice defects and
oxygen-containing functional groups.'”®'”® Chemically doped
graphene has been applied for Schottky-junction solar cells,
and the presented high performance is because the doping-
induced shift in the graphene’s chemical potential increases
the graphene’s carrier density and enhances the cell’s built-in
potential.’®**%? The reported solar cells based on graphene
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Fig. 16 2D materials for solar cells. (a) Schematic diagram showing the detailed structure of the organic solar cell. (b and c) The (b) J-V characteristics
and (c) EQEs of solar cells with different metals as cathode and monolayer graphene as anode. Reproduced with permission from ref. 160. Copyright 2013,
John Wiley & Sons, Inc. (d) Schematic illustration showing the structure of the MoS,/p-Si heterojunction solar cell. (e and f) The (e) J-V characteristics and
() EQE spectrum of the solar cell. Reproduced with permission from ref. 185. Copyright 2014, American Chemical Society. (g) Schematic illustrations
showing the structures of organic solar cells with and without BP incorporation. (h—i) The J-V characteristics of the organic solar cells (h) without and (i) with
BP. Reproduced with permission from ref. 195. Copyright 2016, John Wiley & Sons, Inc.
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and its derivatives have a power conversion efficiency of
up to ~10.34%.

Like graphene, the band gaps of some 2D TMDs are also
layer-dependent (e.g., monolayer MoS, has a direct band gap of
~1.8 eV while bulk MoS, has an indirect band gap of ~1.3 eV)
and this kind of tunable energy levels enable them to be coupled
with various donor/acceptor systems in OSCs. Compared with
graphene, semiconducting 2D TMDs such as MoS,, WS,, MoSe,,
and WSe, have more suitable band gaps that are predicted to
absorb up to 5-10% of incident sunlight, which is about one
order of magnitude higher than that of Si or GaAs with the same
thickness (below 1 nm). In this regard, 2D TMDs have been
applied as the photoactive semiconductor layer in Schottky or
p-n junctions (Fig. 16d-f).'**'%° Besides, 2D TMDs have also
been used for the catalytic counter electrode in DSSCs and the
hole-extraction layer in OSCs due to their good catalytic activity
and hole-extraction capability."****> Although solar cells based
on 2D TMDs are predicted to have high solar energy conversion
efficiencies, the reported experimental power conversion effici-
encies (0.1-8.11%) are still low compared with those of conven-
tional solar cells based on silicon (15-30%).

Phosphorene and its derivatives have balanced properties
between graphene and 2D TMDs, with high optical trans-
parency, good charge carrier mobility and excellent electronic
properties. Phosphorene has been demonstrated to serve as
the light absorber and charge transfer layer in solar cells,
with enhanced light absorption and electron recombination
(Fig. 16g-i)."°*'* The reported solar cells based on phosphorene
exhibited a power conversion efficiency of up to ~ 8.25%. Theoret-
ical works have shown that phosphorene is a promising material
for solar cells with good stability and high power conversion
efficiency (as high as ~20%)."°%'” However, there is still a lack
of experimental demonstrations revealing the use of phosphorene
in solar cells with corresponding extraordinary properties.

Graphene is a candidate to replace ITO electrodes in flexible
solar cells, due to its excellent flexibility, transparency over the
entire solar spectrum, high electron mobility and chemical
stability. 2D TMDs have tunable band gaps and are predicted
to absorb more incident sunlight than conventional Si or GaAs
with the same thickness. Phosphorene has balanced properties
between graphene and 2D TMDs, and can bridge the gap
between these two kinds of materials. All these 2D materials
are promising for wearable solar cells, but right now the power
conversion efficiencies of the corresponding solar cells are still
not comparable to those of conventional solar cells based on
silicon. Therefore, efforts are required to further improve the
performance of 2D material based solar cells; for example,
optimizing the incorporation of 2D materials may lead to enhance-
ment of light absorption, charge collection, and efficient exciton
dissociation.

