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The flexible electronics technology revolution is driven ever forward by a strong demand for portable,

wearable and lightweight electronic products in the market. Flexible lithium-ion batteries (LIBs) have

attracted considerable attention because of their excellent electrochemical and mechanical properties.

Due to the particular folded structure, high electrical conductivity and excellent flexibility, several

emerging two-dimensional (2D) noncarbon nanomaterials such as phosphorene, borophene, MoS2,

Ti3C2Tx and V2O5 have been widely applied to flexible LIBs with bright prospects. This review examines

the existing literature and recent advances of flexible LIBs based on 2D materials, covering the

classifications, synthetic methods and merits of emerging 2D noncarbon nanomaterials. Theoretical

research and practical applications of emerging 2D noncarbon nanomaterials as electrode materials for

flexible LIBs are reviewed as well. In addition, challenges faced by emerging 2D noncarbon

nanomaterials are summarized and prospects of these 2D nanomaterials are given in order to broaden

their potential in flexible LIBs.
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1. Introduction

With consumer trends pushing toward portable and wearable
electronic products, the concept of exible devices emerges at
the right moment and engulfs the entire world.1–4 One of the
biggest obstacles to the application of exible electronic prod-
ucts is the development of exible energy storage devices.5–8

LIBs have unique advantages when applied to electronic devices
due to their numerous advantages such as low weight, small
Renheng Wang received his
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synthesis and application of nanomaterials and composites for
clean energy storage, such as high-power/high-energy lithium ion
batteries.
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size, high specic power, high energy density, excellent recy-
cling ability and superior rate performance.9–15 However, the
separation of electrode materials and the current collector
affects the electrochemical properties when traditional rigid
LIBs are folded, and even leads to short circuit and other serious
safety problems.16–18 Consequently, it is of profound signi-
cance to endow LIBs with exibility and develop electrodes with
high exibility and excellent electrochemical performance for
realizing exible electronics. In the initial studies, various
exible matrixes such as polymers, paper and textiles are
prepared to replace traditional copper foil and aluminum foil as
current collectors for carrying the active materials in exible
LIBs.19–24 However, these non-electroactive matrixes with low
conductivity greatly affect the quick charge–discharge process
of batteries and degrade the electrochemical performance.
Therefore, exible electrodes with a conductive matrix such as
graphene, carbon ber paper and carbon nanotube lms have
become a hot research topic.25–30 In addition, many researchers
have proposed to build 3D thin-lm electrodes which were
formed by combining traditional active electrode materials with
exible carbon-based materials. Carbon-based materials act as
not only the basic element of the conductive network, but also
the supporting framework of the whole electrode.31–34 This
method can fully combine the advantages of carbon-based
materials and traditional active electrode materials. However,
the intrinsic rigidity of traditional active materials signicantly
limits the exibility of the whole electrode, and thus exible
LIBs still face a huge challenge in possessing both strong ex-
ibility and good electrochemical properties.

One of the gravest challenges confronting fully exible
energy storage devices is to research and develop electrode
materials with both desirable electrochemical properties and
mechanical performance. Recently, 2D nanomaterials have
been widely employed in research for electronics,35–42
Prof. Xiaoling Luo received her
PhD from Jinan University in
2004. She is an archiater of
Shenzhen People's Hospital. Her
major research areas are
ophthalmology, fundus disease
and biomedical sciences.
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optoelectronics,43–69 catalysis,70,71 supercapacitors,21 sensors,72–76

biological medicine77–79 and energy devices14,80 due to their
attractive qualities including tunable direct band gaps, wide
interlayer distances, high mobilities and remarkable mechan-
ical strength.81 The particular structure of 2D nanomaterials
leads to their huge specic surface area, good conductivity,
natural exibility and high lithium storage capacity, thus
attracting considerable attention for applications in exible
LIBs. Herein, we rst summarize the classication and
synthetic methods of emerging 2D noncarbon nanomaterials.
The God-given potential and opportunities of these emerging
2D nanomaterials for exible LIBs are demonstrated along with
the features and merits of 2D nanomaterials. Practical appli-
cations of 2D nanomaterials as electrode materials for exible
LIBs are reviewed as well. Lastly, this paper summarizes the
challenges of exible LIBs and future prospects of emerging 2D
nanomaterials in this promising eld.

2. Classification, features and
synthetic methods of emerging 2D
noncarbon nanomaterials
2.1 Classication

In terms of composition and properties, emerging 2D non-
carbon nanomaterials with great prospects for exible LIBs can
be divided into the following four categories: 2D mono-
elemental nanomaterials (Xenes), 2D transition metal carbides,
nitrides and carbonitrides (MXenes), 2D transition metal
dichalcogenides (TMDs) and 2D transition metal oxides
(TMOs). Fig. 1 shows the main constituent elements of the four
kinds of emerging 2D nanomaterials.

2D mono-elemental nanomaterials such as phosphor-
ene,82–85 borophene,86,87silylene88 germanene89 and stanene90 are
categorized as Xenes. With a similar structure to graphene,
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Fig. 1 Themain constituent elements of the four kinds of emerging 2D noncarbon nanomaterials and atomic structures of several representative
2D nanomaterials.
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these emerging 2Dmonoelemental nanomaterials have become
a research hotspot of new generation advanced materials. The
alloying reactions between lithium ions and Xenes can be per-
formed through a multiple electron valence transmission (M +
xLi+ + xe� ¼ LixM; M ¼ P, B, Si, Ge, Sn, etc.), which is different
from the intercalation chemistry of conventional active mate-
rials, thus offering great potential for high capacity electrodes.

Another notable family of 2D nanomaterials, layered transi-
tion metal carbides, nitrides, and carbonitrides, can be collec-
tively referred to as MXenes.91–96 MXenes can be synthesized by
selective etching of A-group elements (A ¼ Al, Ga, Ti, Si, Ge, Sn,
etc.) from MAX phases. MAX phases are composed of alter-
nating layers of transition metal elements and A-group
elements. MXenes have the general formula of Mn+1XnTx (n ¼
1–3), in which M, X, and T symbolize transition metal elements
This journal is © The Royal Society of Chemistry 2019
(Sc, Ti, V, Cr, Zr, Nb, etc.), carbon or nitrogen elements, and
functional groups (–F, –OH, –O, etc.), respectively. MXenes
exhibit a large layer spacing, good conductivity, low diffusion
barrier and outstanding lithium storage capability, showing
their potential as electrode materials in LIBs.

