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Abstract

Two-dimensional (2D) Janus materials with opposing components and properties on two sides have recently attracted
fevered attention from various research fields for use as, for example, oil/water separating membranes, interfacial layers
for mass transfer, 2D sensors and actuators. The Janus structure allows for a unidirectional transportation system and
programmed response to certain stimuli to be achieved. Graphene, the 2D honeycomb network formed from one
atomic layer of carbon atoms, has also received substantial research interest because of its intriguing structure and
fascinating properties. The high mechanical strength, flexibility and optical transparency make graphene a unique
candidate as a building block of 2D Janus materials through asymmetric modification with different functional groups
on the graphene surfaces. This article reviews graphene-based 2D Janus materials, starting with a theoretical
understanding of the behavior of Janus graphene. Then, different strategies for fabricating Janus graphene and its
derivatives are reviewed in detail according to the chemical strategies of the modification methods. The applications
of graphene-based Janus materials are discussed with a specific focus on the Janus structures that lead to bandgap

engineering, as well as the construction of a responsive system on graphene.

Introduction to two-dimensional Janus materials

In Roman mythology, Janus was the God of beginnings,
ends and transitions and had two faces to better survey
both the past and the future'. Currently, the word “Janus”
has been adopted by the scientific materials community
to denote materials that show different properties on two
opposing sides or faces. The term “Janus materials” was
first adopted by C. Casagrande in 1988 to describe a
spherical glass bead with asymmetric facial hydro-
philicityz, and intensive interest on Janus materials was
aroused from the public in 1991, after Pierre-Gilles de
Gennes gave his Nobel lecture on the concept of the
“Janus Grain”. Over the past 30 years, a large number
of Janus materials have been developed that have led
to a wide range of new applications in macro/-
micro-structures™®, electronic thin films®~®, sensors’,
surfactants'®,  oil/water separation membranes'' 4,
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Among the many Janus structures two-
dimensional (2D) Janus materials in the form of ultra-
thin sheets, thin films and discs have received rapidly
increasing attention in recent years. The lotus leaf struc-
ture is a typical example of a 2D Janus material existing
in nature: its upper side is superhydrophobic (water-
repellent), while the lower side is superoleophobic
(fat-repellent), making the water freely roll atop of the
leaves'®!'?. Conventionally, 2D Janus materials were pre-
pared by bottom-up methods, including crosslinking of
self-assembled block copolymers®, selective chemical
functionalization of freestanding nanomembranes® and
layer-by-layer self-assembly at air—water interfaces, or
by top-down methods such as multi-step etching of a
wafer substrate’® and colloid milling of Janus hollow
spheres®~3°, However, it is difficult to make ultrathin
2D Janus materials at the nanoscale with precise control
of size, morphology and surface properties by using
such methods.
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It was not until 2004 that researchers found better ways
to prepare 2D Janus nanomaterials using graphene, which
is a 2D single-atom-thick honeycomb lattice made up of
carbon atoms. In 2004, Geim and Novoselov®! reported
the intentional empirical discovery of isolated monolayer
graphene through the mechanical exfoliation of graphite.
The monolayer graphene sheet was found to possess
ultrahigh mechanical flexibility and durability (Young'’s
modulus: ~1TPa; intrinsic tensile strength: 130 GPa)*?,
superb optical transparency (~97% transmittance to visi-
ble and infrared light), high thermal conductivity (~5000
W mK ™), high stability to air and moisture below 300 °C
and extremely high charge carrier mobility (~100,000 cm?
V~!s71) at room temperature. Importantly, graphene and
its derivatives, such as graphene nanoflakes, graphene
oxide (GO) and reduced graphene oxide (rGO), can
be readily synthesized via scalable methods, including
chemical vapor deposition (CVD)**=* and various liquid-
phase exfoliation methods®>*’. In recent years, scientists
have made use of graphene as a building block for fabri-
cating various nano-, micro- and macro-scale 2D
Janus materials through selective surface modification
approaches. These Janus modification strategies have
significantly expanded the potential of graphene and its
derivatives into a wider range of applications including
batteries and energy storage®®™**, field-effect transis-
tors*® 7, photovoltaic devices”*>3, catalysis%55 and
sensors and actuators”® ",

In view of the rapid growth in this area, this paper aims
to provide a comprehensive review of contemporary
graphene-based 2D Janus materials. In this paper, we
introduce the theoretical understanding of 2D Janus
graphene and review the experimental methods for
asymmetric functionalization of graphene and graphene
derivatives. Representative examples of Janus graphene
modifications towards bandgap engineering, chemical
functionalization and membrane applications are given,
and the new opportunities generated are also discussed.
It should be noted that this article only reviews reports
on the asymmetric modification of graphene and its
assemblies. Reports on other modifications and applica-
tions of graphene and graphene derivatives can be found
in other reviews, such as “Graphene-based composites”62,
“Functionalization of Graphene: Covalent and Non-
Covalent Approaches, Derivatives and Applications”®?
and “Graphene, related two-dimensional crystals, and
hybrid systems for energy conversion and storage”®*.

Theoretical understanding of Janus graphene
The attention on graphene-based Janus materials in
the research community originates from the theoretical
understanding of graphene’s atomic modification.
Monolayer graphene is a zero-bandgap semiconductor.
For insight into widening the bandgap in graphene, a
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significant number of computational calculations have
been carried out on graphene hydrogenation and halo-
genation to study the band structure engineering
possibilities. In 2007, Sofo et al.*® predicted a graphene
derivative named “graphane” via density functional theory
(DFT). Graphane was suggested to possess a fully satu-
rated hydrocarbon structure constructed by bonding
H atoms on both sides of a single graphene layer,
leading to bandgap widening (E;=3.5eV for the chair
conformer, and E;=3.7eV for the boat conformer), as
well as a decreased lattice constant of the 2D material.
This pioneer work provided a strong indication that gra-
phene can be atomically engineered to realize vastly dif-
ferent properties. In the following years, a great number of
works have been reported on the simulation of the atomic
engineering of graphene. This section reviews the works
focusing on the computational study of asymmetrically
engineered graphene with hydrogen and halogens.

Janus graphene through hydrogenation

In 2009, Zhou et al.*® reported the first simulation of a
single-sided hydrogenated graphene structure, named
“graphone”, via DFT. Constructed by removing all the
bottom hydrogen atoms from graphane, graphone is
a ferromagnetic semiconductor with a small indirect
gap (0.46 eV). Half-hydrogenation breaks the delocalized
ni-bonding network of graphene, leaving the electrons
in the unhydrogenated carbon atoms localized and
unpaired. The magnetic moments at these sites couple
ferromagnetically with an estimated Curie temperature
between 278 and 417 K, giving rise to an infinite magnetic
sheet with structural integrity and magnetic homo-
geneity®®. In contrast, graphane and graphene are both
nonmagnetic.