4.2 Mechanical energy harvesters based on 2D materials

Human motion produces kinetic energy that can be converted
into electricity. Harvesting biomechanical energy is an important
approach to provide electricity for wearable electronics. The
piezoelectric nanogenerator and triboelectric nanogenerator

This journal is © The Royal Society of Chemistry 2018
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are two common energy harvesters for scavenging biome-
chanical energy because of their advantages such as light weight
and high energy conversion efficiency. 2D materials have been
used for these two types of nanogenerators.

4.2.1 Piezoelectric nanogenerators. Graphene and its deriv-
atives have been applied in piezoelectric nanogenerators for
two main roles. One role is acting as the electrode of piezo-
electric nanogenerators due to their excellent flexibility, carrier
mobility and transparency.'®* % Kwon et al. reported a flexible
and semi-transparent piezoelectric nanogenerator based on
PbZr, 5,Tip.4303 with graphene as the electrode, which showed
an output voltage of ~2 V, a current density of ~2.2 pA cm 2,
and a power density of ~88 mW cm* at an applied force of
0.9 kef (Fig. 17a-c).>*" The other role is serving as an additive
to the conventional piezoelectric materials to enhance the
performance.’***!° Graphene has zigzag-structured carbon
atoms that match the zigzag-structured  phase of the PVDF.
The hydrophilic interaction between the CF, in PVDF and the
-C—0 and COOH groups in GO leads to the attachment of
PVDF chains to the GO. Hence, the addition of graphene or GO
to the PVDF matrix can enhance the nucleation of  phase
crystals and thereby improve the performance of piezoelectric
nanogenerators. Yaqoob et al. reported a tri-layer piezoelectric
nanogenerator based on PVDF, barium titanate, and surface-
modified n-type graphene, which shows a current of 1.5 pA at a
force of 2 N and an instantaneous power of 5.8 mW (Fig. 17d-f).>'°
The n-type graphene enhances the outputs of the piezoelectric
nanogenerator by aligning the dipoles in one direction. In
addition, although graphene is non-piezoelectric, it has been
discovered theoretically that piezoelectricity can be generated
in doped graphene with atoms on one side, where the doping
atoms break the inversion symmetry of graphene.*!*

2D TMDs (monolayer or few layers) such as MoS,, MoSe,,
MoTe,, WS,, WSe,, and WTe, are found to have piezoelectricity,
which is different from their bulky counterparts that are not
expected to be piezoelectric because of the presence of an
interlayer inversion center.”’>>'* The observed piezoelectricity
can be attributed to the strain induced lattice distortion and
the associated ion charge polarization of the mono- or few-layer
TMDs. The magnitude of the piezoelectricity strongly depends
on the number of layers, usually decreasing when more than
two layers are present (Fig. 17g).>">*'® The most experimentally
studied 2D TMD material for piezoelectricity is MoS,.>**>"® The
reported piezoelectric nanogenerators based on MoS, showed
an open-circuit voltage on the order of ~15 mV, a short-circuit
current on the order of ~20 to 65 pA, a power density of up to
~2 mW m 2 and an energy conversion efficiency of up to
~5.08%.>'"%1® The reported piezoelectric nanogenerators
based on other 2D TMDs showed electrical outputs at levels
similar to those of MoS,. Lee et al. reported that WSe, bilayers
fabricated through turbostratic stacking have reliable piezo-
electric properties (Fig. 17h and i).>'® The fabricated piezo-
electric nanogenerator exhibited an output voltage of 45 mV, a
short-circuit current of 100 pA and a maximum instantaneous
power of 2.54 pW. Compared with traditional piezoelectric
nanogenerators based on Pb(Zr,Ti; _,)O3, the energy conversion

Chem. Soc. Rev., 2018, 47, 3152-3188 | 3175


https://doi.org/10.1039/c7cs00849j

Published on 07 February 2018. Downloaded by Beijing Institute of Nanoenergy and Nanosystems CAS on 8/11/2023 7:51:05 AM.

