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Summary Utilization of unique properties of nanoscale graphene in macroscale materials
requires a thoughtful selection of processing method(s). Here we review different materials
assembly techniques which result in layered composite reminiscent of many biomaterials with
the focus on layer-by-layer (LBL) assembly, vacuum-assisted flocculation (VAF), and others.
Critical evaluation of LBL and its comparison to other solution-based methods of materials
assembly using the abundant experimental data with graphene and graphene oxide is the main
essence of this review. We compare several fundamental characteristics and applications being
discussed for graphene-based material such as transparent conducting films, field effect transis-
tors, lithium ion batteries, supercapacitors, solar cells, sensors and polymer nanocomposites,

highlighting the strengths, the weaknesses, and expected points of further developments of
different techniques. The principle goal to be achieved in the future is to define much better
effective implementation of layer-by-layer assembly and other techniques resulting in layered
composites taking into account potential technological areas of applications.
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odern nanotechnology has become integral to the material
ciences, covering all aspects of preparation, fabrication,
nd application. The advances in synthesis technique,
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argely enrich the spectrum of nanoscale materials, includ-
ng two-dimensional (2D) nanosheets, which represent a
iverse and unique research target with exciting results
ased on the existence of single-layer graphene nanosheets
omposed of carbon atoms arranged in tightly bound
exagons just one atom thick (Fig. 1a). Similar to other
anostructures exhibiting size- and shape-dependent char-
cteristics, graphene shows different properties when

ompared with its 1D allotrope, i.e. carbon nanotubes
CNTs). The 2D structure of graphene makes it more compat-
ble with planar substrates than typical random distribution
f CNTs, making graphene a viable replacement of silicon.
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Figure 1 (a) Crystal structure of graphene. (b) Schematic illustration of LBL assembly with negatively charged nanosheets. (c)
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Chemical structure of graphene oxide.
Reprinted from Ref. [21] with permission by American Chemica

The 2D structures of graphene nanosheets and their
atomic scale thickness impart them with unusual properties.
The confinement of electrons, anisotropic transportation,
and high surface-to-volume ratio are the most stimulating
characteristics of the unique sheet-like structures. Intrin-
sic graphene is a zero-gap semiconductor with remarkably
high electron mobility at room temperature (in excess
of 15,000 cm2 V−1 s−1 [1]). The resistivity of graphene
(10−6 � cm) is lower than that of silver [2]. Individual
platelets of graphene also appear to be one of the strongest
materials ever tested with a breaking strength 200 times
greater than steel and a tensile strength of 130 GPa. They
are very stiff, too, and the Young’s modulus of graphene
is about 1 TPa [3]. Notably, the extraordinary properties
cited are only observed in the nearly perfect structure
of mechanically exfoliated graphene from highly oriented
pyrolitic graphite. The tedious process and low yield neces-
sitates other methods for easy production of graphene with
comparable properties. CVD [4] and epitaxial growth [5] of
graphene on specific substrates are good alternatives, how-
ever, high temperature processing is needed.

Apart from the above-mentioned methods, the solution-
based production of graphene receives a lot of attention.
With inexpensive sources and high yield production,
solution-based method produces stable dispersions that can
be used for the easy fabrication of thin film composites. It
is necessary to point out that graphene from this method
usually bears chemical moieties that on one hand, could
degrade the electronic structure of graphene, but could
also provide a way to modify the properties of graphene.
Currently there are two main methods used to obtain solu-
tion processed graphene (SPG). One method consists of
dispersing graphite in a proper liquid medium (mostly N-
methylpyrrolidone (NMP)) that is then sonicated followed by

the separation of non-exfoliated graphite from graphene by
centrifugation [6]. The other method utilizes graphene oxide
(GO) as a precursor and is probably the most efficient way
to produce a large amount of SPG. Graphite is first treated

b
a
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b

iety.

ith a strong oxidation agent (a mixture of sulfuric acid,
odium nitrate, and potassium permanganate) to produce
O [7], which typically preserves the layer structure of the
arent graphite with the generated oxygen moieties. GO dis-
erses readily in water thanks to the hydrophilic nature of
urface functionalities, breaking up into macroscopic flakes,
ostly one layer thick. Chemical reduction of GO disper-

ion would yield a suspension of reduced GO (rGO) stabilized
y added polymers [8] or surface charges under certain pH
nvironment [9]. However, as expected, the chemical treat-
ent brings many unavoidable defects, which are typically

ncompletely removed by existing reduction methods [10].
There are several methods for the manufacture of SPG

nto thin film composites. Layer-by-layer (LBL) assembly
as probably used first [11], followed by vacuum assisted
occulation (VAF) [12] and spin-coating [13] among the
ost popular, resulting in the films with micron-scale thick-

ess and reasonably high uniformity. Other methods include
pray-coating [14], Langmuir—Blodgett (LB) assembly [15],
ip-coating [16] and solution blending [17]. One of the
hallenges in the solution-based methods is retaining the
ew-layer nature of SPG. SPG’s tendency to aggregate usu-
lly presents a problem due to the attraction between
ndividual layers; dilute dispersions of SPG are strongly pre-
erred. Furthermore, most of the mentioned solution-based
ethods control the structure of thin film composites by

djusting the concentration of SPG dispersions, which does
ot necessarily guarantee a nanoscale uniformity of com-
osites for methods involving direct mixing with a possibility
or phase separation. Nanoscale uniformity (or, at least con-
rol, over nanoscale heterogeneity) is critically important
or properties of composite and other materials.

Biomimetic strategy to produce the hierarchical orga-
ization with nanometer precision could be beneficial,

ecause the intriguing layered structure of teeth, bone
nd nacre consisting of soft proteins and hard minerals
ives them remarkable properties. The replication of nacre’s
rick-and-mortar arrangement is made possible by the 2D
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tructure of SPG and would provide an elegant way to
repare high performance materials. Moreover, the excel-
ent electrical conductivity of graphene and SPG would
e another benefit, especially when compared with clay
anosheets. To this end, LBL, VAF as well as other techniques
ould be a good choice in the preparation of biomimetic

ayered SPG multilayers, allowing molecular to nanoscale
evel control of the material structure. However, there is
urrently no review discussing the relative advantages of the
PG-based materials made by these techniques. The success
n the preparation of clay and CNTs composites [18] pro-
otes us to explore the potential of using LBL assembly to

mprove the performance of SPG based nanostructures and
nderstand better the challenges related to structural con-
rol in this area. Here we review the layered assemblies of
PG with probably somewhat greater focus on LBL assembly
ue to greater experience in this area; particular attention
ill be given to the performance comparison of composites
ade by LBL and different other methods. The challenges

nd further options in this field are discussed.