TMDs have recently been reported as promising anode
candidates for LIBs.97–100 The general formula of TMDs is MX2,
where M stands for transition metal elements (M ¼ Mo, W, Ti,
Zr, V, etc.), and X represents chalcogens (X ¼ S, Se, and Te).
Similar to MXenes, the layered structure of MX2 is composed of
alternating layers of transition metal elements and chalcogens,
where covalent bonds occupy the predominant position within
the layer, and adjacent layers are maintained by van der Waals
forces. The weak interaction forces between adjacent layers
provide the possibility and feasibility to achieve single-layered
J. Mater. Chem. A, 2019, 7, 25227–25246 | 25229
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TMDs or multilayered TMDs, showing broad prospects as
negative electrodes for LIBs.101–103

In addition, layered metal oxides (LMOs), which mainly
include metal trioxides (MO3, M ¼ Mo, Ta, W, etc.)104–106 and
V2O5,107,108 have also been studied for exible energy storage
applications due to their 2D layered structure, good energy
storage properties and superior mechanical properties.
2.2 Features and merits

Towards electrode materials, electrochemical properties and
mechanical properties are two crucial factors essentially deter-
mining the feasibility for exible LIBs. Ideal electrode materials
should have superior lithium storage capacity, excellent elec-
trical conductivity, and intriguing exibility. These emerging 2D
nanomaterials hold great potential for exible electrodes
because of their favorable properties including unique 2D
structure, high specic surface area, good electrochemical
activity, ultrahigh lithium storage capacity, and intrinsic exi-
bility. In this section; emphasis will be focused on the features
andmerits of emerging 2D nanomaterials for exible electrodes
from these aspects. Table 1 aggregates the relevant property
data of several representative emerging 2D noncarbon nano-
materials for LIB electrodes.

Unique crystal structure. The atomic structures of phos-
phorene, borophene and silicene are illustrated in Fig. 1. As the
most stable allotrope of phosphorene, single-layer or few-layer
BP consists of a single puckered P atom layer or few puckered
P atom layers. Borophene has been reported as an emerging 2D
nanomaterial with a periodic corrugation structure. Similarly,
silicene, germanene and stanene have been predicted as
atomically thick materials with buckled hexagonal honeycomb
structures. The atomic structures of M2X, M3X2 and M4X3 in
Fig. 1 show that n + 1 layers of transition metal elements cover n
layers of carbon or nitrogen elements in MXenes. The most
common structural phases of TMDs are the 2H phase and 1T
phase, in which chalcogen atoms are arranged in a trigonal
prismatic coordination and octahedral coordination of transi-
tion metal atoms, respectively. As for the most widely studied
and used TMDs (MX2: M ¼ Mo or W; X ¼ S, Se or Te), 2H-MX2

has high thermodynamic stability. The atomic structure of 2H-
MX2 indicates that the M atomic layer is sandwiched by two X
atomic layers. Likewise, the crystal structure of a-V2O5 in Fig. 1
shows the 2D and layered structure, in which each layer consists
Table 1 Interlayer spacing, theoretical capacity, and electron mobility o

2D nanomaterials Interlayer spacing (nm)

Phosphorene 0.53 (ref. 109–111)
Borophene 0.48 (ref. 115)
Silicene —
Ti3C2Tx 0.99–1.84 (ref. 119)
MoS2 0.62–0.94 (ref. 121)
WS2 0.85–1.02 (ref. 125)
V2O5 1.15 (ref. 108)

25230 | J. Mater. Chem. A, 2019, 7, 25227–25246
of distorted trigonal bipyramidal polyhedra, and the polyhedra
share their edges by forming (V2O4)n zigzag double chains along
the (001) direction and share their corners by cross-linking
along (100).130,131

With such unique graphene-like periodic structure, these
emerging 2D nanomaterials show many merits including high
mechanical strength, high specic surface area, wide diffusion
channels and short diffusion length that may contribute to the
insertion and extraction of lithium.

Ultrahigh lithium storage capacity. As analogues of gra-
phene, emerging 2D nanomaterials have unique crystal struc-
tures with wide interlayer distances. The interlayer spacing and
theoretical capacity of several representative emerging 2D
nanomaterials are listed in Table 1. 2D nanomaterials have
higher interlayer spacings than that of the traditional graphite
anode (0.34 nm). The large space in the crystal structure bene-
ts the storage of lithium ions and the larger interlayer
distances provide larger channels for the intercalation and de-
intercalation of Li-ions, thus facilitating faster Li-ion diffu-
sion. Fig. 2 shows the migration paths for Li diffusion and the
lithiated structure of these 2D nanomaterials. As shown in
Fig. 2a, BP possesses a puckered structure and provides a 2D
channel for the taking off and embedding of lithium ions.112

Park and Sohn132 rst evaluated BP as an anode material for
LIBs, and the result indicated that the reactions of BP with
lithium ions in the rst discharge process can be expressed as
follows: BP / LixP / LiP / Li2P / Li3P. This illustrated that
the fully lithiated phase of BP was Li3P, and each P atom can
combine up to three lithium ions, corresponding to an ultra-
high theoretical specic capacity (2596 mA h g�1), which was
sevenfold that of graphite (372 mA h g�1) when used as an
anode material for LIBs. Borophene has a planar anisotropic
structure and a puckered morphology, which is benecial to the
storage of metal ions. Zhao et al.116 investigated the Li storage
capability of borophene, and the calculation results proved that
the fully discharged state of borophene is Li0.75B, giving it
a high theoretical specic capacity of 1860 mA h g�1 (Fig. 2b).
Mortazavi et al.117 assessed the application prospects of silicene,
germanene and stanene as anode materials for LIBs via DFT
calculations. Fig. 2c shows the structures of lithiated silicene
and stanene absorbed with different concentrations of lithium.
Calculations predicted that the lithium storage capacities of
single-layer silicene, germanene and stanene were
954 mA h g�1, 369 mA h g�1 and 226 mA h g�1, respectively.
f emerging 2D noncarbon nanomaterials

Theoretical capacity
(mA h g�1) Electron mobility (cm2 V�1 s�1)

2596 (ref. 112) �1000 (ref. 113 and 114)
1860 (ref. 116) —
954 (ref. 117) 1200 (ref. 118)
320 (ref. 92) 2.6 � 0.7 (ref. 120)
1290 (ref. 122) 200–1000 (ref. 123 and 124)
433 (ref. 126) 1103 (ref. 127)
294 (ref. 128) 1.26 (ref. 129)