Chem Soc Rev

View Article Online

Review Article

a b3 Cc g3
A~ - PZT patterning Ny~ g
SSE FSS o o |
\"\\N’Q\\‘/ =5 & o Z« 1t l | l i; 1t
I o 3
o gy P onc® 280 Z 0
b [T & T
:‘%' -1t a -l
K iV /
= \!’ 4 &so.\ >’2 ;:‘: '2'
Sietching e 3 X . = 3 . . )
12 16 20 5 8 12 16 20
Time (s) Time (s)
l6
e 1.54 f
101 =
A 2o
3 0.5 %
£ 001 2
= g 2
3 -0.54 £
3
-1.04 =
04
5x10' | 2x10° 5x10° 10° 2x10° sx10° 10
Load Resistance (ohm)
g One layer  Three layers  Five layers Bulk I 150
20F 2
< s
e £ 04
= =
B ol — b — s — — 3
3
O
-150
-20F \Cr T T
Two layers  Four layers  Six layers 0 5 10 15

Time (s)

Fig. 17 Piezoelectric nanogenerators based on 2D materials. (a) Schematic overview of the fabrication process for the piezoelectric nanogenerator.
(b and c) The output (b) voltage and (c) current density of the piezoelectric nanogenerator. Reproduced with permission from ref. 201. Copyright 2012,
the Royal Society of Chemistry. (d) Photograph of the piezoelectric nanogenerator under bending. (e and f) The output (e) current and (f) instantaneous
power of the piezoelectric nanogenerator. Reproduced with permission from ref. 210. Copyright 2017, Elsevier Ltd. (g) Evolution of the piezoelectric
outputs with increasing number of MoS, atomic layers. Reproduced with permission from ref. 216. Copyright 2014, Nature Publishing Group.
(h) Schematic illustration of the piezoelectric nanogenerator based on monolayer WSe;. (i) The short-circuit current response of the monolayer WSe,
under periodic tensile strain. Reproduced with permission from ref. 219. Copyright 2017, John Wiley & Sons, Inc.

efficiency of piezoelectric nanogenerators based on 2D TMDs
(e.g., Mo0S,: 5.08%) is about one order of magnitude lower.
Therefore efforts are required to further improve the energy
conversion efficiencies of these piezoelectric nanogenerators,
which may be achieved by improving the interface properties
and optimizing the device structure.

Other 2D materials such as hexagonal BN and phosphorene
have also been discovered theoretically to possess piezoelectri-
city.”**?** However, there have been few experimental studies
on them.

4.2.2 Triboelectric nanogenerators. Graphene and its deriva-
tives have been applied in triboelectric nanogenerators and they
mainly serve as the electrode or the triboelectric layer, which
endow the triboelectric nanogenerators with features such as
thin thickness, transparency, flexibility or even stretchability
(e.g., crumpled graphene).”****' Nanjegowda et al. reported a
triboelectric nanogenerator based on graphene that is transferred

3176 | Chem. Soc. Rev., 2018, 47, 3152-3188

from copper to a polymer substrate by a roll-to-roll method
(Fig. 18a—c).>*° The triboelectric nanogenerator showed a current
density of ~0.075 pA cm™> at a frequency of 4.3 Hz. When
graphene is used as the electrode, its lower conductivity compared
with bulk metal films has little negative impact on the perfor-
mance because of the large internal impedance of triboelectric
nanogenerators (usually on the order of tens or hundreds
of MQ).>*>?3% Graphene is not a desirable material for the tribo-
electric layer since it is less triboelectrically active compared
with the commonly used triboelectric layers such as polytetra-
fluoroethylene (PTFE), Kapton, rubber, Al, and nylon. But it has
been reported that aligned graphene sheets embedded in PDMS
can improve the surface triboelectric charge density and thereby
enhance the performance of the triboelectric nanogenerator.>**
Moreover, an rGO/polyimide composite has been introduced into
the triboelectric layer (beneath the negatively charged dielectric
surface) to help trap electrons and increase the triboelectric