By combining the cluster expansion method with DFT,
Xiang et al.®” further studied the single-sided hydro-
genation of graphene. They found that hydrogen atoms
tend to form one-dimensional (1D) chains that lead to
the formation of ripples between sp”> carbon atoms
because of the competition between electronic kinetic
energy and elastic strain energy. In contrast to the case
of double-sided hydrogenation, phase separation between
the sp? carbon and the sp® basal plane is prohibited by the
large strain caused by the single-sided hydrogen adsorp-
tion, hence suggesting that single-sided covalent functio-
nalization might be a better way to tune the electronic
properties of graphene.

In 2012, Haberer et al.%® empirically demonstrated the
first isolation of a single-sided, partially hydrogenated
graphene in a “C4H” configuration through the in situ
hydrogen plasma treatment of gold-supported CVD gra-
phene. The product is expected to be a suitable material
for optoelectronics in the ultraviolet (UV) range because
of its wide bandgap (3.5 eV). Based on this experimental
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work, Li et al.*” further studied a number of 1D deriva-
tives of the C,H structure, such as C,H nanotubes and
C4H nanoribbons with DFT. The results demonstrated
that a symmetric double-side hydrogenated C,H layer
is impossible to achieve since the alternative double-side
graphene-embedded structure is energetically preferred
due to the more favorable hydrogen binding energy
configurations.

Janus graphene through halogenation

Apart from hydrogenation, the halogenation reactions
of graphene have also been widely studied”®. Using
DFT calculations, Yang et al.”' showed that photo-
generated chlorine atoms tend to adsorb onto the
graphene surface to form a stable charge-transfer
complex at the early stage of single-sided chlorination,
leading to the p-type doping of graphene while keeping
the sp*-hybridized carbon skeleton intact”'. The charge-
transfer complex can further undergo one of two
alternative transformations: (i) adsorbed chlorine atoms
can covalently bond to the para-site carbons of
graphene, resulting in the formation of chlorinated gra-
phene with a maximum coverage of ~25%, or (ii) two
adjacent chlorine atoms combine with each other,
forming chlorine molecules and subsequently desorbing
from the graphene surface. The band structures of various
chlorine adsorption patterns have been calculated with
the bandgap of chlorinated graphene falling into a range
from O to 1.3 eV.

Combination of hydrogenation and halogenation

Instead of single-atom modification, Singh et al.”* suc-
cessfully predicted a range of hydrofluorinated graphene
(HFQG) structures, in which each carbon atom of graphene
was covalently bonded with one H and one F atom.
Depending on the configuration of hydrogen and halogen
atoms, the HFG was expected to obtain a bandgap ranging
from 3.34 to 525eV. By using the most stable chair
conformer of HGF as the model, ie., the two sides of
graphene modified with H or F atoms in a homogenous
manner, Li et al.”® noted the existence of considerable
interfacial C-H--F-C hydrogen bonding among the HFG
layers and reported that the stacking of two semi-
conducting HGF layers would yield a metallic bilayer.
This kind of opposing modification with two kinds of
atoms was further extended by Yang et al.”* to a combi-
nation of different halogens (F, Cl or Br) and hydrogen
atoms, as shown in Fig. la. The results indicated that
opposing sides bonding with two different elements fur-
ther apart from each other in the periodic table resulted in
larger band gaps.

In addition to hydrogen and halogen atoms, Ong
et al.”® calculated the configuration of Janus graphene
doped with Li or K (Fig. 1b) and found that these doped

1.72
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Janus graphene structures possess piezoelectric proper-
ties. Surprisingly, the same research group further pre-
dicted that piezoelectricity of monolayer graphene with
opposing sides occupied by two different dopants is
comparable to existing bulk piezoelectric materials,
such as wurtzite, boron nitride and gallium nitride”®.
Such nanoscale piezoelectric materials with outstanding
flexibility could play an important role in the develop-
ment of soft electronics, increasing the degree of inte-
gration, as well as the energy conversion efficiency
(converting mechanical energy into electric energy) of
flexible devices’”.

Apart from the asymmetric modifications on monolayer
graphene, Yuan et al.”® reported that bilayer graphene
grafted with H or F atoms on one side could form similar
structures to diamondol (a bilayered structure composed
of two compressed graphene monolayers—the topmost
layer covered in hydroxyl groups), with repeating units
denoted as H-C2 and F-C2”®7°. Based on their calcula-
tions, the C atoms in the first layer are fully sp>hybridized,
while only half the C atoms in the second layer are sp?
hybridized; consequently, interesting ferromagnetic
properties are obtained as a result of the non-hybridized
states.

Synthesis of Janus graphene

The synthesis of Janus graphene strongly relies on the
asymmetric modification of graphene and its derivatives,
such as GO/rGO, which can be prepared by various
methods, such as mechanical exfoliation, CVD, liquid
exfoliation and chemical exfoliation of graphite. In the
literature, the preparation methods of graphene and its
derivatives have been well reviewed® . This section
focuses on the experimental fabrication of Janus gra-
phene, regardless of how the graphene starting materials
were made.

In asymmetric modification, one side of graphene is
typically protected from reaction, while the other side is
exposed to atmosphere or solutions of different reagents.
Thus, we categorize the preparation of Janus graphene by
the use of modifying reagents including halogens and
hydrogen, small organic molecules, polymers, metals and
metal oxides.

Asymmetric functionalization of graphene with halogens
and hydrogen

Inspired by the theoretical studies of Janus graphene
discussed above, the early experimental works were
largely based on the asymmetric modification of graphene
through halogenation and hydrogenation. In this type of
modification, the bare graphene is made via mechanical
exfoliation or CVD. The upper side of this single or few-
layer graphene is exposed to gaseous reactive reagents,
while the bottom side is protected.
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Fig. 1 Janus graphene modified via hydrogenation and halogenation. a Comparisons between the band structures of graphene with
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modifications. (iii-xi) Band structures for various systems, showing the obtained gaps’*. Adapted from ref. ”“, reproduced with permission (© 2013,
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In 2010, Robinson et al.** reported the first study of
single-side fluorinated graphene by exposing CVD-grown
graphene on Cu foil to a XeF, atmosphere. They found
that the F coverage saturated at 25% (C4F), yielding an
optically transparent material over 6 orders of magnitude
more resistive than conventional graphene. However,
when graphene was placed on a silicon-on-insulator,
double-side fluorination of the graphene occurred due to
the etching of silicon by XeF,. The resultant per-
fluorinated graphene demonstrated a structure of two F
atoms per one unit cell, forming an empirical structure of
perfluorographane (CF). A similar double-sided structure
was also reported by Nair et al.** in 2010, in which they
exposed graphene supported by an Au grid to a XeF,

atmosphere. They analyzed the fluorination mechanism
in more detail: graphene was exposed to atomic F formed
by the decomposition of XeF,. The XeF, approach has
a clear advantage with respect to possible fluorination
in plasma because it avoids potential damage from ion
bombardment.