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a) The crystal structure and transport channels of Li ions of black phosphorus. Reproduced with permission from ref. 112. Copyright 2012,
American Chemical Society. (b) Structure of the fully lithiated phase Li0.75B. Reproduced with permission from ref. 116. Copyright 2016, Elsevier.
(c) Structures of lithiated silicene and stanene. Reproduced with permission from ref. 117. Copyright 2016, Elsevier. (d) Structures of Ti3C2 and Li-
adsorbed Ti3C2. Reproduced with permission from ref. 133. Copyright 2012, American Chemical Society. (e) Molecular models of 2H-MoS2,
lithiated 2H-MoS2, lithiated 1T-MoS2, 3R-MoS2 and Li2S. Reproduced with permission from ref. 122. Copyright 2014, The Royal Society of
Chemistry. (f) Schematic diagram illustrating the crystal structure of V2O5 and potential Li+ diffusion paths. Reproduced with permission from ref.
134. Copyright 2015, John Wiley and Sons.
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Tang et al.133 reported the electronic properties of Ti3C2Tx and
investigated its potential as an anode material for LIBs through
DFT computations. The structures of Ti3C2 and Li-adsorbed Ti3C2

are displayed in Fig. 2d, and the results demonstrated that the
single-layer Ti3C2Tx with a low Li diffusion barrier and high
theoretical capacity could be applied as an active material for
LIBs. Fig. 2e shows the idealized molecular models of MoS2 in
structural polytypes, as well as their lithiated counterparts.122

MoS2 delivered a high specic capacity (up to 1290mA h g�1), and
This journal is © The Royal Society of Chemistry 2019
this makes MoS2 a potential negative material for LIBs. The
theoretical capacity of V2O5 is 294 mA h g�1 for two Li+ insertions.
As shown in Fig. 2f, Chu et al.134 discussed three potential paths
for Li+ diffusion in V2O5, and it occurredmore easily in path A and
path C due to its layered structure. On the basis of these research
studies above, these emerging 2D nanomaterials with unique
crystal structures exhibit ultrahigh lithium storage capacities,
which are much higher than that of graphite, showing a large
market potential and a bright future as anode materials for LIBs.
J. Mater. Chem. A, 2019, 7, 25227–25246 | 25231
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High electron mobility and electrical conductivity. Electro-
chemical reactivity is a crucial factor for assessing the applica-
tion foreground of LIB electrode materials. 2D nanomaterials,
especially monolayer or few-layer ultrathin nanomaterials, have
shown high electron mobility and electrical conductivity,
ensuring the required electrochemical reactivity when used as
anode materials for LIBs. This can be mainly attributed to their
extremely high specic surface area, wide layer distance, short
diffusion length and plentiful voids and defects.123,135–137

Particularly, having good electron mobility is essential for active
materials, and plenty of research studies show that emerging 2D
materials allow achieving these features. Electron mobilities of
the 2D nanomaterials are presented in Table 1. In the case of
phosphorene, previous research studies have reported that few-
layer BP showed a high mobility of �1000 cm2 V�1 s�1.113,114

Zeng et al.138 studied LIBs assembled with a BP anode electrode
via the rst-principles ultraso pseudopotential method. The
results indicated that the BP electrode exhibited good conduc-
tivity, offering the ability for rapid charging and discharging.
Another computational investigation obtained the channel
mobilities of single-layer silicene and MoS2 as 1200 cm2 V�1 s�1

and 320 cm2 V�1 s�1, respectively.118 Gogotsi and Sinitskii120

investigated the electronic properties of Ti3C2Tx. The eld-effect
electron mobility of monolayer Ti3C2Tx was approximately 2.6
cm2 V�1 s�1 and the corresponding conductivity was as high as
4600 S cm�1. The excellent electron transport ability and high
intrinsic conductivity of these emerging 2D nanomaterials
would greatly enhance the reactivity of the electrochemical
reaction, and are conducive to the rapid charge and discharge
ability and long cycle life of batteries.

Intrinsic exibility. The most attractive features of emerging
2D nanomaterials for exible electrodes is their super intrinsic
exibility. The intrinsic exibility of 2D nanomaterials has also
been veried by many theoretical analyses and experimental
studies. For the sake of the intuitive comparison of mechanical
properties, the obtained calculation data including ideal
strength, Young's modulus and critical strain of emerging 2D
nanomaterials are listed in Table 2. According to the unique 2D
puckered structure, the mechanical properties of phosphorene
are anisotropic. Wei and Peng139 investigated the mechanical
properties of phosphorene by DFT calculations. Along the
Table 2 Mechanical properties of emerging 2D noncarbon nanomateria

2D nanomaterials
Ideal strengths
(armchair/zigzag, GPa)

Yo
(ar

Phosphorene 8/18 44
Borophene 34.2/32.1 39
Silicene 177.6/178.9 —
Germanene 92.7/90.9 —
Stanene 62.2/62.2 —
Ti3C2Tx 17.3 � 1.6 33
Ti2C — 62
Ti2CO2 — 59
MoS2 25 27
V2O5 — 79

25232 | J. Mater. Chem. A, 2019, 7, 25227–25246
zigzag and armchair directions, the ideal strengths of single-
layer phosphorene were 18 GPa and 8 GPa, and phosphorene
can persist up to a tensile strain of 27% and 30%, respectively.
The Young's modulus was 166 GPa (zigzag) and 44 GPa
(armchair), which are much lower than that of monolayer-
graphene (1100 GPa).140 The mechanical properties of bor-
ophene were also calculated based on the DFT method.141 It was
found that borophene exhibited an uppermost exibility when
1/6 concentration of hollow hexagons was introduced. The
corresponding borophene possesses an ideal strength of about
16 N m�1. The Young's modulus was 189 N m�1 (armchair) and
210 N m�1 (zigzag), and the Poisson ratios were 0.15 (armchair)
and 0.17 (zigzag). The equivalent ideal strengths and Young's
modulus were 34.2/32.1 GPa and 394/438 GPa along the
armchair/zigzag directions with an effective thickness of 4.8 Å
for the monolayer borophene. In addition, the tensile stress of
borophene could be reduced by introducing more hollow
hexagons, lattice phase transitions would be induced by
tension, and the borophene could withstand a tensile load up to
48 GPa at strains as high as 40%. Roman and Cranford142

quantied the elastic stiffness (50.44/62.31 N m�1 for the
armchair/zigzag directions) and ultimate states (ideal strength
of 5.85 N m�1 and ultimate strain of 18%) of single-layer sili-
cene based on ReaxFF molecular dynamics. Zhang's group143

investigated the mechanical stability of 2D layered materials by
calculating the Young's modulus and critical strains of silicene,
germanene and stanene, as shown in Table 2. The revealed
mechanical properties will promote potential applications of
these 2D nanomaterials in exible electronics.