This journal is © The Royal Society of Chemistry 2018
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Fig. 18 Triboelectric nanogenerators based on 2D materials. (a) Schematic diagram of the graphene/EVA/PET based triboelectric nanogenerator.
(b) Photographs showing 56 LED bulbs lighted up by the triboelectric nanogenerator. (c) Photographs showing the nanogenerator mounted on the wrist
to harvest biomechanical energy. Reproduced with permission from ref. 230. Copyright 2015, John Wiley & Sons, Inc. (d) Schematic illustration of the
triboelectric nanogenerator with a polyimide (PI):rGO film. (e) Photographs showing the fabricated flexible triboelectric nanogenerator. (f) Dependence
of the output power density on the external load resistance. Reproduced with permission from ref. 235. Copyright 2017, Elsevier Ltd. (g) Schematic
illustration of the triboelectric nanogenerator with monolayer MoS,. (h and i) The (h) charging processes and (i) peak current as a function of the peak
voltage for the triboelectric nanogenerators with and without monolayer MoS,. Reproduced with permission from ref. 236. Copyright 2017, American

Chemical Society.

charge density (Fig. 18d-f). The power density of the tribo-
electric nanogenerator with rGO is ~6.3 W m ™2, which is about
30 times higher than that without it.>*

Recently, MoS, has also been applied in the negatively charged
dielectric layer to serve as the triboelectric electron-acceptor layer
and enhance the output performance (Fig. 18g-i).>*® The tribo-
electric nanogenerator modified with MoS, showed an open-
circuit voltage of ~120 V, a power density of 25.7 W m™2, and
improved cyclic stability. It is predicted that other 2D materials
may also be promising for providing electron-trapping sites for
triboelectric nanogenerators and enhancing their performance.

Graphene and its derivatives have been applied as the
electrodes of flexible piezoelectric and triboelectric nano-
generators, and also as additives to enhance the performance
of these two types of nanogenerators. Some 2D TMDs show
layer-dependent higher piezoelectricity than their bulky counter-
parts, and more experimental studies are still needed to demon-
strate the theoretically predicted piezoelectric properties of other
2D TMDs. MoS, has been used as an additive layer to enhance

This journal is © The Royal Society of Chemistry 2018

the performance of triboelectric nanogenerators and it is pre-
dicted that other 2D materials may also be able to improve the
performance of triboelectric nanogenerators.

4.3 Thermoelectric nanogenerators based on 2D materials

The idea of converting human body heat into electricity has been
tantalizing researchers for years. A resting human male gives
off approximately 100-128 Watts of energy as heat. Harvesting
body heat energy is an important route toward green and sustain-
able wearable power sources. Currently, the favored technology
to harvest body heat energy is the thermoelectric nanogene-
rator, which generates electricity from the temperature differ-
ence between the human body and the ambient environment.
The performance of the thermoelectric nanogenerator relies
on the thermoelectric figure of merit of the material, which is
given by

_0'S2T
Tk

zZT

1)
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Fig. 19 2D materials for harvesting thermal energy. (a) Photograph of the flexible thermoelectric nanogenerator based on the MoS,/graphene
nanocomposite. (b) The output voltage of the thermoelectric nanogenerator under various temperature differences. (c) Dependence of the output
voltage on the temperature difference. Reproduced with permission from ref. 248. Copyright 2017, IOP Publishing Ltd. (d) Schematic illustration of the
thermoelectric nanogenerator under the photo-thermoelectric measurement setup. (e) Scanning photo-thermoelectric current imaging demonstrating
the thermocurrent-dominated profile. (f) Calculated ZT values for temperatures from 100 to 300 K. Reproduced with permission from ref. 251. Copyright

2016, Nature Publishing Group.

where o, S and x are the electrical conductivity, the Seebeck
coefficient and the thermal conductivity of the material respectively.
It can be seen that a higher Seebeck coefficient, larger electron
conductivity and smaller thermal conductivity all contribute to a
higher ZT.