In 2011, Wu et al.%® reported the synthesis of single-
sided chlorinated graphene. In this work, mechanically
exfoliated graphene, CVD graphene and graphene
nanoribbons transferred to a SiO,/Si substrate were
exposed to Cl, plasma. Importantly, it was found that
short periods of Cl plasma exposure (<1 min) resulted in
the p-doping of graphene without destruction of the basal
plan, which led to an increased conductance of the Cl-
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functionalized graphene. Contrary to the effects of Cl,
plasma, the authors also demonstrated that F, or H,
plasma resulted in the rapid destruction of graphene and
loss of conductance.

In 2013, Zhang et al.*’” reported the synthesis of Janus
graphene by photohalogenation. Mechanically exfoliated
graphene and CVD graphene supported by a Si/SiO,
wafer were exposed to a Cl,/N, mixture. A xenon lamp
(0.9 W cm™2) was employed to initiate splitting of chlor-
ine molecules into highly reactive chlorine radicals, which
were consequently combined with graphene via a free
radical addition reaction (Fig. 2a—d)®’. With a poly(methyl
methacrylate) (PMMA) layer protecting the halogenated
side, the chlorinated graphene could be peeled from the
substrate, and the bottom pure carbon side could be
exposed for further modification, as shown in Fig. 2e.
Additionally, this Janus-functionalized graphene was

found to exhibit different wettability properties on the
different sides.

Surface modification with small molecules

To date, covalent modification of graphene with small
molecules has been largely limited to the use of diazonium
salts. The reaction is due to the spontaneous electron
transfer from the graphene layer and its substrate to the
diazonium salt. This reduction of diazonium salts has
been widely utilized for grafting acryl groups onto the
surface of sp>-hybridized carbon materials including
glassy carbon®®, highly ordered pyrolytic graphite
(HOPG)®’, and carbon nanotubes(CNT)**%.

Covalent modification with small molecules
In 2009, Bekyarova et al.”> prepared a Janus graphene
layer epitaxially grown on a SiC substrate by utilizing
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Fig. 3 Schematic illustration showing single-side surface
modifications of graphene with diazonium salts. a (Top) The
spontaneous grafting of aryl groups on epitaxial graphene via the
reduction of 4-nitrophenyl diazonium (NPD) tetrafluoroborate.
(Bottom) Transmission Fourier-transform infrared (FT-IR) spectrum of
NP-functionalized epitaxial graphene (EG)*%. Adapted from ref. °%,
reproduced with permission (© 2009, American Chemical Society).
b Aryl diazonium functionalization of mono- or bilayer graphene to
create monofacially or bifacially functionalized graphene®. Adapted
from ref. >, reproduced with permission (© 2014, Royal Society of
Chemistry)

diazonium salts (Fig. 3a). The aryl groups of 4-nitrophenyl
diazonium (NPD) tetrafluoroborate attached to graphene
were changed from near-metallic to semiconducting.
Sinitskii et al.”® further noted that the conductivity of
monolayer graphene nanoribbons (GNRs) gradually
decreased with the diazonium treatment time (4-nitro-
benzenediazonium tetrafluoroborate (NBD)), which could
be explained by the covalent attachment of 4-nitrophenyl
groups to the GNRs, transforming the hybridization of
graphene carbon atoms from sp” to sp°. Moreover, this
proved that diazonium functionalization could be a con-
trollable way to tune the electrical properties of graphene.
Interestingly, a contradicting result was reported by
Farmer et al.,”* in which graphene devices treated with a
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4-bromobenzene diazonium salt did not show any altered
conductance at the neutrality point. This suggested that
functionalization with different aryl diazonium salts could
produce GNRs with differing electrical properties; chan-
ging the group in the para position of the phenyl group
could modulate the doping-like effects.

In 2013, Zhang et al.¥” first used such diazonium
chemistry to further modify a single-sided chlorinated
graphene (as discussed above in the section “Asymmetric
functionalization of graphene with halogens and hydro-
gen”) to form dual-functionalized asymmetric graphene
sheets. As shown in Fig. 3b, Bissett et al.” further applied
such diazonium functionalization on both sides of CVD
monolayer /bilayer graphene with different aryl diazo-
nium salts in 2014. In this case, graphene films on SiO,
substrates were first exposed to an electron-donating
(n-type) dopant 4-methoxybenzenediazonium tetra-
fluoroborate (MBD) solution for the first reaction on one
side. Subsequently, the reacted side was protected by
polydimethylsiloxane(PDMS), and the unreacted side
was exposed to an electron-withdrawing (p-type) dopant,
NBD, for the second functionalization. Interestingly,
the net doping of the two-side modified graphene
was found to be p-type, indicating that the number of
NBD molecules covalently bonded to the graphene was
larger than the number of MBDs, thus indicating that
modification of one side of the graphene plane could
lead to an increase in the reactivity of the opposite side.
Moreover, their results showed that dual-faced Janus
functionalization induced a significantly higher level
of doping than the mono-facial and symmetrically func-
tionalized graphene, allowing for electronic structure
control with a larger range for both monolayer and bilayer
graphene.

Non-covalent modification with small molecules

Coletti et al.”® demonstrated that the band structure of
epitaxial graphene (EG) on SiC (0001) can be precisely
tailored by functionalizing the graphene surface with
tetrafluorotetracyanoquinodimethane (F4-TCNQ) mole-
cules in a non-covalent way’®. Interestingly, from the
X-ray photoelectron spectroscopy (XPS) height data,
these molecules were considered to stand upright on the
surface when densely packed. This is believed to be
caused by the removal of electrons from the graphene
layer via the cyano groups leading to the formation of a
charge-transfer complex between the graphene film and
the F4-TCNQ molecular overlayer, allowing for the
achievement of charge neutrality in monolayer and bilayer
graphene. In bilayer graphene, the hole doping even
allowed the Fermi level to shift into the energy bandgap,
and the additional dipole developed at the interface with
the F4-TCNQ layer caused the bandgap magnitude to
increase to more than double its original value. Thus, the
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electronic structure of the graphene bilayer can be pre-
cisely tuned by varying the molecular coverage.

Surface grafting with functional polymers
Covalent grafting of polymers

Because of the ample flexibility in molecular design and
the high density of the functional groups of polymer
chains, grafting functional polymers onto one side or both
sides of graphene has become an increasingly popular
approach to realize Janus graphene. In particular, taking
advantage of the abundant oxygen-containing groups of
graphene oxide, researchers have made enormous pro-
gress in the covalent grafting of polymers via in situ
polymerization reactions.