The desirable sensitivity and exibility of MXenes also
suggest great applications of large-magnitude-strain engi-
neering. Gogotsi et al.144 studied the mechanical properties of
single-layer and two-layer Ti3C2Tx. Membranes from single-layer
and two-layer Ti3C2Tx were successfully synthesized, nano-
indentation under different stress was tested using atomic force
microscopy (AFM), and then force–displacement curves were
obtained. The Young's modulus and breaking strength of the
single-layer Ti3C2Tx membrane were measured to be 333 �
30 GPa and 17.3 � 1.6 GPa. Sun et al.145 systematically studied
the stress–strain curves of Tin+1Cn (n ¼ 1–3), and analyzed the
corresponding deformation mechanisms under tensile stress in
ls

ung's modulus
mchair/zigzag, GPa)

Critical strains
(armchair/zigzag) Ref.

/166 0.3/0.27 139
4/438 0.125/0.106 141

0.16/0.16 143
0.2/0.2 143
0.21/0.21 143

3 � 30 — 144
0/600 0.1/0.18 145
3/540 0.2/0.28 145
0 � 100 0.06–0.11 146
.4 � 3.2 — 148

This journal is © The Royal Society of Chemistry 2019
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detail. The data of the corresponding mechanical properties are
listed in Table 2. The critical strains of Ti2C were 9.5% and 18%
along the armchair and zigzag directions, respectively. The
critical strains of Ti2CO2 enhanced to 20% and 28% due to the
introduction of oxygen functional groups, which indicated that
surface functionalization could effectively ameliorate the
mechanical exibility and was benecial to the applications of
exible energy storage devices.

Numerous recent studies have demonstrated the superior
mechanical properties of TMDs with high elastic strains as well
as strong resistance to inelastic fracture. Bertolazzi et al.146

measured the stiffness and breaking strength of single-layer
MoS2 through experimental tests. The breaking strength of
single-layer MoS2 was found to be 23 GPa, and the corre-
sponding Young's modulus was 270 GPa along with a uctua-
tion of 100 GPa. Using a similar technique, Castellanos-Gomez
et al.147 researched the mechanical properties of few-layer MoS2,
and the average Young's modulus was 330 GPa along with
Fig. 3 Schematic diagrams of several common methods to prepare 2D

This journal is © The Royal Society of Chemistry 2019
a uctuation of 70 GPa. The above research data indicated the
ultrahigh strength of 2D TMDs, providing a powerful ability to
withstand large elastic deformation, and making them appro-
priate for the fabrication of exible products.

Fateh et al.148 reported the mechanical properties of V2O5 thin
lms grown by reactive magnetron sputtering. The V2O5 thin
lm deposited at room temperature exhibited a hardness of
3.2 GPa and Young's modulus of 79.4 GPa. Du et al.149 reported
that the Young's modulus of the MoO3 thin lm was 64.6 GPa via
the nanoindentation technique. These research studies showed
that thin 2D LMOs exhibited good mechanical properties.
2.3 Synthetic methods

There are two main categories of synthetic methods for
preparing these emerging 2D noncarbon nanomaterials: top-
down approaches and bottom-up synthesis. Fig. 3 shows the
schematic diagrams of the two kinds of methods.
nanomaterials.
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Top-down synthesis methods. The most primitive and
common synthesis strategy for these 2D nanomaterials is the
top-down approach through exfoliating bulk-layered materials
to few-layer 2D nanomaterials, mainly including mechanical
exfoliation, liquid-phase exfoliation and etching-assisted exfo-
liation. As shown in Fig. 3, the mechanism of mechanical
exfoliation weakens the interactions between the layers of bulk-
layered materials with the assistance of the external force
through shearing or ball-milling, thus obtaining few-layer 2D
nanomaterials. Therefore, mechanical exfoliation is a simple
and reliable method without chemical procedures and costly
Fig. 4 (a) BP nanosheet dispersion, (b) TEM image of BP nanosheets and
G hybrid paper with good flexibility and (d) cycling stability and coulom
permission from ref. 179. Copyright 2015, John Wiley and Sons. (e) Illu
performance of the flexible phosphorus doped carbon nanosheets/nan
Elsevier.

25234 | J. Mater. Chem. A, 2019, 7, 25227–25246
instruments, and the mechanically exfoliated 2D nanomaterials
with a clean surface are very appropriate for the basic theoret-
ical study and potential application evaluation. Considerable
literature shows that Xenes such as phosphorene, and TMDs
such as MoS2 and WS2 could be prepared from bulk materials
by mechanical exfoliation. For example, many research studies
have demonstrated that thin BP akes can be successfully
peeled from bulk crystals via a scotch tape-based mechanical
exfoliation method.114,150,151 Likewise, single- and few-layer
TMDs (MoS2, WSe2, TaS2, TaSe2, etc.) have been exfoliated
from bulk materials via a scotch tape-based method, and the as-
the corresponding electron diffraction pattern, (c) photograph of a BP–
bic efficiency of the BP–G hybrid paper electrode. Reproduced with
stration of the preparation process and (f) SEM image and (g) cycle
ofibers. Reproduced with permission from ref. 180. Copyright 2018,

This journal is © The Royal Society of Chemistry 2019
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prepared samples exhibited a clean surface and high
quality.152–154 Liu and Komatsu reported the mechanical exfoli-
ation of MoS2 and WS2 through the ball-milling reaction, and
the obtained 2D nanomaterials could be stored either in the
solid state or dispersed in the liquid.155

Mechanical exfoliation has the advantages of a short process,
simple operation and low cost. However, the method is difficult
for scalable production and the mechanically exfoliated 2D
nanomaterials may be unstable in the ambient environ-
ment.156,157 Liquid-phase exfoliation is a well-established
method for preparing 2D nanomaterials in large quantities.158