Graphene has a reported Seebeck coefficient of ~40 to
180 uV K ' at ~250 to 300 K and thermal conductivity of ~ 2000
to 5000 W m~ ' K ' at 300 K.**”>* Although the relatively low
Seebeck coefficient and high thermal conductivity limit the use of
graphene as a thermoelectric material, it has been reported that
graphene or rGO added to other thermoelectric materials can
enhance the power factor (PF = 657).>**>* Xie et al. reported a
flexible thermoelectric nanogenerator based on the MoS,/graphene
nanocomposite (Fig. 19a-c).>*® This thermoelectric nanogenerator
exhibited higher performance than that without graphene, with an
output voltage of —0.73 mV under a temperature difference of
—35 K and a power density of 8.8 n\W cm ™2,

Some other 2D materials have been found to possess higher
ZT than their bulky counterparts.>**>*! For example, it has
been discovered by Lee et al. that 2D SnS, has higher electrical
conductivity and lower thermal conductivity than its bulky
counterpart, and the Seebeck coefficient of the 16 nm-thick
2D SnS, materials is 34.7 mV K™ ' at 300 K (Fig. 19d-f).>*" The
negative correlation between the electrical conductivity and
thermal conductivity of such 2D materials makes them promis-
ing for thermoelectric nanogenerators, but there’s still a lot of
work, both theoretical and experimental, to be done to turn that
promise into reality.

3178 | Chem. Soc. Rev., 2018, 47, 3152-3188

Graphene’s relatively low Seebeck coefficient and high thermal
conductivity limit its use as a thermoelectric material, but it can
be used as an additive to other thermoelectric materials to
improve the power factor; some 2D layered IV-VI metal chalco-
genides are found to have higher thermoelectricity than their
bulky counterparts, but lots of efforts are still required to demon-
strate their wearable applications.

4.4 Other types of energy harvesters based on 2D materials

Graphene and its derivatives have also been applied to generate
electricity from other types of ambient energy sources, such as
moisture and water drops.>*>">°¢

GO with oxygen-containing groups has been used in energy
harvesters that produce electricity from ambient moisture.
Zhao et al. reported an energy harvester to generate electricity
from moisture diffusion based on GO film. The concentration
gradient of the oxygen-containing groups in the GO provides
an ionic gradient under adsorbed moisture, which leads to a
periodic electric output when humidity varies (Fig. 20a).>>* This
energy harvester showed an output voltage of ~35 mV, a power
density of ~4.2 mW m ™2, and an energy conversion efficiency
of up to ~62%. It was demonstrated to generate electricity
from human respiration (Fig. 20b-e). To act as wearable power
sources, the electrical outputs of this energy harvester still need
to be improved, and it should be combined with energy storage
devices to directly power wearable electronics. For use as a
self-powered respiration sensor, long-term cycle stability is
required. Some concentration cells based on GO have also been