Self-initiated photografting and photopolymerization
(SIPGP) is a facile polymerization method in which styr-
ene, maleic anhydride and several acrylate-type mono-
mers are excited by free radicals under UV radiation””®,
These activated monomers initiate a free radical poly-
merization reaction and create radical sites for surface-
initiated polymerization on GO by abstracting hydrogen
radicals from its surface functional groups such as
hydroxyl and epoxy groups®. Because an additional
initiator is unnecessary and an abundance of monomers
are available, SIPGP is a very effective way to functionalize
graphene. In asymmetric functionalization, Steenackers
et al.'® demonstrated single-sided chemical modification
of graphene with styrene via SIPGP. The resultant Raman
spectroscopic data revealed that photopolymerization
occurred and was primarily limited to the existing defect
sites on CVD graphene and epitaxial graphene grown on
SiC; there was no detectable disruption of the basal plane
conjugation of graphene'®, i.e., the graphene layer was
functionalized without degrading its electronic properties.
Furthermore, they reported that after tuning the surface
reactivity of graphene via electron-beam-induced carbon
deposition due to the low bond dissociation energy for
hydrogen abstraction from the carbon deposits, a range of
vinyl monomers without styrene and methacrylate groups
could be locally grafted via SIPGP.

In another approach, Wu et al.'®" reported the pre-
paration of Janus GO nanosheets via a covalent “grafting
to” method. Using the wax-in-water Pickering emulsion
process, monolayer GO sheets were coated onto wax
microspheres. Surface grafting of an amino-containing
polymer such as poly(propylene glycol) bis(2-aminopropyl
ether) was then carried out on the exposed side of GO.
After dissolving the wax core with chloroform, single-
side-modified GO sheets were released and collected.

Non-covalent grafting of polymers

Non-covalent attachment of an external substance
is another strategy for graphene surface modification,
which can functionalize the graphene film while leaving
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its natural conjugated structure unaffected. This kind of
modification of graphene mainly involves the grafting
of polymers utilizing van der Waal’s forces, hydrogen
bonding, coordination bonding and m—m stacking of aro-
matic molecules on the graphene plane®®. Because of the
excellent mechanical strength and the hexagonal struc-
ture of carbon atoms, pristine monolayer graphene can
act as a mechanical support platform for functional
polymer brushes through m—m interactions. In 2009, to
achieve a suitable surface wettability of CVD graphene for
uniform conductive polymer coating while maintaining
the conductivity for use as an electrode in an organic solar
cell, Wang et al.” modified CVD graphene with self-
assembled pyrenebutanoic acid succinimidyl ester, which
was able to stack on the graphene surface in a face-to-face
orientation via the pyrene group’.

The grafting of polymer brushes onto CVD graphene
films in a similar non-covalent manner was then
demonstrated by Xiao et al.'® in 2013. Through micro-
contact printing, a patterned NH,-terminated pyrene
derivative layer (Py-CH,NH,) was transferred onto a Si-
substrate-supported graphene layer and successfully
anchored to the surface via m—m stacking interactions
between pyrene groups and the graphene scaffold. With
the amino groups pointing towards the outer face, pho-
topolymerization could be carried out. By SIPGP, poly-
styrene (PS) brushes (~200 nm) were successfully grafted
from the patterned active area, while unpatterned areas
on graphene displayed a thinner layer of homogenous PS
brushes grafted from existing defect sites.

In 2014, Gao et al.'®® further demonstrated the single-
side decoration of CVD graphene film with polymer
brushes by adopting the specific atom transfer radical
polymerization (ATRP) macro-initiator poly[2-(2-bro-
moisobutyryloxy) ethyl methacrylate-co-4-(1-pyrenyl)
butyl methacrylate] (Fig. 4a). Such an initiator was found
to be anchored onto the graphene because of the strong
interaction between the graphene basal plane and the
pyrene side chains of the initiator, as indicated in previous
studies'®*'%°, In this experiment, various polymer brushes
were grafted to the initiator-soaked CVD graphene layer
grown on Cu foil. Moreover, it was confirmed that the
polymer brush layer was densely grafted while also pro-
tecting graphene during the wet etching and transfer
process; different kinds of brushes provided specific
applications to the modified graphene film, such as smart
control of surface wettability and immobilization of bio-
molecules. This approach thus introduced a robust route
for fabricating lightweight, transferrable and function-
tailorable 2D organic materials. Similarly, pre-synthesized
pyrene-containing polymers can also be directly immo-
bilized on graphene’s basal plane through m—m interac-
tions. In 2016, Yang et al.'°® adopted PS microspheres as a
template for a GO assembly through electrostatic
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interactions, and pyrene-terminated poly(2-(dimethyla-
mino)ethyl methacrylate) (PDMAEMA) chains were
attached to the exposed side of GO. After dissolving the
PS core, free PS chains were attached to the inner side of
the GO spheres, giving amphiphilic Janus GO nanosheets
in the form of PS-GO-PDMAEMA that can be used as a
surfactant for stabilizing oil droplets dispersed in water'%.

Apart from pyrene groups, polydopamine has also been
widely utilized for the facile and damage-free surface
treatment of low-surface-energy materials, such as pris-
tine graphene, as shown in Fig. 4c, because of the non-
specific adherence of dopamine to a wide variety of sur-
faces. This spontaneous adsorption of polydopamine
caused a significant decrease in the water contact angle of
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graphene'”’. Thus, polymers that do not normally wet
pristine graphene could be readily deposited after surface
modification with dopamine. For example, Kim et al
demonstrated the formation of a thin layer of neutral
poly(styrene-ran-methylmethacrylate) (P(S-r-MMA)) on
polydopamine-modified CVD graphene through spin
coating, followed by a thermal annealing step to cova-
lently react the hydroxyl groups of the copolymer with
the catechol groups of the polydopamine. In another
example, Park et al.'”® further directed the self-assembly
of polystyrene-block-polymethylmethacrylate  (PS-b-
PMMA) on polydopamine-modified graphene. In their
experiment, a neutral layer of P(S-r-MMA) was first
deposited on graphene, as discussed in ref. '°*. PS-b-
PMMA was then self-assembled onto the neutralized
layer to form vertical lamellar or hexagonal cylinder-like
nanostructures based on the PS/PMMA ratio. Such
nanostructured thin films were used as a resist for pat-
terning graphene through reactive ion etching to fabricate
graphene nanoribbons and nanomeshes, which could be
applied as the channels of field-effect transistors (FETs).

Deposition with metals and metal oxides
Vacuum deposition of ultrathin films

Apart from the organic moieties that provide ample
surface functionality of Janus graphene, metals and
metal oxides can render graphene with specific electrical
and chemical properties that even organic moieties
cannot offer. For the formation of Janus graphene with
an ultrathin layer (<10 nm) of metal/metal oxides, physi-
cal vapor deposition is always the most straightforward
approach. A series of metals including Au, Ag and
Cu have been deposited on CVD graphene effectively
via different vacuum deposition techniques'®. The
film structures were largely dependent on the
deposition conditions, film thickness, topography and
the number of graphene layers. For example, it was found
that the grain size of Au (<5-nm-thick film made
via thermal deposition) was positively dependent on the
number of graphene layers, while the grain density
decreased with increasing graphene layers''®. With sput-
tering, the particle size (<2nm) could be precisely
controlled by adjusting the operation angle, current and
deposition time''".