This method for ultrathin 2D nanomaterials is based on
expanding the interlayer distance of bulk-layered materials by
ion or molecule intercalation (Fig. 4). Liquid-phase exfoliation
represents a better option for 2D nanomaterials in terms of high
quality and yields, and has been successfully employed for the
exfoliation of Xenes, TMDs and LMOs. For instance, 2D BP was
realized by liquid phase exfoliation in organic solvents such as
N-cyclohexyl-2-pyrrolidone (CHP)158,159 and N-methyl-2-
pyrrolidone (NMP), and the material size and number of
layers were controllable by tuning the exfoliation condi-
tions.160–162 In addition, many studies reported that MoS2
nanosheets could be exfoliated from bulk crystals in various
kinds of organic solvents.163,164 LMOs such as 2D a-MoO3

nanosheets and V2O5 nanosheets165 have been successfully
synthesized via a simple and scalable liquid-phase exfoliation
method.166,167

Etching-assisted exfoliation is mainly applied to the
synthesis of MXenes by selective etching of A-group atomic
layers from the MAX phase. The M–A bond of MAX phases is
metallic, and it is difficult to obtain MXenes via simple
mechanical shearing. The chemical reactivity of M–A bonds is
stronger than that of the M–X bonds, providing the possibility
for selective etching of A-group atomic layers. The most effective
and commonly used etching reagent for the etching-assisted
exfoliation of MXenes is a uoride-containing acidic solu-
tion.168–170 In addition to the acid etching method, MXenes
could be prepared via high-temperature etching. The Al-layer of
the Ti4AlN3 precursor could be etched with the help of molten
uoride salts under a high-temperature environment and inert
atmosphere, and thus 2D Ti4N3 nanomaterials were success-
fully synthesized.171

Bottom-up synthesis methods. Another approach is the
bottom-up synthesis method, which mainly includes chemical
vapor deposition (CVD) and wet chemical synthesis. 2D nano-
materials can be synthesized in large volumes via the bottom-up
strategy. CVD has become a widely used method for large area
growth of emerging 2D nanomaterials.172 The schematic
diagram of the CVDmethod for 2D nanomaterial preparation is
presented in Fig. 3. The dominant growth direction is control-
lable under different reaction conditions during the CVD
process, and nally the area and layer number of the products
are determined. Many 2D nanomaterials have been successfully
designed and synthesized through the CVD method. Smith
et al.173 proposed an in situ CVD method for the large-area
growth of few-layer BP. What's more, area-controlled and
This journal is © The Royal Society of Chemistry 2019
layer-controlled 2D TMDs174–176 and 2D LMOs177,178 have also
been achieved by the CVD method.
3. Practical applications in flexible
LIBs

Having the advantages of high lithium storage capacity, good
electron mobility and electrical conductivity, and intriguing
exibility, the aforementioned 2D nanomaterials have been
more and more attractive in materials technology, and have
been widely researched and used in exible LIBs. The
following sections summarize the practical applications of 2D
nanomaterials as electrode materials for exible LIBs with
choosing phosphorene, Ti3C2Tx, MoS2, WS2 and V2O5 as
representatives.
3.1 Phosphorene

The layer structures held together by van der Waals forces
provide Xenes with an ultra-large specic surface area, wide
interlayer distances, electrochemical reactivity and superior
mechanical properties. Phosphorene has become an appealing
candidate for exible LIBs with these outstanding properties.
Ren et al.179 reported a exible BP–G hybrid paper which was
fabricated with centrifugation-exfoliated BP nanoakes and
intercalation-exfoliated few-layer graphene via vacuum ltra-
tion. Fig. 4a shows a bottle of BP nanosheet dispersion, and the
TEM image in Fig. 4b indicates the ultrathin thickness and
smooth surface of BP nanosheets. The photograph of the
paper-like BP–G electrode in Fig. 4c demonstrates its good
exibility and bendability. Aer 500 cycles at 500 mA g�1, the
as-prepared exible electrode still delivered a capacity of
402 mA h g�1 with a high capacity retention ratio of 80.2%. The
outstanding long life span at large current density demon-
strates the great potential of BP nanosheets as the electrode
material for exible LIBs. Xie et al.180 fabricated a free-standing
carbon nanober paper doped with BP nanosheets via elec-
trospinning (Fig. 4e). The as-prepared BP/CNF paper was
formed of 3D interconnected nanobers and BP nanosheets
(Fig. 4f). When used as the anode electrode for LIBs, the exible
paper maintained a superior specic capacity of 607 mA h g�1

aer 700 cycles without obvious decay even at 1000 mA g�1

(Fig. 4g).
Recently, several studies embarked on theoretical research of

2D heterostructures assembled from phosphorene and other 2D
nanomaterials. For example, Peng et al.181 reported theoretical
calculations with respect to heterostructures assembled from
blue phosphorene and MS2 (M ¼ Nb, Ta) for exible LIBs. The
ndings showed that BlueP/MS2 heterostructures would exhibit
good stability, good conductivity, large ultimate strains and
high Li storage capacity, indicating the rosy prospect of heter-
ostructures for next-generation exible energy storage devices.
Similarly, the BP/TiC2 heterostructure was theoretically proven
to possess high stability, good conductivity, superior exibility
and high theoretical capacity, and become a promising candi-
date for exible LIBs.182
J. Mater. Chem. A, 2019, 7, 25227–25246 | 25235
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3.2 MXene

With a remarkable mechanical exibility and high energy
storage capacity, MXenes have been predicted to be applicable
in exible energy storage devices such as LIBs, sodium-ion
batteries (SIBs) and supercapacitors. Among various MXene
families, the earliest discovered Ti3C2Tx family with excellent
exibility and metallic conductivity is the most widely studied
and reported, and is widely applied in the eld of exible energy
storage. Tang et al.133 performed DFT computations to evaluate
Ti3C2 as an anodematerial for LIBs. Attractive properties related
to electronic conductivity, ion diffusion and lithium storage
would favor the potential applications of Ti3C2 for LIBs. Gogotsi
et al.183 reported a series of exible and conductive Ti3C2Tx-
Fig. 5 (a) A Ti3C2Tx film was folded into the shape of a paper airplane. Rep
the National Academy of Sciences. (b) The picture and (c) the rate perf
permission from ref. 184. Copyright 2016, Elsevier. (d) TEM image of d-T
cycle stability of d-Ti3C2Tx/CNT cathodes. Reproduced with permission
image of Ti3C2, (h) SEM image of Ti3C2/CNTs paper and (i) cycling perfo
from ref. 186. Copyright 2015, The Royal Society of Chemistry.