BL assembly

oncept of LBL assembly

he idea of LBL assembly is based on the sequential adsorp-
ion of different macromolecular components exhibiting
ttractive forces between them. The attractive interactions
ay include electrostatic interactions, hydrogen bonding,

an der Waals forces, electron exchange, and a number of
thers. The general concept of LBL assembly makes this
ethod very effective in the combinations of different kinds

f materials (CNTs, clays, nanoparticles (NPs), polymers,
roteins, etc.). Typically, substrates are immersed into two
ifferent solutions containing target materials alternatively
or certain time, with intermittent rinsing and drying steps.
he rinsing steps are tremendously important in materials
erformance because they remove excess of both compo-
ents adsorbed in disordered form and leave behind the
omponents strongly adhering to the previous layer. Cyclic
epetition of the adsorption processes results in the multi-
ayered and ordered structures (Fig. 1b). For more inclusive
nformation about LBL assembly, readers can refer to our
revious reviews [18,19] and the book edited by Decher and
chlenoff [20].

tructure of SPG related to LBL assembly

ne of the differences between SPG and pure graphene
s the presence of oxygen in SPG, mostly in the form of
ydroxyl and epoxy groups on the basal plane and smaller
mount of carboxyl and carbonyl groups primarily at the
heet edges [21] (Fig. 1c). Because the oxygen is involved
uring the oxidation, different degrees of oxidation will give
ifferent C:O ratio and the amount of functional groups can
e altered [22]. The stability of GO dispersion is attributed
o the electrostatic repulsion between charged functional

roups with a negative surface potential. The presence of
unctional groups provides the opportunity of introducing
O into LBL assembly by potential hydrogen bonding and
lectrostatic interactions. After reduction, the amount of

o
p
s
e

M. Yang et al.

xygen is largely decreased with a partial restoration of sp2

onjugated carbon atoms [23]. Complete removal of oxy-
en is usually hard to achieve [9], and the residual groups
ontaining oxygen can be used as attractive sites for other
omponents during LBL assembly. The presence of oxygen
unctional groups also facilitates further chemical modifica-
ions to enhance the stability of SPG in different solvents
nd improve the interactions between SPG and polymers.
or more information about chemical modifications of SPG,
eaders can refer to the review by Ruoff’s group [24]. We
lso want to point out that the attractions between basal
lanes of SPG due to van der Waals forces and �—� stack-
ng could also contribute to the stability of LBL assembled
ultilayers.
The presence of multiple functional groups on the surface

f GO platelets and sp3 carbon atoms result in the increase
f the sheet thickness to ca. 1 nm [25] compared with ca.
.34 nm seen in mechanically exfoliated graphene [1]. The
hickness of rGO with smaller percentage of oxygen is inter-
ediate between GO and graphene. It is noted that the

tomically rough and disordered GO still preserve the hon-
ycomb lattice of graphene [21]. However, the roughness of
BL layer of GO is typically much higher than that of indi-
idual GO sheets, because (1) nanosheets are adsorbed as
tacks due to the short-range attraction forces augmented
y the presence of the polymer as LBL partner; (2) the fold-
ng of nanosheets may occur during the LBL assembly; (3)
ntrinsic roughness of the polymer layer adsorbed to the
ubstrate could be high as well.

The lateral dimensions of GO are usually widely dis-
ributed ranging from less than 100 nm to several mm and
ould be roughly controlled by oxidation [22] or ultrasoni-
ation [26]. The wide distribution of lateral sizes could be
nother reason for the reduced ordering of the SPG multi-
ayers. Larger SPG nanosheets can cover wider area without
xposing the underlying polymer layer, while smaller ones
ave to form stacks to get similar results. Consequently,
he difference in the size of individual nanosheets may
ranslate into a thickness variation of the SPG layer. In addi-
ion, one might anticipate that larger nanosheets would
educe interlayer mixing and promote ordering in the mul-
ilayers by covering defects in polymer layers. However,
he presence of larger SPG nanosheets will also improve
he possibility of forming stacks in the solution due to the
tronger van der Waals forces provided. Overall, relatively
niform-sized SPG would be expected to form more ordered
ultilayers.
The discussed structural characteristics of SPG could lead

o the greater than unity number of nanosheets in the SPG
ultilayers. The interlayer spacing is therefore larger than

he sum of the thickness of the polymer layer and monolayer
PG. Larger interlayer spacing is expected for GO based
ultilayers compared with that of rGO, due to the pres-

nce of multiple functional groups, which not only increase
he thickness of the platelets, but also promote the adsorp-
ion of the polymer layer. A constant interlayer spacing is
he basis for the linear growth of the film, which corre-
ates with the high ordering of the multilayers. The study
f the thermodynamic and kinetic assembly of SPG and

olymer is important for the better control over interlayer
pacing, which will determine the accessibility of SPG by for-
ign materials. The accommodation of substances into the
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Graphene-based multilayers

multilayers with size selectivity is possible by adjusting the
interlayer spacing.

The reduction of GO is usually a necessary process to
regain the electronic structure of graphene. In LBL assem-
bly, this could be done either before or after the formation
of multilayers. A post annealing process is usually applied to
further the restoration of the conjugated structure. One may
believe that the post-reduction of GO-based assemblies will
weaken the multilayers, because the reduction eliminates
surface charges when GO is converted into rGO. However,
the reduction of the interlayer spacing and the restoration
of the conjugated structure during the post-reduction, could
support the stability of the multilayers by strengthening the
van der Waals interactions and �—� stacking. A balance
needs to be set up between the stability of the film and
the restoration of the sp2 conjugation of graphene.

LBL assembly of SPG

LBL assembly of GO

Although the first synthesis of GO dates back to Brodie’s
work in 1859 [27], it was not until 1996 that the first
layered assemblies of graphene and GO were demon-
strated in the early work of Kotov et al. [11] before the
discovery of the unique electrical properties of individ-
ual sheets of graphene [28]. The use of hydrophilic GO
avoids the dispersion problem of graphite making not only
the preparation of GO thin film possible but also pro-
viding a practical way to reconstruct the structure of
graphite useful for a variety of applications. Positively
charged poly(diallyldimethylammonium chloride) (PDDA)
was selected as the partner polymer of negatively charged
GO to facilitate the electrostatic attraction. Self-assembly
of the successive PDDA/GO layers was monitored by absorp-
tion spectrophotometry showing good linearity. The average
thickness of the PDDA layer and GO layer was estimated to be
16 ± 3 Å and 22 ± 5 Å, respectively, based on surface plasmon
(SP) spectroscopy. The AFM measurement further revealed
the height of each GO layer to be between 18 Å and 28 Å
in the self-assembled film. These results indicated that the
self-assembled film is composed of 2—3 GO nanosheets in
each bilayer considering the basal spacing of GO sheets to
be 7.37 Å. Interestingly, this behavior is quite similar to that
observed for the self-assembled PDDA/clay thin film [29],
implying the comparable absorption characteristic between
clay and GO nanosheets. In summary, this work proves the
feasibility of using LBL assembly to prepare ultrathin func-
tional GO hierarchical film.