Atomic layer deposition (ALD) is a powerful tool for
depositing uniform and ultrathin (A) metal or metal oxide
layers with precise thickness control because of its self-
limiting surface reaction nature! '3, However, addi-
tional chemical treatment is needed for ALD to occur on
pristine graphene because of its inertia with respect to the
nucleation of inorganic particles in the ALD process. For
example, the nucleation of Al,O3; on graphene’s basal
plane has been facilitated by a gaseous phase pretreatment
of pristine graphene with 3,4,9,10-perylene tetracarboxylic
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acid'3, NO,''* or ozone''*, which functionalized the
graphene surface through the introduction of a multitude
of non-destructive, reactive surface groups.

Solution deposition of nanoparticles

Different from thin films, nanoparticle-decorated
Janus graphene is typically synthesized via solution-
based chemical approaches. Taking advantage of the
presence of oxygen-containing groups on chemically
exfoliated and modified graphene sheets, metal oxide
nanoparticles (NPs), e.g., ZnO NPs, could easily anchor
onto the graphene surface by simply immersing the
graphene film in the NP solution''”. Furthermore, with
a suitable surface functionalization, this method could
also be extended to metal NPs such as Au NPs (Fig. 5)!15,

In contrast, to decorate graphene-based films
with metal NPs, electroless deposition was demonstrated
as an efficient and convenient way. As reported by
Lu et al.'*® in 2011, an rGO layer coated on a Si wafer
was successfully decorated with Ag or Au NPs by a
simple immersion step in a mixture of HF and AgNO;3
or HAuCl,. As the exposed Si parts were slightly
etched by the hydrofluoric acid, they donated electrons
that triggered the reduction of positive metal ions to
form the corresponding metal NPs. Later, Yin et al.''’
reported the deposition of Pt NPs on an rGO layer by
photochemical reduction''’. In this case, an rGO-coated
Si/SiO, wafer was immersed in a solution containing
PtCl,*> and ethanol under light irradiation. Because of
the oxidation of alcohols and the difference in reduction
potentials between PtCl,>~ (4+0.775V vs. standard
hydrogen electrode (SHE)) and rGO (+0.38 V vs. SHE),
chloro—platinum complexes captured electrons from
the solution, as well as the rGO surface, and were
reduced to Pt°.

In 2015, an in situ galvanic displacement method for the
asymmetric decoration of CVD graphene with noble
metal (Au, Pt, Pd)NPs was reported by Toth et al.''®. In
their work, CVD graphene supported by Cu foil was
immersed into the noble metal precursor solution. Gal-
vanic displacement of the metallic NPs (Au, Pt and Pd)
occurred on the upper surface of CVD graphene, where
the Cu foil acted as an electron donor that transferred
electrons to the precursor salts (AuCl, ~, PdCL,>~ and
PtCl,>")"?. To further deposit additional metallic NPs on
the bottom side, the Cu foil was etched away and the
decorated upper side of graphene was floated at the
interface of an organic reducing agent and an aqueous
solution containing the desired precursor salt of the sec-
ond metal. Thus, the second deposition occurred at the
aqueous—organic liquid/liquid interface, yielding mono-
layer graphene bifacially deposited with different noble
metal nanoparticles.
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Preparation of Janus graphene-based thin films
Janus graphene-based thin films are the other major
type of graphene-based Janus materials. In this category,
thin films made of solution-exfoliated graphene nanosh-
eets, GO, rGO and their composites, are fabricated first,
followed by asymmetric surface modification to yield the
Janus thin films. In the literature, there have been many
review articles on how to prepare graphene-based thin
films'?%!*!, In this section, we only focus on how to
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asymmetrically modify the pre-made thin films into Janus
thin films.

In principle, the synthetic routes discussed in the sec-
tion “Synthesis of Janus graphene” are all applicable sur-
face modification techniques for the materials mentioned
in this section. Nevertheless, it should be noted that most
graphene-based thin films are made of GO and rGO
(mainly because of their superb solution processability),
which are rich in oxygen-containing groups. Therefore,
most works reported in this section rely on these func-
tional groups for surface reactions. Several representative
examples are discussed below.

In 2014, Xiao et al.'** developed a robust strategy to
fabricate micro-patterned GO-based polymer brushes
with adjustable sizes and shapes over a large area. Based
on the strong supramolecular interaction from the for-
mation of multiple hydrogen bonds between GO
nanosheets and the HO-terminated surface, GO nanosh-
eets were printed from a PDMS stamp onto a Si substrate.
The photoactive site on the GO surface allows for the
growth of polymer brushes with well-designed patterns by
SIPGP. To prove the concept, PS brushes were grafted
onto micropatterned GO films, and a nearly defect-free
PS brush layer was observed with a well-controlled height
(~60 nm) and a feature spacing of 10 um over a large area.
By immersing the PS-modified substrate in an aqueous
KOH solution, the polymer brush grafted GO microfilms
were released from the silicon surface and became readily
available for transfer. On the other hand, as illustrated in
Fig. 4b, Han et al.'"*® demonstrated the production of
Janus graphene/chitosan hybrid sheets by asymmetrically
grafting two sides of the hybrid sheets with PS and
PDMAEMA brushes. GO nanosheets with negative
charges behave like negatively charged polyelectrolytes
that can interact with positively charged polyelectrolytes
to form a stable complex. In this work, the GO/chitosan
composite membrane was prepared through the inter-
facial self-assembly of GO with the positively charged
chitosan solution. Using SIPGP, one side of the composite
membranes was first grafted with PS, and then the other
side of the composite was grafted with PDMAEMA.
Because of the large difference in surface wettability of
these two polymers, a membrane with contrasting
hydrophilicity on the top and bottom sides was fabricated.
In addition, a patterned carbon-based hybrid Janus thin
film was demonstrated by Xiao et al.®° using a micro-
contact printed CNT/GO film on a Si wafer as the starting
material. PDMAEMA brushes were grafted on the upper
side of the hybrid films via SIPGP. After etching the
natural SiO, surface layer of the substrate, the free-
standing hybrid films were released from the substrate
and could be transferred to any other target substrate. In
this way, the polymer-grafted side acted as an insulating
carpet, while the carbon side acted as a conductive
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element, forming a flexible and miniature electric carpet
with potential application as a localized heating element
in micro-/nano-devices.