25236 | J. Mater. Chem. A, 2019, 7, 25227–25246
based composite lms. The lms formed from Ti3C2Tx layers
with polymer binders or spacers demonstrated superior
mechanical exibility as well as good electrical conductivity,
and could even be folded into a paper airplane (Fig. 5a). The
remarkable mechanical performance and impressive electro-
chemical properties provided these Ti3C2Tx lms with great
application value in exible electronic devices. Aerwards,
exible composite lms of Ti3C2Tx and transition metal oxides
(TMOs) were synthesized by the same group. Binder-free and
self-standing Ti3C2Tx/TMOs lms could be achieved via an
alternating ltration route, spray coating method or in situ wet
chemistry synthesis. The resulting lms showed satisfactory
electrochemical performance when used for LIBs (Fig. 5c).184

Gogotsi et al.185 reported a Ti3C2Tx/CNTs composite lm and
roduced with permission from ref. 183. Copyright 2014, Proceedings of
ormance of the free-standing Ti3C2Tx/Co3O4 films. Reproduced with
i3C2Tx flakes, (e) cross-sectional SEM image of d-Ti3C2Tx/CNT and (f)
from ref. 185. Copyright 2017, American Chemical Society. (g) SEM

rmance of Ti3C2, Ti3C2/CNTs and CNTs. Reproduced with permission

This journal is © The Royal Society of Chemistry 2019
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even extended its application to hybrid Mg2+/Li+ batteries. d-
Ti3C2Tx akes with a graphene-like morphology were produced
from Ti3AlC2 viaHF etching (Fig. 5d), and then were used in the
Fig. 6 (a) Schematics of the fabrication process for the highly flexible fre
permission from ref. 187. Copyright 2014, American Chemical Society
schematic illustration of a flexible full battery and (e) a white LED lit by th
bending cycles. Reproduced with permission from ref. 188. Copyright 20
CC, (h) cycling performance of MoS2/CC, and (i) the cycling performance
light a red LED even after 50 cycles of bending the full battery. Reproduc
Chemistry. (j) A photograph of the self-supported flexible C@TiO2/MoS2 e
scheme of the flexible battery and a red LED lit by the flexible battery unde
2017, Elsevier.

This journal is © The Royal Society of Chemistry 2019
formation of a exible composite lm with addition of CNTs
(Fig. 5e). Fig. 5f demonstrates the good cycling stability of the
Ti3C2Tx/CNT electrode when used in hybrid Mg2+/Li+ batteries.
e-standing MoS2/C and (b) the cycling performance. Reproduced with
. (c) Rate and cycling performance of the coin-type full battery, (d)
e flexible full battery under the flat state, bent state, and even after 300
17, John Wiley and Sons. (f and g) SEM images of 3D hierarchical MoS2/
of the full battery with the inset showing that the flexible full battery can
ed with permission from ref. 189. Copyright 2014, The Royal Society of
lectrode, (k) cycling performance of the C@TiO2/MoS2 electrode and (l)
r different states. Reproduced with permission from ref. 190. Copyright

J. Mater. Chem. A, 2019, 7, 25227–25246 | 25237
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Peng et al.186 also previously reported the Ti3C2Tx/CNTs lm
(Fig. 5e). When used as an anode for LIBs, the Ti3C2Tx/CNTs
lm delivered a capacity of 428 mA h g�1 at 0.5C aer 300 cycles,
indicating its excellent cycling performance.
3.3 MoS2

Owing to their favourable mechanical properties and excellent
electrical characteristics, MoS2 nanosheets become a popular
material for the realization of exible LIBs. Hydrothermally
synthesized MoS2 nanoakes were encapsulated into amor-
phous carbon nanobrous mats, and then were used to fabri-
cate the exible MoS2/C lm via electrospinning and
carbonization (Fig. 6a). TheMoS2/C composite lm formed with
47% MoS2 exhibited the best electrochemical performance,
delivering a capacity of 1150 mA h g�1 aer 100 cycles, and the
corresponding capacity retention ratio exceeded 100%.187 Deng
et al.188 designed and synthesized a exible MoS2@C/CC anode
for LIBs. 3D ordered macroporous MoS2@C nanostructures
were prepared via a template method with the assistance of
polystyrene nanospheres, and then were assembled onto
carbon cloth to fabricate the exible MoS2@C/CC anode. The
as-prepared exible anode delivered a high capacity of
2.47 mA h cm�2 at a current density of 0.5 mA cm�2 aer 100
cycles, which was much higher than that of the MoS2/CC
Fig. 7 (a) Schematic of the preparation process of WS2/SWCNT films,
performance of the flexible films. Reproduced with permission from ref.
WS2@CNFs composites with the inset digital photograph showing a folde
capability of WS2@CNFs electrodes. Reproduced with permission from
preparation of the flexible WS2/GCNF film, (h) SEM image of the WS2
Reproduced with permission from ref. 193. Copyright 2016, The Royal S

25238 | J. Mater. Chem. A, 2019, 7, 25227–25246
electrode (Fig. 6c). A full exible LIB was successfully fabricated
with the schematic illustration shown in Fig. 6d. In order to
further evaluate the exibility, a white LED was connected with
the full LIBs under the states of at, bent and bent aer 300
cycles. The brightness of the white LED almost kept unchanged
under different states (Fig. 6e). Yu et al.189 reported a 3D hier-
archical MoS2/CC electrode via a one-step hydrothermal reac-
tion. The exible MoS2/CC electrode delivered a high reversible
capacity of 3.0 mA h cm�2 at 0.15 mA cm�2 aer 30 cycles
(Fig. 6h). A full exible LIB was assembled using the MoS2/CC
electrode with a commercial LiCoO2 electrode, and was then
characterized by the charge–discharge test and using
a commercial red LED. The cycle performance and the picture
of the lit red LED in Fig. 6i demonstrated the excellent exibility
and good electrochemical properties of the MoS2/CC electrode.
Wang et al.190 synthesized a self-supporting C@TiO2/MoS2
electrode via a hydrothermal method. The resulting electrode
exhibited extremely excellent electrochemical performance, and
it delivered a capacity of 1072 mA h g�1 at 1000 mA g�1 aer
1000 cycles, indicating the remarkable cycle life of the exible
electrode (Fig. 6k). The exible LIBs were assembled using the
C@TiO2/MoS2 anode and lithium metal cathode with LiPF6 as
the electrolyte, and the resulting exible LIBs could light the red
LED regardless of under the at state or bent state.
(b) cross-section SEM image of the WS2/SWCNT film and (c) cycling
191. Copyright 2014, The Royal Society of Chemistry. (d) SEM image of
d WS2@CNF membrane electrode, (e) cycling performance and (f) rate
ref. 192. Copyright 2017, John Wiley and Sons. (g) Schematic of the
/GCNF film and (i) cycle performance of the WS2/GCNF electrode.
ociety of Chemistry.