A more detailed study by Kovtyukhova et al. used nat-
ural graphite to prepare colloids of GO. This resulted in
the production of much larger GO nanosheets with lateral
dimensions up to 9 �m [30]. It was also found that the
thickness of the GO nanosheets to be smaller than those
used by Kotov et al. [11] which they attributed to the use
of a more diluted solution. These differences may deserve
more attention during the preparation and use of GO dis-

persion. Linear growth of various polymers and GO was
similarly observed. Interestingly, the thickness increment of
multilayered GO/poly(allylamine hydrochloride) (PAH) film
was found to be 2—3 times the monolayer thickness, which

t
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an be partially attributed to the folding of the GO layer
Fig. 2a). The multilayer adsorption model proposed by Kle-
nfeld and Ferguson for clay/polycation films may also be
esponsible for the growth of GO/PAH film [31]. It was also
ound that larger sheets could cover an area which exceeds
he area of voids between the sheets and yield the most
ompact and smooth film. This behavior is also similar with
he growth of clay film [32].

Another important factor that needs to be carefully
tudied besides the influence of graphite source and the
oncentration of GO dispersion is the degree of oxidation
f GO. This will not only affect the surface properties of GO
anosheets, but also have great impact on the quality of the
heets and the state of defects. Cassagneau et al. synthe-
ized GO with different degrees of oxidation and found that
xidative treatment had a significant effect on the thick-
ess of the nanoplatelets, which diminished with the extent
f the oxidation [22]. Furthermore, the titration of the GO
ispersions indicated that the number of exchangeable pro-
ons and the charge density decreased with the extent of
xidation. This observation implied that the carboxyl groups
ecame more labile upon further oxidation and more nonex-
hangeable hydrogen atoms were incorporated into GO in
he form of C OH. The element analysis of the GO pre-
ared by the adapted Brodie’s method [27] used in this
ork showed that such a method did not lead to the ideal
raphitic oxide compound C8O2(OH)2 as reported by Touzain
t al. [33] and the oxidation extent was lower than that
btained by using H2SO4 [7]. These results further emphasize
he importance of the preparation procedure in determining
he properties of GO nanosheets. However, no correlation
etween oxidation extent of GO and the properties of mul-
ilayers was investigated.

Recently, selective modification of patterned templates
ith 11-amino-1-undecanethiol (AUT) were used to precisely

ocate where the electrostatic interactions can take place
n GO nanosheets [34] (Fig. 1a—e). The assembly could be
urned on and off by adjusting the pH of the solution showing
he flexibility of self-assembly based on electrostatics.

BL assembly of rGO

he recent availability of the stable rGO dispersions fueled
nthusiasm for preparation of rGO based multilayered struc-
ures without the additional post reduction process to
onvert GO into rGO in the thin film state [11]. One exam-
le is to use rGO stabilized by the carboxylic groups on
he edge to assemble with PDDA [9]. The stepwise increase
f rGO absorption around 270 nm signified the successful
ssembly (Fig. 2b). Other methods to stabilize rGO rely
n the introduction of extraneous polymers. The polymer
tabilized rGO can be achieved by either covalent or non-
ovalent chemical modifications, both of which improve the
tability of rGO via repulsion between polymers. For exam-
le, Shen et al. used radical polymerization to prepare
egatively charged poly(acrylic acid) (PAA) functionalized
GO and positively charged poly(acryl amide) (PAM) func-

ionalized rGO, respectively [35]. These functionalized rGO
an be directly used for the construction of rGO multilay-
rs. Alternatively, Liu et al. fabricated multilayered film by
sing pyrene-terminated poly(2-N,N′-(dimethyl amino ethyl
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Figure 2 (a) Transmission electron micrograph of colloidal GO particles. Reprinted from Ref. [30] with permission by Ameri-
can Chemical Society. (b) UV—vis spectra of polycation/rGO films prepared by a LBL electrostatic self-assembly technique. The
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bsorbance increases linearly with an increase in the number
uccessful assembly of rGO sheets on the substrate. Reprinted f

crylate)) (PDMAEA) and PAA modified rGO [36]. The �—�
tacking interaction between pyrene and rGO basal plane is
he underlying mechanism for successful functionalization.
he simple concept of LBL assembly also allows the incor-
oration of charged block copolymer into rGO multilayers
37].

pplications of SPG multilayers

ransparent conducting films (TCFs)

he highly aromatic 2D graphene with its exceptionally low
ntrinsic electrical resistivity is a potential candidate as a
ovel transparent electrode material if stacked thin enough
monolayer of graphene absorb ca. 2.3% of white light [38]).
or graphene based TCFs, there is a trade-off between
he transmittance (Tr) and sheet resistance (Rs), which are
mportant parameters for practical applications of TCFs in
isplays, solar cells, etc. [39]. Increasing the thickness of
raphene film will reduce Tr and Rs simultaneously. SPG
ith less ordered structures may not be the ideal candidate

or TCFs, however, the combination of SPG with conducting
olymers [40] or CNTs [41,42] and effective post treatment
13] have been shown effective in the increase of conduc-
ivity.

The earlier studies mainly focused on how to improve the
onductance of the SPG multilayers. Kotov et al. accom-
lished the reduction of GO in thin film to improve the
onductivity [11]. The reduction of GO in the (PDDA/GO)10

lm was achieved either chemically or electrochemically

nd the electrochemical reduction of GO film was found
o be an irreversible process. The lateral resistance of
PDDA/GO)10 film (measured between two 3 mm wide gold
tripes evaporated on a glass slide at a separation of 2 mm)

s
f
r
p

ssembly cycles (denoted above each curve), indicative of the
Ref. [9] with permission by Nature Publishing Group.

s 32 M�. After reduction by hydrogen, this value dropped to
2 k�, which corresponds to a change in volume conductiv-
ty from 1.2 × 104 �−1 m−1 to 3.1 × 107 �−1 m−1. Szabo et al.
urther reported that post heat treatment at 400 ◦C in air
ould improve the 3D ordering of adjacent rGO layers and in
urn decrease the resistivity of the film [43]. The modifica-
ion of GO with cetyltrimethyl ammonium bromide (CTAB)
llows its assembly with negative charged polymers, such as
AA [44] and poly(styrenesulfonate) (PSS) [45]. The conduc-
ivity of PAA/CTAB-GO multilayer was found to be 60 S cm−1

ompared with that of 200 S cm−1 in PSS/rGO multilayers.
he authors observed that the conductivity of these mul-
ilayers is related to the number of the bilayers. Recently,
he same group used spin-assisted LBL assembly to prepare
PSS/CTAB-rGO/sodium dodecyl sulfate (SDS)-rGO) multilay-
red film. They found that high rotation speed coupled with
mall sized rGO nanosheets could produce thin films with low
ercolation threshold and high conductivity (80—110 S cm−1)
46]. Improvement in the conductivity of multilayered film
ormed by stacking of GO with exfoliated layered double
ydroxide (LDH) nanosheets was also observed after the
eduction of GO into rGO [47].