Electrochemical deposition is another effective and
facile approach for surface modification. Since most
graphene-based thin films are highly conductive, elec-
trochemical deposition can be carried out directly on the
surface to achieve asymmetric modification in one step.
In 2010, Wu et al.'** demonstrated the deposition of a
series of metal oxides, including ZnO nanorods, as well
as p-type and n-type Cu,O films, onto rGO thin films
that were supported on a polyethylene terephthalate
(PET) substrate. For these kinds of Janus thin films, the
conductive rGO was used as a transparent electrode,
while the semiconducting metal oxide was used as the
active absorber of the photovoltaic device.

The pH-responsive Janus platelets with the two faces
orthogonally functionalized with PS and poly(acrylic acid)
(PAA) were demonstrated by McGrail et al.'*®. Acrylate
functionalities were first appended to both faces of GO
using acrylonitrile in an acidic aqueous environment to
give Acr-GO-Acr. These platelet products would lie at the
interface between oil and water phases, so they were
introduced to a toluene—water interface with water-
soluble PAA5-SH and oil-soluble PS40-SH. The double
thiolene reaction yielded PS40-GO-PAA5 Janus sheets,
which were useful in stabilizing emulsions at high pH.
However, under acidic conditions (pH ~2), PS40-
GO-PAAS5 does not stabilize emulsions because of the
protonation of carboxylic acid moieties decreasing the
solubility of PAA in water.

Applications of graphene-based Janus materials
Surface functionalization

Because of the two-dimensional structure of graphene-
based Janus materials, one major application is to transfer
these functional 2D objects onto target substrates for the
modification of surface wettability and functionality.

Both Janus graphene and Janus graphene-based thin
films have been reported for this purpose. In general,
these 2D objects are lifted off the original substrate into a
liquid bath and then fished onto a target substrate. It
should be noted that if the 2D objects are too thin, e.g., a
few nanometers, a PMMA sacrificial layer is normally
needed to assist the transfer process. For example, Zhang
et al.’” synthesized a Janus graphene, of which one side
was modified by chlorination and the other side was
modified by phenylation. With a PMMA -assisted transfer,
the Janus graphene exhibited bifacially anisotropic wett-
ability: the contact angle was 89.9° on the phenylated
side and 59.6° on the chlorinated side. In another example
demonstrated by Wang et al.'®°, fluorinated graphene
transferred to SiO,/Si and quartz substrates was achieved
after PMMA removal and exposure to XeF, in an inert
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atmosphere. Such fluorinated graphene was shown to
enhance the cell adhesion, growth and proliferation of
mesenchymal stem cells (MSCs) and to generate a neuro-
inductive effect via spontaneous cell polarization.
Through the rapid and large-area printing of PDMS ink,
cell neurogenesis could also be enhanced via channel-
confined cell elongation without any chemical factor sti-
mulation (Fig. 6).

In another work, Gao et al.'® synthesized polymer-
brush-grafted CVD graphene, namely, polymer@graphene
2D objects, through surface-initiated ATRP on a CVD
graphene surface. From the abundant possibility of
monomers, they were able to demonstrate a wide variety
of polymer@graphene 2D objects with tunable polymer
thicknesses and functionality. With thermal responsive
poly(N-isopropylacrylamide) (PNIPAm), the transferrable
2D objects typically showed a lower critical solution
temperature (LCST) behavior: the contact angle was ~60°
when the temperature was lower than the LCST of PNI-
PAm and ~80° when the temperature was higher than
the LCST. In addition, they prepared poly(glycidyl
methacrylate) on graphene; this 2D object was used as a
reactive and transparent platform for the immobilization
of biomolecules such as DNA and proteins for the fabri-
cation of bio-microarrays.

Moreover, by adopting a Ag/AuNP-decorated rGO
layer on a Si substrate, as mentioned in the section
“Solution deposition of nanoparticles”, a surface-
enhanced Raman scattering substrate was developed by
Lu et al.''®. The Ag/AuNP-coated rGO layer was proven
to exhibit very strong adsorptions of aromatic molecules
(e.g., rhodamine 6G, methyl violet, rhodamine B and
methylene blue), enhancing their Raman signal and
allowing for the detection of aromatic molecules with
low detection limits (nM level). On the other hand, a
highly efficient surface plasmon resonance (SPR) immu-
nosensor was developed by Singh et al.'*’ with Janus
graphene transferred to Au. In their experiment, copper-
coordinated nitrilotriacetic acid containing terminal pyr-
ene groups was used to functionalize monolayer CVD
graphene, and then the Janus graphene was transferred
onto an Au substrate. The aim of this approach was to
amplify the SPR signal and to control the immobilization
of a biotinylated cholera toxin antigen. The results
showed that the addition of a single Janus graphene sheet
increased the SPR sensor performance by 80% compared
with the graphene-devoid setup.

Field-effect transistors (FETs)

As mentioned in previous sections, pure graphene is a
zero-bandgap semimetal, which is very difficult to use in
FETs because of the high leakage currents and power
dissipation'®®, Although covalent modification of gra-
phene can effectively widen graphene’s bandgap, it also
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significantly destroys the basal plane of graphene, which
leads to a loss of electronic conductivity and mobility. To
avoid this, Sarkar et al.'?® reported the modification of
one side of graphene via a mono-hexahapto (n°)-chro-
mium complexation, as shown in Fig. 7. The n°-mode of
bonding is distinct from the modification induced by the
conventional covalent o-bond formation that involves the
creation of sp’ carbon centers in the graphene lattice. This
functionalization preserves the conjugation of the exten-
ded periodic m-electron systems, and the functionalized
carbon atoms remain part of the electronic band struc-
ture, retaining the high mobility of graphene. Thus, FETs
made with this Janus graphene retained a high degree
of the mobility and showed an enhanced on/off ratio of
5 to 13'%.

On the other hand, protein-functionalized Janus
graphene prepared through a non-covalent chemistry
could be used for the fabrication of highly sensitive FET
biosensors. In 2011, Sudibya et al.'*® demonstrated
a FET sensor of metal ions in aqueous solutions by
adopting protein-functionalized rGO films as the active

channel. In their experiments, proteins were attached
to the micropatterned rGO films via a linking layer,
1-pyrenebutanoic acid succinimidyl ester, which strongly
attached its pyrene tail to rGO via m—m stacking while
leaving another end for further covalent bonding with
protein molecules. To achieve the specific detection of
different kinds of metals, two types of proteins were
adopted, namely, calmodulin (CaM) and metallothionein
type II protein (MT-II). For CaM-modified rGO-FETs,
the field-effect modulation of the rGO-FETs was attrib-
uted to the binding of Mg*" and Ca®' ions, inducing
significant changes in the conductance. The detection
limit of Mg>" and Ca®" ions was found to be ~1 uM with
a signal-to-noise ratio of ~20 to 30. For the MT-II-
modified rGO-FET, the conductance change was intro-
duced by the conformational change of MT when binding
with heavy metal ions. This rGO-FET could detect
xenobiotic heavy metal ions (Cd*" and Hg>") with an
even lower detection limit of ~1nM (with a signal-to-
noise ratio of ~ 25 to 30 for Hg>" ions and ~15 to 20 for
Cd*>" ions). Compared with the previously reported
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fluorescence-based methods, this rGO-FET sensor pro-
vided faster real-time electronic detection of heavy metal
ions with higher sensitivity.