This journal is © The Royal Society of Chemistry 2019
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3.4 WS2

As another typical TMD, WS2 has gained tremendous attention
as an anode material for LIBs due to its high theoretical specic
capacity (433 mA h g�1). Just like MoS2, WS2 nanosheets
assembled with conductive carbon-based materials have been
widely applied as active materials for exible LIBs. As shown in
Fig. 7a, the WS2/SWCNT composite lm could be synthesized
via a simple vacuum ltration route. SWCNTs and WS2 nano-
sheets were uniformly mixed to obtain a composite lm with
a porous network structure (Fig. 7b)191 The as-prepared WS2/
SWCNT exhibited the highest cycling stability when the mass
ratio of WS2 to SWCNT was 3 : 2 (Fig. 7c). Aer 50 cycles at
100 mA g�1, the discharge capacity of the lms was maintained
at 861 mA h g�1. Wei et al.192 reported a exible WS2@CNF
membrane electrode prepared by hydrothermal synthesis and
electrospinning. The resulting WS2@CNFs lm exhibited
a porous morphology (Fig. 7d), and displayed a discharge
specic capacity of 545 mA h g�1 at a current density of
500 mA g�1 aer 800 cycles (Fig. 7e). In addition to excellent
cycling performance, the as-prepared WS2@CNF electrode
showed superior rate performance, retaining a good discharge
capacity (62.4% of that at 100 mA g�1) at 2000 mA g�1, and
cycled stably when the current density was back to 100 mA g�1

(Fig. 7f). Zhang et al.193 proposed a novel method to prepare
Fig. 8 (a) Schematic diagram of a graphitic nanotube encapsulated w
supported flexible V2O5@Gmembrane interwoven by nanocables, (c) SEM
supported flexible V2O5@G membrane under flat and bent states, and
electrodes at a current density of 0.5C. Reproduced with permission fro
image and photograph of the flexible V2O5 NS/SWCNT electrode and (h
NS/SWCNT electrodes. Reproduced with permission from ref. 165. Cop

This journal is © The Royal Society of Chemistry 2019
a exible WS2/GCNF lm for LIBs, and the corresponding
schematic of the preparation process is shown in Fig. 7g. The
exible WS2/GCNF electrode delivered a charge capacity of
1069 mA h g�1 at 100 mA g�1 aer 100 cycles, and the corre-
sponding capacity retention was as high as 95% (Fig. 7i).
3.5 V2O5

With a layered crystal structure and good exibility, 2D V2O5 is
believed to be a potential candidate for the exible LIB electrode
material. Zhi et al.194 reported a self-supported exible V2O5@G
electrode through encapsulating V2O5 into carbon nanotubes,
as shown in Fig. 8. Aer 200 cycles at a current density of
150 mA g�1, the V2O5@G electrode still maintained a capacity of
211 mA h g�1, demonstrating 91.7% capacity retention. Nic-
olosi's group165 produced a exible and binder-free V2O5 NS/
SWCNT hybrid electrode via ultrasonic aerosol printing. The
resulting exible composite electrode also exhibited high
capacities and good cycling performance (Fig. 8h).

Table 3 summarizes the cycling performance of emerging 2D
noncarbon nanomaterials when applied to exible LIBs.
Compared with the exible electrode formed using a exible
substrate and traditional active materials, most of the exible
electrodes formed using emerging 2D noncarbon nano-
materials demonstrated superior lithium storage properties
ith a V2O5 nanosheet, (b) schematic of the configuration of the self-
images of the V2O5@Gmembrane, (d and e) photographs of the self-
(f) different cycle performances of V2O5@G, V2O5/G and pure V2O5

m ref. 194. Copyright 2016, The Royal Society of Chemistry. (g) SEM
) cycling performance and coulombic efficiency of V2O5 NS and V2O5

yright 2017, Elsevier.
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Table 3 Summary of cycling performance of emerging 2D noncarbon nanomaterials for flexible LIBs

Electrodes Cycle number Current density Specic capacity
Capacity retention
ratio Ref.

BP/G 500 500 mA g�1 402 mA h g�1 80.2% 179
BP/CNF 700 1000 mA g�1 607 mA h g�1 — 180
Ti3C2/CNTs 300 0.5C 428 mA h g�1 — 186
MoS2/C 100 50 mA g�1 1150 mA h g�1 101.5% 187
MoS2@C/CC 100 0.5 mA cm�2 2.47 mA h cm�2 93% 188
MoS2/CC 30 0.15 mA cm�2 3 mAh cm�2 85.7% 189
C@TiO2/MoS2 1000 1000 mA g�1 1072 mA h g�1 >100% 190
WS2/SWCNT 50 100 mA g�1 861 mA h g�1 97% 191
WS2@CNFs 800 500 mA g�1 545 mA h g�1 >93% 192
WS2/GCNF 100 100 mA g�1 1068.5 mA h g�1 95% 193
V2O5@G 200 150 mA g�1 211 mA h g�1 91.7% 194
V2O5/SWCNT 100 1C — 83% 165
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and excellent cycling stability. What's more, the intrinsic exi-
bility and good membrane-forming properties of these 2D
nanomaterials could guarantee the mechanical properties and
structural stability of the self-supported exible electrodes. The
outstanding lithium storage properties and exibility would
attract more attention to the research of these emerging 2D
nanomaterials, and provide great potential for their applica-
tions in exible LIBs.
4. Challenges and future prospects

The great market prospects and rapid developments of exible
electronic products, wearable medical devices and wearable
sports products have created an urgent demand for exible
energy storage devices. Flexible LIBs show great application
potential in the eld of exible energy storage devices due to
their unique advantages such as light weight, high power and
energy density, and long cycling life. The intrinsic rigidity of
traditional active materials cannot meet the requirement of
high mechanical strength for exible LIBs. Endowing tradi-
tional active materials with exibility through a exible matrix
will signicantly limit the exibility of the electrode and reduce
the energy density of the whole exible device. Therefore, the
fabrication of exible LIBs possessing both superior mechan-
ical properties and excellent electrochemical performances
seems like a formidable challenge. Recently, many emerging 2D
nanomaterials including Xenes, MXenes, TMDs and LMOs have
shown great potential as active materials for exible LIBs due to
their rapid mobility, high surface area, large interlayer spacing
and adjustable electronic properties. The wide interlayer
spacing, huge specic surface area and plentiful defects of 2D
nanomaterials provide large diffusion channels and many
active sites for lithium ions, favoring the storage of lithium ions
and the rapid lithiation/delithiation process. In addition, the
remarkable mechanical strength and exibility of 2D nano-
materials offer new prospects for exible energy storage devices.