Recently, Lee et al. demonstrated the application of SPG
hin film assembled with oppositely charged rGO as a trans-
arent, conducting electrode for an organic light emitting
iode, however, the performance was found to be inferior to
TO [48]. Rs of 2.5 k�/sq is obtained at Tr of 75%. It is worthy
ointing out that an annealing process at 1000 ◦C in H2 atmo-
phere is necessary to decrease Rs to a level enough for the
onducting electrode. Park et al. reported Rs of 1.4 k�/sq
ith Tr of 80% after thermal treatment under argon atmo-
phere of rGO multilayers [49]. The thermal treatment was
ound to be crucial for the decrease of Rs due to the
emoval of functional groups. Similarly, the post annealing
rocess also improved the conductivity of PAH-rGO/PSS-rGO
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Graphene-based multilayers

multilayers [50]. After the film was annealed at 250 ◦C under
nitrogen atmosphere for 2 h, it exhibited a conductivity of
0.2 S cm−1 and Rs of 30 k�/sq. The integration of multi-
walled nanotubes (MWNTs) with rGO nanosheets was also
possible by using positively charged MWNTs and negatively
charged rGO nanosheets [51]. The structure is character-
ized by the network of conductive MWNTs bridging the rGO
nanosheets. The hybrid multilayer exhibited Rs of 8 k�/sq
with a Tr of 81% after the thermal treatment.

It is necessary to point out that the above examples
from LBL assembled SPG films all fell well short of ITO [52]
unlike those for carbon nanotubes [53,54]. There may be two
reasons for the poor performance: (1) the presence of inter-
flake tunneling barriers, (2) the presence of large amounts
of functional groups in SPG that are hard to be removed com-
pletely by existing reduction methods. We could get some
clues from the results reported from CVD grown graphene
[55—57]. Quasi-continuous graphene with highly ordered
structure could dramatically decrease the quantity of tun-
neling barriers between flakes. A polymer-assisted transfer
process for graphene grown by CVD method resulted in Rs of
54 �/sq and Tr of 85% with the AuCl3 doping [56]. A further
improvement was achieved in the roll-to-roll production of
graphene films. TCFs with Rs of 30 � and Tr of 90% were
obtained by the transfer of graphene film on copper foil to
a polymer substrate and nitric acid doping [57]. Compari-
son with other solution-based method shows that the TCF
performance of LBL assembled SPG is in most cases on par
with that of films made by vacuum assisted flocculation (VAF)
[41,58—62], dip-coating [16] and LB assembly [15], with typ-
ical Rs in the order of several k� (Table 1). The current
spin-coating technique gives better results with the small-
est Rs of 80 � [40], however, it is hard to attribute this to

the technique itself, because the composition of the film and
the post treatment between different methods are usually
not comparable. We note that the involvement of insulat-
ing compositions as partners of SPG during LBL assembly

h
o
w
n

Table 1 Comparison of TCF performance.

Method Source Rs T

LBL assembly rGO/MCNTs 8 k�

LBL assembly rGO 2.5 k�

LBL assembly rGO 1.4 k�

LBL transfer CVD growth G 90 �

LBL transfer CVD growth G 54 �

LBL transfer CVD growth G 30 �

Vacuum filtration GO 100 k�

Vacuum filtration Liquid exfoliated G 3.5 k�

Vacuum filtration rGO/(PEDOT:PSS) 2.3 k�

Vacuum filtration rGO 2.2 k�

Vacuum filtration rGO 2 k�

Vacuum filtration Liquid exfoliated G/CNTs 100 �

Spin-coating rGO/CNTs 240 �

Spin-coating GO 100 �

Spin-coating rGO/(PEDOT:PSS) 80 �

Dip-coating rGO 11.3 k�

LB Liquid exfoliated G 8 k�

a Defined as transmittance at a wavelength of 1000 nm.
435

hould be avoided if possible for better TCF performance
nd the chemical modifications of SPG should be kept to a
inimum.

ield effect transistors (FETs)

he high carrier mobility in graphene sheets makes them
ttractive material for FETs [28]. However, the solution-
ased technique unavoidably introduces impurities, defects,
nd dopants, which greatly diminish FET performance. Also,
he limitation of the uniformity of SPG along with the dif-
culty in bridging source and drain terminals by large area
ingle layer SPG principally lowers the overall mobility in
PG multilayer based FETs due to scattering at the junctions
f overlapping nanosheets. Thanks to the exclusion of sheet
unction effects, the carrier mobility of FETs based on single
ayer of SPG is generally superior to multilayers [63].

In order to open the band-gap of semi-metal graphene
or a practical on/off ratio, one can produce narrow ribbons
the decrease of carrier mobility is anticipated [64]). Zhu
t al. fabricated LBL assembled thin film from chemically
odified graphene nanoribbons (GNRs) [65]. GNRs were pre-
ared by using the CNT unzipping technique where MWNTs
ere treated with potassium permanganate in acid and were

ubsequently functionalized based on diazonium chemistry.
he functionalized charged GNRs allowed the fabrication
f thin film FET under ambient conditions. Unlike many
mbipolar graphene [28] or rGO [58] FETs, the GNRs thin
lm FET showed only p-type behavior, suggesting the effect
f functional groups on the GNRs thin film was p-doping. The
ossibility of generating band gaps through quantum con-
nement is ruled out because the GNRs used in this work

ave large widths of over 100 nm. The hole mobilities (�h)
f 0.1—0.5 cm2/(V s) were obtained and the on/off ratio
as very low compared to FET transistors based on single
anoribbon [64].

r (550 nm) Post treatment Ref.

81% 1000 ◦C, H2 [51]
75% 1000 ◦C, H2 [48]
80% 300—900 ◦C, Ar [49]
80% Nitric acid doping [55]
85% AuCl3 doping [56]
90% Nitric acid [57]
90% Hydrazine reduction and 200 ◦C, N2 [58]
80% Nitric acid [59]
80% SOCl2 [60]
80% HAuCl4 [61]
80% 1100 ◦C, Ar [62]
80% Nitric acid [41]
86% SOCl2 [42]
80% 1100 ◦C, vacuum [13]
80% 150 ◦C, air [40]
87% 200 ◦C, Ar [16]
83%a 350 ◦C, air [15]
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Figure 3 (a) Schematic illustration of the fabrication procedure of rGO-PW multilayer films, which involves the LBL assembly
of GO nanosheets and PW clusters using cationic polyelectrolytes polyethylenimine (PEI) and PAH as electrostatic linkers, and a
subsequent in situ photoreduction to convert GO to rGO. (b) rGO-PW film-based FET devices (cross section). (c) Optical microscope
image of the actual device (top view). The blue part is the surface of the rGO-PW films. The Au electrodes appear bright. (d) and (e)
Isd—Vg curves of the FET devices fabricated on a (PAH/GO/PAH/PW)1 film (d) and a (PAH/GO/PAH/PW)6 film (e). Both samples were
prepared on PEI/PW precursor film-modified silicon substrates with 300 nm thermal oxide and underwent 6 h of UV photoreduction.
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eprinted from Ref. [66] with permission by American Chemica