In another work reported by Yang et al.,**' one side of a
graphene nanomesh was immobilized with pyrene mod-
ified, a HER2-specific aptamer, via the m—m interaction
between pyrene and graphene’s basal plane, as shown in
Fig. 8. The interactions between the aptamer and HER2
protein can affect the charge carrier density on the surface
of the graphene nanomesh (GNM) and allow for label-free
detection using a FET configuration. With this Janus
graphene, FETs for the selective detection of HER2, a
transmembrane protein that is overexpressed by 100-fold
or more on the surface of breast cancer cells, was con-
structed with a detection limit down to 0.6 x 10 '°> M.
The real-time detection of breast cancer cells using this
Janus graphene was also demonstrated.

By using an rGO film as an electrode, monocrystalline
ZnO NRs with a high donor concentration were suc-
cessfully deposited by an electrochemical method*% As a
proof-of-concept application, the rGO/ZnO NR assembly
was used to fabricate inorganic—organic hybrid solar cells
with a layered structure of quartz/rGO/ZnO NRs/P3HT/

PEDOT:PSS/Au. The observed power conversion effi-
ciency(PCE) was ~0.31%, which is higher than that of
previously reported solar cells using graphene as an
electrode.

Actuators

Through the asymmetric surface engineering of
graphene-based sheets, each side of a 2D Janus graphene
sheet can behave very differently under the same external
stimuli. Thus, one can trigger the shape change of the 2D
sheets by carefully designing the stress/strain response on
each side. To date, most Janus-graphene-based actuators
have been designed based on the contrasting hydro-
philicity/hydrophobicity given to the opposing sides of the
2D objects.

For example, Xie et al."** developed a Janus-graphene-
based electrochemical actuator via direct plasma treat-
ments, as shown in Fig. 9. A large difference in hydro-
philicity was created between the two sides of a filtrated
rGO film (thickness ~4—5 pm) by exposing one side of the
film to a hexane plasma and the opposite side to an O,
plasma treatment. The hexane-plasma-treated side
became relatively hydrophobic, which limited the
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accessibility of electrolyte ions, while the O,-plasma-
treated side showed the reverse relationship. Therefore,
bending motions of the Janus sheet were triggered due to
the different responses of each side towards the electro-
chemical charge/discharge process, and the degree of
bending was tunable via the applied voltage across the
Janus sheet, i.e., the modified graphene strip bent towards
the hexane-plasma-treated side at negative bias, while
bending towards the other side under a positive bias.
More recently, Mu et al.'** fabricated Janus-GO-based
paper structures that could be used as walking devices
through a self-folding motion. In that work, poly-
dopamine (PDA)-grafted GO nanosheets were filtered
through a pre-made rGO paper. In the filtration process,

GO-PDA was patterned using a filtration mask on rGO to
yield a patterned GO-PDA/rGO bilayer. This Janus paper
was then treated with hydroiodic acid, where GO-PDA-
covered areas were protected from reduction and kept
hydrophilic, and the uncovered parts were reduced and
subsequently became hydrophobic. The hydrophilic GO-
PDA regions could readily absorb water and swell, and the
swelling could be prohibited by heating through near-
infrared (NIR) exposure. Conversely, the hydrophobic
rGO regions became insensitive to moisture change.
Therefore, with the suitable design of a filtration mask
and control of NIR exposure, the patterned GO-PDA/
rGO Janus paper could be programmed to bend/unbend,
like a walking device and an artificial hand.
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Fig. 9 Janus-graphene-based electrochemical actuator fabricated
via direct plasma treatments. a Cross-section SEM image of a
graphene film (scale bar: 1 um). b lllustration of asymmetric plasma
treatments of the graphene film using hexane and oxygen sources
and the corresponding change in surface wettability. The water
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plasma (b, right inset)-treated surfaces are 90° and 15°, respectively.
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reproduced with permission (© 2010, American Chemical Society)

Lithium-sulfur batteries

Lithium—sulfur (Li-S) batteries employ relatively low-
cost and abundant sulfur as the cathode material to hold a
high theoretical energy density because of the conversion
chemistry of the sulfur cathode. Therefore, Li-S has
received great interest from the industry. However, Li-S
batteries show the shuttle problem of polysulfide, i.e.,
the redox materials migrate out of the cathode and fix
on the lithium anode in the solid form, which leads to
serious capacity degradation and shortened cycling life of
the battery. Thus, shuttle-inhibiting separators are always
essential for long-lasting and effective Li—S batteries.
As mentioned above (section “Preparation of Janus
graphene-based thin films”), a number of graphene-based
thin films and membranes have been fabricated, and GO
membranes are believed to be promising as an ion
selective separator for Li-S batteries because of its
negatively charged nature, which should be permeable for
lithium ions but reject anions'?”,

In 2015, Zhuang et al.'*® reported a 3-layer separator for
Li-S batteries that was made up of a routine

Graphene Coated on PP Separator as

( ) PP-Separator Internal Current Collector

e
N -
—
e 1 _
o : i Well-Mixed Sulfur Slurry Coated on
g ; Internal Current Collector
3 : ==
)

Fig. 10 Shuttle-inhibiting separators for Li-S batteries made up of
Janus-graphene-based membranes. a Schematic of a ternary PP/
GO/Nafion separator: the PP layer serves as a freestanding continuous
support. GO sheets not only cover the macropores on the PP
separator with an ultralow loading of 0.0032 mg cm™ but also serve as
a physical barrier to selectively suppress the polysulfide anions. A
Nafion layer of 0.050 mgcm™ is coated on the GO to afford -SO*~
groups that allow ion hopping of positively charged species (Li*) but
reject the hopping of negative ions of S,>. Such a ternary-layered
separator improves the Coulombic efficiency and capacity retention
during the cycling of a Li-S battery'*®. Adapted from ref. '*,
reproduced with permission (© 2015, WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim). b Schematic of the electrode configuration using
an integrated structure of sulfur and G@PP separator and the
corresponding battery assembly'*”. Adapted from ref. '/, reproduced
with permission (© 2014, WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim)

polypropylene (PP) separator, a GO barrier layer and a
dense ion-selective Nafion retarding layer'®. In this work,
the GO layer was first deposited on the porous PP
membrane via vacuum filtration, and the Nafion layer was
then coated on top. It was found that the ultrathin layer of
GO (0.0032 mg cm ™2, ~40 layers) could pack tightly and
effectively block the macropores of the PP matrix layer,
whereas the uniform Nafion layer (0.05mgcm ?)
endowed one side of the separator with sulfonic acid
groups, which further suppressed the crossover of poly-
sulfide because of electrostatic repulsion. When this PP/
GO/Nafion separator was used to replace the PP separa-
tor in a Li-S cell (with the Nafion side facing the sulfur
electrode) (Fig. 10a), the initial capacity and Coulombic
efficiency were enhanced from 969 to 1057 mAh g~ and
from 80% to over 95%, respectively. The battery capacity
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Scheme 1 Schematic diagram showing different common routes for fabricating 2D Janus graphene objects
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degradation was also reduced from 0.34 to 0.18% per cycle
(within 200 cycles).