Although 2D nanomaterials have shown a tremendous
application foreground in exible energy storage devices
because of their unique structures and electronic properties,
the practical application in exible LIBs is still an emerging
25240 | J. Mater. Chem. A, 2019, 7, 25227–25246
eld full of difficulties and challenges. Themain challenges and
future prospects mainly include the following aspects:

(1) Large-scale and mass production of 2D nanomaterials
with high efficiency and low cost remains a challenge. The
synthesis procedure plays an important role in the electro-
chemical performance of 2D nanomaterials, arduous layer-by-
layer exfoliation is the most frequently used and simple prep-
aration strategie for these emerging 2D nanomaterials. The low
yield and complex process seriously restrict the practical
application, and are not suitable for several particular 2D
nanomaterials. For example, silicene cannot be exfoliated from
bulk crystals because it is too difficult to break the sp3-hybrid-
ized Si–Si bonds in the bulk silicon. In practice, a new realizable
method for fabricating silicene and borophene is molecular
beam epitaxy (MBE), which is based on the epitaxial growth of
silicon or boron atoms on the Ag(111) surface.124,195 Therefore,
more neoteric methods should be developed to enhance
productivity, reduce production cost and realize the preparation
of some particular 2D nanomaterials.

(2) New 2D nanomaterials and novel 2D constructions
should be developed for further excavating and utilizing the
superiority of 2D nanomaterials for exible LIBs. Considering
the unique properties of individual 2D nanomaterials, as well as
a similar structure between two components, structural design
and practical synthesis of 2D heterojunctions becomes
a feasible method for the development and applications of new
2D nanomaterials.196–201 Graphene/TMD heterostructures such
as graphene/MoS2,202 TMDs/TMD heterostructures such as WS2/
MoS2 (ref. 203) and MoS2/MoSe2,204 and TMDCs/h-BN hetero-
structures such as MoS2/h-BN205 have been resoundingly grown
via the CVD technique. Monolayer atomic crystal molecular
superlattices are another kind of most prospective 2D
construction.206 Duan et al.207 designed and synthesized several
novel stable superlattices via an electrochemical molecular
intercalation approach. The results showed that the super-
lattices were composed of alternating monolayer atomic crystals
with molecular layers. The as-prepared monolayer phosphorene
molecular superlattices (MPMS) exhibited a large interlayer
distance over twice that of black phosphorus. This study
provides an efficient strategy to synthesize 2D superlattices, and
This journal is © The Royal Society of Chemistry 2019
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more innovative strategies should be promoted to explore new
2D nanomaterials and novel 2D constructions with desirable
electrochemical and mechanical properties, thus offering
greater advantages for exible LIBs.

(3) The abundant defects in newly produced 2D nano-
materials will lead to low physicochemical stability, while the
stability is a crucial factor to evaluate the practicability of 2D
nanomaterials. 2D nanomaterials have unique properties and
extraordinary engineering applications. However, the proper-
ties of 2D nanomaterials are easy to become unstable over
time. Fortunately, 2D nanomaterials have an extremely large
specic surface area, providing abundant surface atoms and
surface sites and therefore provide a way to modify surface
structures for efficiently engineering their intrinsic properties.
This journal is © The Royal Society of Chemistry 2019
Strategies such as chemical doping, structural modulation and
surface modication, which inuence the intrinsic properties
without destroying the pristine 2D structures are vital for
developing 2D nanomaterials in exible devices.208–210 For
example, research has shown that the stability of MoSe2 and
MoS2 was improved with suitable Nb dopants and Cl dopants,
respectively.99,211 Chen et al.212 recently reported that unstable
penta-silicene could be turned into new stable 2D nano-
materials aer surface chemistry reconguration based on
rst-principles calculations. The functionalized penta-silicene
demonstrated high stability, superior mechanical properties
and excellent electronic properties, indicating its applied
feasibility and prospects for application as an anode material
for exible LIBs.
J. Mater. Chem. A, 2019, 7, 25227–25246 | 25241
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(4) Until now, most research is limited to the battery-level
performance of a single exible electrode, and the related
mechanism research still remains preliminary. Therefore, the
fabrication of integrated exible LIBs and in-depth research are
required to reveal the interaction mechanism of the intrinsic
properties and electrochemical performance of 2D nano-
materials, and provide a theoretical foundation for practical
application of exible energy storage devices (Fig. 9).
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H. S. J. V. D. Zant, N. Agräıt and G. Rubio-Bollinger, Adv.
Mater., 2012, 24, 772–775.

148 N. Fateh, G. A. Fontalvo and C. Mitterer, J. Phys. D: Appl.
Phys., 2007, 40, 7716.

149 J. Du, V. C. Anye, E. O. Vodah, T. Tong, M. G. Z. Kana and
W. O. Soboyejo, J. Appl. Phys., 2014, 115, 429–433.

150 Y. Chen, G. Jiang, S. Chen, Z. Guo, X. Yu, C. Zhao, H. Zhang,
Q. Bao, S. Wen, D. Tang and D. Fan, Opt. Express, 2015, 23,
12823–12833.

151 W. Lu, H. Nan, J. Hong, Y. Chen, C. Zhu, Z. Liang, X. Ma,
Z. Ni, C. Jin and Z. Zhang, Nano Res., 2014, 7, 853–859.

152 H. Li, J. Wu, Z. Yin and H. Zhang, Acc. Chem. Res., 2014, 47,
1067–1075.

153 Y. Zhao, X. Luo, H. Li, J. Zhang, P. T. Araujo, C. K. Gan,
J. Wu, H. Zhang, S. Y. Quek and M. S. Dresselhaus, Nano
Lett., 2013, 13, 1007–1015.

154 H. Li, G. Lu, Y. Wang, Z. Yin, C. Cong, Q. He, L. Wang,
F. Ding, T. Yu and H. Zhang, Small, 2013, 9, 1974–1981.

155 L. Gang and N. Komatsu, ChemNanoMat, 2016, 2, 500–503.
156 H. Liu, A. T. Neal, Z. Zhu, Z. Luo, X. Xu, D. Tománek and
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