This journal is © The Royal Society of Chemistry 2018
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Fig. 20 2D materials for harvesting other types of energy. (a) Schematic illustration showing the moisture-electric annealing process of GO film with
applied voltage under a humid environment. The O°~ represents the oxygen-containing ions. (b) Schematic diagram showing the structure of the energy
harvester. (c) Schematic illustration showing the energy harvester driven by human breathing. (d and e) The output (d) voltage and (e) current density
generated by respiratory moisture-tide with a ARH of ~21%. Reproduced with permission from ref. 252. Copyright 2015, John Wiley & Sons, Inc. (f) I-V
characteristics of the PEDOT/GO-Nafion/rGO concentration cell that was coated on the polymer substrate with a room temperature ionic liquid (RTIL)
under different relative humidity (RH) of 30%, 50% and 70%. Insets: Structure of the GO concentration cell. (g) Discharge of the GO concentration cell
printed in series on a polyethylene naphthalate (PEN) substrate under an ambient environment. (h) The first and second discharge at 1 pA and the inset
picture shows the first charge at 100 pA with a size of 2 x 10 cm at an RH of 70%. Reproduced with permission from ref. 258. Copyright 2015, Nature
Publishing Group. (i) Schematic illustration showing electricity generated by moving an ionic water drop on graphene. (j and k) The (j) voltage and
(k) power produced by dropping droplets of 0.6 M CuCl, solution onto graphene at an angle of 70°. Reproduced with permission from ref. 255. Copyright
2014, Nature Publishing Group.

used to generate electricity from moisture.>*”>*® Wei et al. by coating poly(3,4-ethylenedioxythiophene) (PEDOT), GO ink
reported a GO based concentration cell that was demonstrated and rGO on Ag charge collectors (Fig. 20d-f).>*® The generated
on an arbitrary insulating substrate (e.g., polymer sheet/paper) electricity from humidity depends on the device size.

This journal is © The Royal Society of Chemistry 2018 Chem. Soc. Rev,, 2018, 47, 3152-3188 | 3179
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When integrated with a room temperature ionic liquid (RTIL),
one unit cell with a length of 0.5 cm can generate an energy
capacity of 30 A h L™ and a voltage of up to 0.7 V. With a power
density of up to 0.4 W cm > and an energy density of 4 Wh L™,
the GO based concentration cell was demonstrated to drive an
electrochromic device. A disposable energy source made of GO
was also written on a plastic glove to demonstrate its wear-
ability. This work provides new platforms for futuristic wear-
able electronics.

It has been discovered that the relative motion between
graphene and ionic or non-ionic water can produce electricity,
explained by various mechanisms. Dhiman et al. reported that
an output power of ~ 85 nW was generated when a ~0.6 M HCI
solution flows over graphene at a speed of ~0.01 m s™*, and
they proposed that the power generation may be attributed to
the surface ion hopping mechanism.>** Yin et al. reported that
electricity can be generated by moving ionic water over mono-
layer graphene. They proposed that the adsorption of Na* ions
at the front boundary and the desorption of Na* ions at the rear
boundary of the ionic droplet drive free electrons to move
across graphene under the droplet from the rear end to the
front end. Dropping ionic water onto a 70° tilted graphene
surface produces a voltage of ~30 mV, a current of ~1.7 pA
and a power of ~19.2 nW (Fig. 20f-h).>*® Kwak et al. introduced
a PTFE layer beneath the ionic water droplet and graphene,
which led to an improved performance with an output voltage,
current and power of ~1.1 V, ~8 pA, and ~1.9 pW respec-
tively.>®® Lee et al. reported that a voltage of ~48.2 UV was
generated when nonionic water flows over graphene with a
velocity of 0.1 m s *. They suggested that distilled water is a polar
liquid that can form “ordered” structures near hydrophobic inter-
faces, and these “ordered” structures can interact with charge
carriers in graphene, leading to charge redistribution. This charge
redistribution in graphene results in a potential difference, and a
consistent voltage is generated with the distilled water flowing over
graphene.”® The nanogenerators based on non-ionic water/
graphene have an output voltage of up to ~0.1 V.>>>?¢* Although
the mechanism seems unclear, this kind of energy harvesters may
have the potential for wearable applications because of the excel-
lent flexibility of graphene. For example, graphene based raincoats
may be developed to harvest energy from the raindrops. However,
the delivered power needs to be further enhanced, and suitable
device designs are also needed.