Recently, Li et al. fabricated multilayers of GO
anosheets and H3PW12O40 (PW) clusters with PAH as a linker,
subsequent in situ photoreduction procedure then con-

erted GO to rGO due to the photocatalytic activity of
W [66] (Fig. 3a). Thin film FETs based on these multi-
ayered films showed typical ambipolar characteristics and
ood transport properties for both electrons and holes
Fig. 3b—e). Hole and electron mobility values of �h = 0.03
nd �e = 0.01 cm2/(V s) for (PAH/GO/PAH/PW)1 film, and
h = 0.15 and �e = 0.06 cm2/(V s) for (PAH/GO/PAH/PW)6 film
ere obtained. The on/off ratio of (PAH/GO/PAH/PW)1 film
evice was ∼2.0, and that of (PAH/GO/PAH/PW)6 film device
as ∼1.1. Although these results indicate that the per-

ormance of FET can be easily tailored by controlling the
umber of layers in LBL assembly, the reported mobili-
ies from solution-based methods [58,64,67—73] including
BL assembly [65,66] (usually with a back-gate of Si/SiO2)
re orders of magnitude smaller than mechanically exfoli-
ted [28,74,75], CVD [4,76,77] and epitaxial grown [5,78]
raphene transistors. A possible way to improve the trans-
ort properties of SPG is ionic screening, which could
mprove the carrier mobilities by up to 5000 cm2/(V s) [79].

ithium ion batteries (LIBs)

ost of the research efforts for the application of SPG in
IBs aim at improving the performance of anode materi-
ls via the replacement of commercial graphite, which has
limited theoretical specific capacity of 372 mA h/g (C6Li)

80]. Graphene is suggested to have twice as many low
nergy lithium sites as graphite due to the host of Li ions in
oth sides (C3Li) [81]. This capacity could be further boosted

y the suggested covalent Li2 sites (C2Li) [82] and the low
nergy edge sites (C1.5Li) [83]. Elaborating on this reasoning,
he presence of a great number of defects (vacancies, topo-
ogical defects and impurities besides edge defects) in SPG

i
l
c
b

iety.

ntroduced by the oxidation—reduction process [84—89] or
oping [90—93] can serve as additional sites for lithiation,
urther improving the capacity to surpass the theoretical
imit.

Typically, the fabrication of SPG based anode starts
rom the preparation of GO, which can be modified
efore or after separation from the solution [84—93]. The
eported reversible specific capacity of SPG based anode
as approached 1300 mA h g−1 in the initial 25 cycles under
low current rate (typically less than 100 mA/g) [85]. The

act that the low energy sites have to be fully reached by
i ions to realize the theoretical capacity makes it neces-
ary to keep as many few-layer SPG as possible in the anode
nd to provide a controlled arrangement of SPG layers with
suitable interlayer spacing for double-layer Li ion. To this

nd, LBL assembly can be very effective. This advantage was
ealized by Cassagneau et al. who reported the construc-
ion of a high reversible specific capacity (1232 mA h g−1),
echargeable lithium-ion battery based on a self-assembled
olyethylene oxide (PEO), PDDA, and GO nanosheet [94]
Fig. 4). A lithium wire as counter electrode and LiASF6 elec-
rolytes in methyl formate/ethylene carbonate were used
or the evaluation of cell performance. Concomitant with
ithium-ion insertion, GO was found to be reduced to rGO.
he use of PEO is critical according to the authors to facil-

tate the transport of Li ions to GO. The reported value of
apacity (C1.8Li) could be further improved if high tempera-
ure treatment is applied to reduce GO, thereby improving
he conductivity. Nevertheless, the high capacity of this LBL
ssembled composite ranks at the top of the SPG based
node (300—1300 mA h g−1) [84—93].

SPG has also been widely utilized in combination with
ther materials having large theoretical specific capac-

ty as a conductive supporting material to withstand the
arge volume change of metal or metal oxides during
harge—discharge process [95—103]. The intimate contact
etween SPG and other active materials is a prerequisite
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Figure 4 (a) Schematic of the self-assembled rechargeable LIB used for the electrical measurements. (b) Schematic of a self-
assembled S-(PDDA/GO/PEO)3 film. The box illustrates the intercalation of lithium ions into the GO and PEO layers (i.e. charging
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and concomitant reduction of GO to G).
Reprinted from Ref. [94] with permission by Wiley—VCH.

for superior synergetic results based on either simple mix-
ing [100,103] or post assembly methods [95—99,101,102]. A
LBL filtration method was reported for the preparation of
rGO/MnO2 nanotube composites [104]. However, the results
are not optimized due to the lack of intrinsic interactions
between different components and therefore there is still
room for traditional LBL assembly to further the perfor-
mance of SPG supported LIBs anode. It is worth mentioning
that other than specific capacity, rate capability and cycling
performance are also important factors in the evaluation of
LIBs. A comprehensive analysis is needed before a suitable
processing method is selected.

Supercapacitors

In contrast to LIBs in which energy storage is realized in the
form of chemical reactions in the bulk electrode, signifi-
cant accumulation of electrical energy can also be achieved
at the electrode/electrolyte interface. This concept is the
foundation of supercapacitors including electrical double
layer capacitors (EDLCs) (non-Faradic) and pseudocapacitors
(Faradic). Materials with large specific surface area (SSA)
are widely used in supercapacitors including activated car-
bon, carbon aerogels and CNTs [105,106], nanostructured
metal oxides [107] and conducting polymers [108]. Spe-
cific energy of the supercapacitors can reach 5—10 Wh/kg,
which is approaching that of LIBs, i.e. 120—170 Wh/kg, while
keeping excellent powder density (10—100 kW/kg). Given
that graphene has a SSA as high as 2630 m2/g, which is
even higher than the SSA of CNTs 1600 m2/g, the studies of
graphene as supercapacitor electrodes are extensive [109].
Notably the conductivity of the electrode is an essential
parameter for supercapacitors and SPG values lag signif-
icantly behind those for CNTs and theoretical values for
graphene.

The specific capacity of EDLCs with SPG as the main
active electrode material (SPG only or with other carbon
materials) is in the range of 120—320 F/g. For SPG only
electrodes, hydrogel from hydrothermal treatment (220 F/g)

[110], thin film from vacuum assisted flocculation (VAF) (135,
187 F/g) [111,112] or dip-coating (211 F/g) [113], blend
with typical binders (polytetrafluoroethylene, acetylene or
carbon black) (135, 205 F/g) [114,115] were reported. A

c

L
a

igher value of 247 F/g was achieved in LBL assembled
olyethylenimine (PEI)/rGO film with an in-plane configu-
ation to boost the ion absorption on edges and facilitate
on transport [116] (Fig. 5a and b). The interlayer distance
as found to be 0.5 nm in multilayers of rGO, which is

arge enough to accommodate the counter-ions in polyvinyl
lcohol (PVA)/H3PO4 gels. The combination of SPG, for
xample, with carbon spheres [117] or CNTs [17,118] showed
romising results with high specific capacity of 318 F/g at a
ow current rate of 0.1 A/g from rGO/CNT hybrid hydrogel
118]. Although LBL assembly was believed to prevent the
estacking of SPG more efficiently than solution blending
17,117,118], a study on self-assembled PEI-rGO/CNT film
howed only a specific capacity of 120 F/g at 1 V/s [119]. The
resence of insulating polymer in the film may be respon-
ible for the relatively low capacity in contrast to the high
alue reported by Yoo et al. [116], where PEIs were removed
efore chemical reduction of GO.