Instead of a freestanding separator, as reported by Zhou
et al,’” a flexible sulfur/graphene/PP separator inte-
grated with the electrode was developed for Li-S bat-
teries. The fabrication process of this electrode was simply
achieved by the slot coating of a layer of exfoliated gra-
phene sheets and sulfur slurry on a commercial PP
separator (Fig. 10b). In this structure, the graphene layer
acted as a lightweight internal current collector that
offered a continuous electron transfer pathway in between
the separator and sulfur active material. It also acted as an
effective barrier/reservoir for dissolved polysulfides to

mitigate the shuttle effect. By adopting this S-G@PP as
the cathode, long-cycle-life Li—S batteries were achieved
that obtained a capacity retention of 71.7% at 1.5A g "
with a very small capacity decay of 0.064% per cycle and a
Coulombic efficiency approaching 100% (after 500 cycles).
These results were superior to the batteries fabricated
using the conventional cathode structure (Al foil-S+PP
separator) with a 31.9% capacity retention and a large
capacity decay of 0.216% per cycle.

Conclusion and perspective
We have reviewed the fundamental theory, structural
simulation, preparation and applications of Janus
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Table 1 Summary of general routes for fabricating 2D Janus graphene objects
Janus surface Modifying agent Functions Methods for modification Ref.
modifications
Hydrogenation and Hydrogen atoms Tuning bandgap of grapheme. Inducing Plasma treatment 86
halogenation ferromagnetic properties.
Halogen atoms (F, Cl,  Tuning bandgap and surface wettability of Exposure under XeF, flow 84, 85
Br...) graphene. Plasma treatment 86
Photohalogenation 87
Allowing cell adhesion. Exposure under XeF, flow 126
Modification with small Diazonium salt Tuning bandgap/electrical properties of Covalent bonding 92-95
molecules F4-TCNQ graphene. Non-covalent interactions 96
Surface grafting with Polymer layers/ Tuning surface wettability of grapheme. SIPGP 6, 100,
polymers polymer brushes Allowing immobilization of biomolecules.. 22,123
Covalent grafting on GO 101
Non-covalent interactions 7,102
Deposition with metal/ Metal layer Improving conductivity of graphene. Vacuum deposition 109-111
metal oxide Metal NPs Reduction of positive metal ions in 115
Allowing adsorption of aromatic molecules/ ~ Precursor solution 117,119
biomolecules.
Enhancing the Raman signal of a specimen 116
when acting as a substrate.
Metal oxide layer Pseudocapacitance materials for graphene- Atomic layer deposition 113,114
based energy storage devices.
Metal oxide NPs/NRs  Electron transport layer for graphene-based Electrochemical deposition 124,132
photovoltaic electrodes. Non-covalent interaction on GO 115

graphene materials. The unique properties of various
graphene-based Janus materials can be utilized to enhance
and enrich the surface functionality and electronic per-
formance of the much less reactive and functionalized
pure graphene.

Scheme 1 and Table 1 summarize the strategies to
prepare different kinds of Janus graphene and its deriva-
tives, and Fig. 11 shows the development milestones of
this field over the past two decades. From the chemical
point of view, Janus graphene can be synthesized through
the atomic replacement of the carbon atoms of graphene
with hydrogen or halogen atoms or through the covalent
grafting of graphene with functional ligands or polymers.
Janus modification of graphene with hydrogen and halo-
gens has proved to be an effective method for the band
structure engineering of graphene, both theoretically and
experimentally. Furthermore, through the grafting of
small organic molecules and polymers on a graphene film,
the desired surface reactivity towards biological and che-
mical substances can be tailored. Although these covalent
modifications provide efficient transformation routes for

graphene into desired functional states for a wide range of
applications, they severely damage the conjugation of the
basal plane, which sacrifices the major electronic merits of
graphene. In contrast, non-covalent approaches allow the
Janus modification of graphene without destroying its
natural conjugated structure. Non-covalent modification
typically makes use of the strong n—mn interaction between
pyrene groups and graphene’s basal plane or the non-
selective binding ability of dopamine. Therefore, func-
tional ligands or polymers are linked with the pyrene/
dopamine and then self-assembled onto the graphene
surface. It should be noted that the research to date has
mostly focused on the fundamental preparation and
understanding of these materials. From the literature
highlighted in this paper, the major applications of Janus
graphene materials fall into two areas: (i) flexible and
lightweight semiconducting/conducting materials for
electronic applications and (ii) stimuli-driven actuators.
Most of the applications demonstrated to date have been
based on GO or rGO instead of single/few-layer graphene,
in spite of their superior transparency, conductivity and
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few-atom thickness. Furthermore, most of these techni-
ques are difficult to scale-up. One major reason is the
relatively high production cost for producing large-area
and high-quality pristine graphene films via epitaxial
growth or CVD processes; special handling skills, costly
techniques and machines are also needed for certain
modifications of ultrathin carbon-based materials. For
example, the halogenation of graphene is an energy-
consuming (high-temperature) process, and a polymeric
protection layer is always needed for transferring the
graphene layer in most Janus graphene fabrication pro-
cess. Any unremoved polymeric substance could con-
taminate the graphene samples, negatively impacting the
reactivity and electronic performance of the modified
Janus graphene. Hence, extra comprehensive rinsing steps
are required.

To conclude, the rational design of graphene-based
Janus materials with different shapes, sizes and compo-
sitions can be achieved via the asymmetric surface func-
tionalization of target graphene derivatives. In principle,
this could significantly extend the use of graphene to a
wide range of applications, e.g., surface modification,

sensing, electronics, biology, medicine, actuators, etc. The
research in this field is still in the early stage, mostly
focusing on the preparation of various Janus graphene
materials and the understanding of their properties. To
realize real-world applications, more efficient and low-
cost Janus graphene fabrication strategies should be
developed in the future. Meanwhile, commercialization
also requires a deepened understanding of a number of
phenomena: (i) the feasibilities and effects of attaching
different atoms onto the basal plane of graphene in non-
destructive ways, (ii) the influence of the surface-grafted
atoms/molecules on the bandgap structure and physical
properties of graphene, and (iii) the stability of different
anchored functional groups or particles on graphene.
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