In conclusion, GO has been used to produce electricity from
ambient moisture diffusion, which can be applied to harvest
energy from human respiration or serve as self-powered respira-
tion sensors. Relative motion between water and graphene can
generate electricity, which shows the potential for wearable
power sources.

5. Conclusions and future prospects

With the rapid development of power-hungry wearable smart
devices and flexible electronics, wearable energy sources
with high energy density and power density, operational safety,
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long-term stability, in addition to mechanical flexibility, light
weight, thin thickness, and low cost are in urgent need.

Emerging 2D materials open a new window for developing
wearable energy sources. On the one hand, the atomic-scale
thickness of the mono- or few-layered 2D materials renders them
flexibility, which enables them to meet the criteria including
flexibility and thin thickness. On the other hand, 2D materials
show extraordinary properties differing from their bulky counter-
parts. These unique properties give them an edge in certain
energy devices, which are summarized as follows. (1) The high
carrier mobility, chemical inertness and lightweight property
make graphene desirable to serve as the conducting additives
and current collectors for energy storage devices, and with its
transparency in the whole solar spectrum, it is also desirable to
act as the electrode of energy harvesters such as solar cells.
Graphene including rGO with hierarchical or porous intercon-
nected structures can help improve the performance of batteries
by facilitating the storage and transport of ions, buffering the
volume expansion of electrode materials and enhancing the
surface/interface ion storage properties. Graphene nanosheets
vertically grown on current collectors can enhance the high-
frequency operation of EDLCs due to their exposed and acces-
sible edge planes that lead to minimal porosity effects and high
conductivity. Doped graphene can further improve the super-
capacitor performance by improving the conductivity and intro-
ducing additional pseudocapacitive contributions. Due to the
unimpeded permeation of humidity through GO,**> GO with
oxygen containing groups can be applied to generate electricity
from ambient moisture. (2) 2D TMDs such as MoS, show
improved performance for LIBs compared with their bulky
counterparts due to the shorter diffusion path length for Li"
ions, enlarged surface active sites and prevention of pulveriza-
tion of active materials during cycling. 2D TMDs are also pro-
mising for solar cells because they have tunable band gaps and
can theoretically absorb more incident sunlight than conven-
tional Si or GaAs with the same thickness. Some 2D TMDs such
as MoS, present layer-dependent higher piezoelectricity than
their bulky counterparts. Some 2D IV-VI metal chalcogenides
such as SnS, show higher thermoelectricity than their bulky
counterparts. (3) MXenes have a unique structure that endows
them with advantages for energy storage: their conductive
transition metal carbide layer can allow fast electron supply
to electrochemically active sites; they have transition metal
oxide-like surface that is redox-active; and their 2D morphology
and pre-intercalated water can permit fast ion transport. (4) BP
has a high theoretical specific capacity of 2596 mA h g~ for
LIBs, which is approximately 7 times that of the widely used
graphite (372 mA h g™ !). Phosphorene also has a theoretical
solar power conversion efficiency of as high as ~20% and good
stability for solar cells. Fig. 21 presents the evaluated perfor-
mance of 2D material based wearable energy sources involved
in this review in comparison to their peers based on conven-
tional materials. The quantified scoring is presented in the
form of spider charts, which can be used as a reference for
researchers to visually see which energy devices each class of 2D
materials are suitable for.

This journal is © The Royal Society of Chemistry 2018
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The research of 2D materials started in around 2004, the year
that scientists successfully gained monolayer graphene. Over the
past few decades, the number of published journal articles about
2D materials each year has been consistently increasing (Fig. 22a).
With researchers delving deeper into 2D materials’ synthesis and
property, the proportion of publications devoted to the field of
energy keeps expanding. Compared with journal articles, patents
are more critical for entrepreneurs to gain strategic advantages.
The number of issued worldwide patents about wearable energy
sources based on 2D materials has also been increasing rapidly
(Fig. 22b), suggesting ongoing product development and vast
prospects for future industrialization.
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As for future research, many challenges need to be addressed
and a lot of work needs to be done for wearable energy sources
based on 2D materials.