The integration of SPG with metal oxide nanoparticles
nd conducting polymers could show a positive syner-
etic effect, considering the effective interface between
ctive nanomaterials and SPG for charge transport is built
p. Here the role of SPG in pseudocapacitors is simi-
ar to its role in LIBs. Hybrid structures of SPG with
e3O4 [120], MnO2 [121], Ni(OH)2 [122], RuO2 [123], etc.
ave been prepared by growing metal oxide nanostruc-
ures on SPG. Supercapacitors based on LBL assembled
rchitectures of PSS-rGO/MnO2 nanosheets (with PDDA as

linker) showed a specific capacitance of 263 F g−1 for
he ITO/(PDDA/PSS-rGO/PDDA/MnO2)10 multilayers at a dis-
harge current density of 0.283 A g−1 [124], on par with
hat from the seeded growth method [121] and superior to
imple mixing [125]. Conducting polymers like polyaniline
126] and polypyrrole [127] can be combined with SPG by
n situ polymerization in the presence of SPG. Alternatively,

LBL dip-coating method was used to prepare polypyrrole
anowires/SPG multilayered structures by transferring self-
ssembled film on the air/liquid interface [128]. The specific
apacitance was found to be only 165 F g−1 which is at the
ower end of reported polypyrrole/SPG based supercapa-

itors [127,129].

A comparison could be made between hybrid Co-Al-
DH/GO structures made by co-precipitation [130] and LBL
ssembly [131]. An improved specific capacity of 880 F/g
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Figure 5 (a) Schematic depiction of the stacked geometry used for the fabrication of supercapacitor devices. Graphitic carbon-
based materials are randomly oriented with respect to the current collectors in such a stacked geometry. In the case of the stacked
(conventional) geometry the electrochemical surface area is incompletely utilized, because some of the regions are inaccessible
to the electrolyte ions. (b) Schematic depiction of the operating principle in case of the in-plane supercapacitor device utilized
for the performance evaluation of graphene as electrodes. The new architecture presents the added benefit of increased ability of
the electrolyte to percolate into the layers of graphene to allow for full utilization of the electrochemical surface area. Reprinted
from Ref. [116] with permission by American Chemical Society. (c) Cyclic voltammograms of a 40-bilayer film of Co—Al LDH/GO at
various scan rates. (d) Cyclic voltammograms of bare ITO and four Co—Al LDH/GO films with 10, 20, 30, and 40 bilayers at a scan
rate of 5 mV/s. (e) Specific capacitance and (f) area capacitance of the four films at various scan rates. (g) Galvanostatic charge
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as obtained by LBL assembly (Fig. 5c—g) compared with
78 F/g by co-precipitation at 5 mV/s, which is a result of
ore ordered assembling of GO and Co-Al-LDH for efficient

harge transport. It is not surprising to see the benefit of
BL assembly in the preparation of electrode for supercap-
citors, as the consideration here is basically the same as
n LIBs. For example, LBL assembled materials can minimize
he restacking of SPG and engineer the inter-plate pore size
or the accessibility of electrolyte. However, the careful
election of polymers and engineering of interfacial inter-
ctions must be considered, otherwise, the effect can be
egative [128,132].

olar cells

he extensive study of graphene-based transparent con-
uctors promotes their applications as window electrodes
n organic solar cells [133—137] and dye-sensitized solar
ells (DSSCs) [138]. One of the benefits here is the wide
bsorption spectral range of graphene and SPG, which could
otentially improve the power conversion efficiency (PCE).

lso, the work function of graphene (4.5 eV) [139] can be
aried by changing surface states [140,141] or number of
ayers [142] toward efficient carrier injection. The perfor-
ance of graphene and SPG based TCFs in solar cells is

3
o
p
C

a current density of 20 A/g for the 40-bilayer Co—Al LDH/GO
al Society.

sually behind that of canonical ITO [133—138], calling for
he solution to higher conductivity, transparency, smooth-
ess, and also better compatibility with active layers.

Other than transparent conductors, SPGs can also be
sed as active materials in DSSCs. When used as photocath-
de, the unique functionalities and high surface area of SPG
ould allow the replacement of precious Pt photocathode
n DSSCs, forming transparent Pt-free cathodes [143]. Gong
t al. showed that it is possible to use LBL thin film modified
ransparent electrode to reduce the Pt amount in counter
lectrode in DSSCs and keep comparable photovoltaic
erformance compared to sputtered Pt electrodes [144].
ultilayered structures of (PDDA/rGO/PDDA/H2PtCl6)n built
n conductive fluorine doped tin oxide (FTO) glass were
urther sintered to generate rGO/Pt thin film. The compar-
tive studies revealed that the rGO layers inserted between
he FTO and Pt layer played a significant role in achiev-
ng good solar cell performance at a low cost of Pt. The
CE was reported to be around 6%, which is typical for
SSCs with a SPG photocathode (mainly fall within the
ange of 4—7%) [143,145—147]. SPGs can also be active
lectron acceptors in DSSCs, with PCE improvement from

0 to 60% [148—150], comparing with bare TiO2 photoan-
des. The electron-accepting ability further makes SPG a
otential replacement of the commonly used [6,6]-phenyl
61-butyric acid methyl ester (PCBM) in bulk heterojunction
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(BHJ) organic solar cells [151,152]. Interestingly, SPG was
suggested to be an alternative hole transport layer in
organic solar cells, thanks to its unique electronic structures
[153,154].

The advantage of multilayered structure in solar cells
was demonstrated by Guo et al. in quantum dot solar cells
(QDSCs) using CdS/rGO thin film [155] (Fig. 6a and b).
PCE can be improved from 5% for (CdS/rGO)2 to 16% for
(CdS/rGO)8. Further increase of the number of bilayers will
decrease PCE, which can be due to the combination effect of
light absorption and charge transport. The reported PCE of
16% was far superior to other carbon material based QDSCs
with PCE typically less than 5% [156—159] and also bet-
ter than the performance of single-walled nanotube (SWNT)
based multilayers (Fig. 6c and d). The large enhancement
of PCE indicates that LBL assembled structures ensure a
good distribution of CdS NPs and good contact with rGO,
which results in an effective charge separation together with
the favorable work function and high electron mobility of
rGO. The ability to independently tune the property of each
constituent layers renders a controllable way to improve

the solar absorption and reduce the carrier recombination,
both of which are important for higher PCE. The study on
the electron transfer process in Ti0.91O2/rGO multistacked
assemblies also indicated the high separation efficiency of

i
t
d
p

Figure 6 (a) Fabrication of the layered graphene/QDs on ITO gl
graphene by electrophoretic deposition from aqueous solution of che
was directly synthesized on predeposited graphene layer by sequent
The layered graphene/QDs device was fabricated by repeating steps
sample. The inset shows its thickness. (c) Dependence of the inciden
on the incident wavelength of different photoelectrodes. (d) Energy
Reprinted from Ref. [155] with permission by Wiley—VCH.
439

hoto-induced electrons and holes, which is manifested by
he enhancement of the photocurrent [160].

ensors

raphene and SPG have attracted a lot of attention for
ensing applications, mainly electrochemical, electronic,
nd optical sensors [161]. The high electron transfer rate,
igh carrier mobility, and fluorescence quenching ability
long with the high surface area and outstanding mechanical
roperties make graphene and SPG strong competitors with
NTs [162]. SPG with modifiable and abundant functional
roups, and edging reactive sites can be a more attractive
andidate to concentrate analytes.