From the perspective of material, efforts are required to
further improve the synthesis methods, and fundamental studies
are still required to better understand the physics behind the
unique properties. (1) The restacking of 2D materials is a big
challenge for their use in energy storage devices. This challenge
could be addressed by growing vertically oriented 2D materials
on current collectors and synthesizing 2D materials with
hierarchical or porous interconnected structures. (2) The
yields of 2D materials with the current synthesis methods
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Fig. 22 (a) Journal publication trends in 2D materials and their energy source related research (2005-2016), data queried from Web of Science™.
(b) The issued worldwide patents related to wearable energy sources based on 2D materials per year (2005-2016), data queried from Derwent

Innovations Index™.
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(e.g- CVD, solution exfoliation, mechanical exfoliation, etc.) are
still low. Therefore, exploring new preparation approaches and
improving the existing synthesis processes are needed, with
precise manipulation over the crystallographic structures along
with the thickness. For industrialization, low-cost and large-
scale production methods that yield 2D materials with desired
qualities need to be developed. (3) A full understanding of the
physics behind the unique properties of 2D materials can not
only help manipulate their structures and properties during the
synthesis process but can also help design energy devices with
high performance. Thus, with the new born members and novel
properties of 2D materials, it is essential to promote the
relevant fundamental studies.

From the perspective of device, lots of efforts are still
required to improve the device design, fabrication and perfor-
mance. (1) It is preferable to avoid the etching of substrates and
transfer processes of 2D materials during device fabrication
while maintaining the device performance, and to achieve this,
suitable device designs and material synthesis methods are
required. (2) The performance and safety (especially the energy
storage devices) of the wearable energy devices should be
maintained during the possible deformation such as bending
and folding. Some efforts are still needed to improve the
fabrication processes of the energy storage devices such as
developing high-performance solid electrolytes and improving
the packaging techniques. (3) The incorporation of different 2D
materials may achieve synergetic properties that lead to better
performance of energy devices. For example, an optimized
incorporation of 2D materials for solar cells may result in
improvements in light absorption, charge collection and effi-
cient exciton dissociation. (4) Some wearable energy sources
(e.g., piezoelectric and thermoelectric nanogenerators) based
on 2D materials (e.g., MoS, and SnS,) are still at the stage of
fundamental research, and efforts are needed to demonstrate
their wearable applications. Moreover, the energy conversion
efficiencies of the energy harvesters based on 2D materials still
need to be improved. (5) It is a beautiful vision that wearable
devices can be powered sorely by the energy harvested from
the ambient environment, without frequent charging or
replacement of power supply components. This vision could
be achieved by a sustainable power system that combines the
energy storage device with the energy harvester, where the
energy scavenged from the environment is higher than that
consumed by the wearable devices. For a high-performance
sustainable power system, wearable energy storage devices
with excellent cycle lifetime and high energy and power den-
sities as well as wearable energy harvesters with high energy
conversion efficiencies need to be developed. Moreover, power
management would be required to improve the storage effi-
ciency of the harvested energy and optimize the generated
electrical outputs when several types of energy harvesters are
combined together.

With their extraordinary properties, 2D materials offer new
routes toward wearable energy sources. 2D material based wearable
energy sources have certain unparalleled advantages over energy
sources based on conventional materials. Although challenges
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still remain, it is predicted that wearable energy sources based

on 2D materials would herald the coming of a new generation
of wearable electronic systems.

Abbreviations

2D Two-dimensional

Al Aluminum

B Boron

Li Lithium

N Nitrogen

Na Sodium

Li-S Lithium-sulfur

VS, Vanadium disulfide

FTO Fluorine-doped tin oxide

ITO Tranditional indium tin oxide

BP Black phosphorus

TMD Transition metal dichalcogenide

T™O Transition metal oxide
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