The detection of gases is usually based on the changes
f conductance (chemiresistors) [163—165] or local carrier
oncentration (FETs) [166,167] induced by charge transfer
etween adsorbates and graphene or SPG. Single molecule
evel detection can be achieved based on mechanically
xfoliated graphene for NO2 [166]. Other aggressive gases

ncluding HCN (detection limit 70 ppb) [165] and DNT (detec-
ion limit 0.1 ppb [165] and 28 ppb [168]) can also be
etected. Most of the graphene sensors can respond to vapor
ressures well below that at room temperature. Besides

ass. (1) Precleaned ITO glass was coated with a thin layer of
mically reduced graphene. (2) Subsequently, a layer of CdS QDs
ial chemical bath deposition from their salt aqueous solutions.
1 and 2. (b) Cross-sectional SEM image of a {graphene/QDs}10

t photon conversion efficiency (IPCE, external quantum yield)
-level diagram of the bilayer system.
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he sensing mechanism above, LBL assembly of SPG could
eadily provide 2D cavities that are ideal for molecular dis-
rimination. For example, Ji et al. demonstrated selective
as sensing based on multilayered ionic liquid functional-
zed rGO/PSS film assisted by quartz crystal microbalances
QCM) [169]. A higher affinity for toxic aromatic hydro-
arbons than for their aliphatic analogs was observed and
he amount of adsorbed benzene depended significantly
n the type of ionic liquid. Interestingly, rGO prepared
ithout an ionic liquid component showed almost no adsorp-

ion capability. The authors suggested that the high affinity
etween rGO and certain kinds of ionic liquids is the key
o achieve the nanospace formed between sp2-hybridized
arbon nanosheets with high selectivity of gases with differ-
nt properties. However, the sensing test in this work that
sed saturated analyte vapors at room temperature could
ot give more information about the detection limit and
ensitivity. The combination of SPG with active catalysts fur-
her extends the sensing target of gases. Zhu et al. reported
he electrocatalytic activity toward oxygen based on rGO/Pt
ultilayer modified electrode [170].
LBL assembled SPG multilayers are also used in the

etection of H2O2 (an enzymatic product of many biological
rocesses) based on the electrochemical method. Mao et al.
sed functionalized, ionic liquid modified, rGO nanosheets
nd Prussian blue (PB) nanoparticles to fabricate multilay-
red film with a detection limit of up to 1 �M [171]. Further
mprovement is possible by using thionine-functionalized
GO nanosheets in gold nanoparticles/horseradish peroxi-
ase (HRP) multilayer [172]. The as-prepared multilayered
iosensor exhibited high sensitivity, good reproducibility and
electivity. Linear response was obtained for the range from
.5 �M to 1.8 mM of H2O2, the detection limit is 10 nM, and
5% of the steady state current was reached within 2 s. The
ethod was also demonstrated to be successfully applied

o detect H2O2 in spiked sterilized milk. The impressively
ow detection limit (10 nM) surpasses many SPG based sen-
ors, including 0.51 �M for rGO/chitosan with hemoglobin
Hb) [173], 0.1 �M for HRP/sodium dodecylbenzenesul-
onate (SDBS)-rGO [174], 80 nM for Pt NPs/rGO [175], and
5 nM for rGO/PB [176]. Further sensing function for glucose
as reported based on PEI/pyrene-grafted PAA modified

GO multilayers [177]. A glucose biosensor could be fabri-
ated by depositing glucose oxidase/PEI multilayers on the
op of rGO multilayers. The detection limit and sensitivity
ere determined to be 0.168 mM and 0.261 �A mM−1 cm−2,

espectively. The performance still needs to be optimized
n order to compete with other SPG based glucose sen-
ors with better detection limits (as low as 0.6 �M) [178].
ecently, Wang et al. fabricated multilayered nanostruc-
ures of rGO/methylene green (MG) and rGO/MWNTs onto
lassy carbon (GC) electrodes by LBL assembly [179]. The
odified electrodes showed good electrocatalytic activity

oward the oxidation of nicotinamide adenine dinucleotide
NADH), comparable with MG/SWNTs modified electrodes
180].

In addition to the sensors mentioned above, SPG could
unction as biosensors for the detection of biomolecules

ncluding DNA and protein markers based on elec-
ronic [181—183], electrochemical [184—186], or optical
rocedures [187,188]. The specific recognition between
iomolecules (antigen-antibody) is an important action

t
m
o
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echanism. Recently, the flexible cancer sensor with
ltrahigh sensitivity was demonstrated based on LBL
ssembled (PDDA/PSS)2(PDDA/graphene)5 multilayers [189]
Fig. 7a—d). Different working mechanisms are responsible
or label-free and labeled graphene based biosensors: in
abel free state, the conductance of the biosensor modified
ith the prostate specific antigen (PSA) capture antibody

hifts with the concentration change of PSA solutions; in
he labeled state, the HRP conjugated with PSA antibody
atalyzes a biochemical reaction by the mixture of ascorbic
cid (AA) and H2O2, the resultant change of local pH induces
he conductance variation of the biosensor. It is encouraging
o see that the graphene based sensors in this work are gen-
rally better than CNT sensors under the same conditions
ith the capability to detecting very low concentrations
f PSA down to 4 fg/ml (0.11 fM) (label-free) (Fig. 7e) and
.4 pg/ml (11 fM) (labeled), respectively. The high quality of
he graphene crystal lattice and 2D structures, which tend
o screen charge fluctuations more than 1D system, is crit-
cal for the achievement of the very low detection limit
hich is three orders of magnitude lower than CNT sen-

ors (Fig. 7f). The record detection limit outperforms other
PG based sensor [190] and sensing systems [191—194]. An
nteresting photoelectrochemical sensor was demonstrated
y Zhang et al. for the detection of thrombin based on
GO/CdSe NPs multilayered film which was modified by DNA
ptamer [195]. The sensing mechanism was based on the for-
ation of aptamer-thrombin complex that could block the
iffusion of the sacrificial electron donor (AA) to the surface
f the electrode and lead to a decrease of photocurrent.
he electron-accepting ability of rGO enhanced the elec-
ron transport and thus impeded the charge recombination
f excited CdSe, resulting in the improved photo-responses.
detection limit of 4.5 pM was reported.

olymer nanocomposites

he excellent mechanical properties of graphene make it an
ttractive reinforcing agent in polymer nanocomposites. The
ost-effective mass production of SPG by solution method
nd their surface groups available for functional modifica-
ions give more credit to SPG when used as fillers, which
ould potentially replace CNTs [196] or form their hybrids
197]. The mechanical properties of polymer nanocompos-
tes not only rely on the intrinsic properties of SPG [198,199],
ut also their dispersion degree in and interaction with poly-
er matrix. As the surface of SPG is more hydrophilic, the

ombination of SPG with for example, PVA [200], cellu-
ose [201,202], chitosan [203] and waterborne polyurethane
204], could adopt solution blending method. In situ poly-
erization, which usually involves surface grafting, is more

requently used for hydrophobic polymers such as nylon
205], polyimide [206], and epoxy [207]. Melt mixing was
lso investigated [208], but the outcome was inferior to the
olution compounding [209]. For more information about
his subject, readers can refer to several recent reviews
210—212].
Here we will focus on the PVA/SPG system to compare
he composite film prepared by LBL assembly and other
ethods. The existence of oxygen functional groups located

n both edges and basal planes enables hydrogen bonding
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Figure 7 (a) Schematic illustration of LBL self-assembled G nanocomposite before immunization. (b) Optical image of LBL self-
assembled G cancer sensor on a flexible PET substrate. (c) AFM image of LBL self-assembled (scanning area is 1 �m × 1 �m). (d) SEM
image of LBL self-assembled G displaying its porous defoliation surface profile. The average G nanoplatelet is about 100 nm × 100 nm.
(e) Shift in normalized conductance vs. PSA concentration for label-free G sensors. Inset: conductance vs. time data recorded after
alternate delivery of the following concentrations of PSA: (1) PBS contains no PSA, (2) 4 fg/ml, (3) 4 pg/ml, (4) 4 ng/ml, and (5)
4 �g/ml. Initial conductance G0 represents the G conductance in PBS solution, and other conductance tested under different PSA
concentrations subtract G0 to get �G. (f) Conductance vs. time testing for G and CNT biosensors with different PSA concentrations.
The results demonstrate that the detection limit of G sensor is down to 4 fg/ml, compared with the CNT sensor with a detection
limit of 4 ng/ml. In addition, various concentrations of normal rabbit IgG were delivered to the G sensor immunized with PSA capture

.
l Soci

t
b
i
a
a

antibodies, and the conductance of G sensor was kept constant
Reprinted from Ref. [189] with permission by American Physica

between SPG and PVA, which also makes LBL assembly of
PVA and GO possible. A 98.7% improvement of Young’s mod-
ulus (E) and a 240.4% increase of hardness (H) were reported
in (PVA/GO)300 thin film, with E at 17.64 GPa estimated by
nanoindentation test [213] (Fig. 8a). Another nanoinden-

tation study reported a maximum increase of 35 and 45%
in the E and H of solution casted PVA/GO film, with E at
0.885 GPa [214]. The advantage of LBL assembly based on

r
L
o

Figure 8 (a) Typical loading—hold—unloading curves of pure PVA fi
[213] with permission by American Chemical Society. (b) Representa
stress, and toughness values of GO involved PAH/PSS layered film.
toughness with the volume fraction of GO component. Reprinted fro
ety.

he comparison of these two studies is obvious and could
e attributed to highly efficient load transfer. Other stud-
es including solution casting [200,215—218] and vacuum
ssisted flocculation (VAF) [219] use tensile test to evalu-
te the mechanical properties, with the reported E in the

ange of 0.5—8 GPa. Although the reported E (17.64 GPa) in
BL assembled film is the highest value [213], the increase
f E compared with pure polymer film has been reported

lm and LBL assembling (PVA/GO)300 film. Reprinted from Ref.
tive stress vs. strain plot showing the ultimate strain, ultimate
Variation of (c) ultimate strain, (d) ultimate stress, and (e)

m Ref. [222] with permission by American Chemical Society.
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o be 128—180% for other methods [217—219], and one
aper reported as high as 10 folds improvement in a solu-
ion casting system [215], better than the improvement
n LBL assembled film. This deviation implies the impor-
ance of other parameters such as polymer structure, water
ontent [12,220,221] and surface chemistry of SPG in deter-
ining the mechanical properties of the composites. It is

lso possible to combine LBL assembly with LB method to
abricate free-standing, layered nanocomposites consisting
f GO nanosheets sandwiched between PAH/PSS layered
lm [222]. The film was found to have excellent tough-
ess and elastic modulus, reaching 1.9 MJ/m3 and 20 GPa,
espectively, for a low content of GO (about 8%), measured
y buckling and bulging experiments (Fig. 8b—e). Consid-
ring the structural similarity between clay and SPG, and
he success of using LBL assembly to prepare polymer/clay
ltrastrong film [223], there should still be space to further
mprove the mechanical performance of LBL assembled SPG
ased polymer nanocomposites.

omparative evaluation and prospects

he planar structure of SPG makes it ideal for assembly
n substrates, during which energy minimization allows the
anosheets to self-organize parallel to each other in a way
eminiscent in many biocomposites. Among other meth-
ds capable of producing such nanoscale morphology, LBL
ssembly is assumed to give more compact and ordered

tructures compared to other solution-based methods. This
dvantage comes from the rinsing steps and elimination of
hase separation making possible optimization of interac-
ions at the polymer—filler interface with better control over

d
a
a
s

igure 9 (a) Summary of the applications of LBL assembled SPG m
M. Yang et al.

he forces than other techniques. In turn, this brings out the
bility to carry out a function-dedicated nanoscale design of
lm structure down to the single-layer level. In some cases

t is also significant that, compared to VAF, for instance, the
equirement of being soluble in a common solvent is not
elevant for LBL.

The comparison made in this review shows that the
ecord properties come from LBL assembly, for example,
n regards to the reversible specific capacity of LIBs, PCE
n QDSCs and detection limit for PSA and E for PVA/SPG
anocomposites. However, in most cases, it is not cer-
ain that LBL assembled SPG multilayers would outperform
aterials made by other methods which appeared only

ecently given sufficient time spent on their optimization.
s discussed, in TCF and FET, LBL assembled multilayers
o not give record performance so far. Even for super-
apacitors, the application which would be particularly
ood choice for LBL assembly due to high uniformity and
nterconnectivity of the charge-conducting components, the
verall results are not competitive. Note, however, that new
dvantages of LBL can also be tapped in, which are not
vailable in other techniques. For these kind of devices,
tratification of the charge-conducting layers, by other
ords, the intrinsic gradient of, for instance conduction
nd valence band position in the films [224,225], can make
ubstantial difference, which was demonstrated relatively
ecently [226,227].

Applications of SPG multilayers being discussed in liter-
ture are numerous (Fig. 9a). All of them need different

esigns of materials, which bears well with the materi-
ls engineering capabilities of LBL assembly that include
n unprecedented variety of different components as con-
tituents of the multilayers and its compatibility with the

ultilayers and (b) the key points toward better performance.
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Graphene-based multilayers

surfaces of any kind and any shape. Regardless of that, it
is worth mentioning some common considerations which we
believe are important for the achievement of properties for
many of these applications (Fig. 9b) that can potentially
push the envelope of corresponding technologies even fur-
ther. (1) The source of SPG is a big concern. High quality SPG
with a large aspect ratio, narrow size distribution and few-
layer nature will be a benefit. Apparently, the high surface
area of SPG originates from their thinness and large lateral
dimension and the minimization of the defects when stacked
upon each other due to the scattered spatial distribution
and misalignment would need uniform sized SPG. Also, the
defects of SPG need to be better understood and properly
controlled under different circumstances. (2) The surface
chemistry of SPG is another important factor. The versatile
grafting chemistry allows desirable functional modification,
however, the presence of these extraneous surface groups
could interrupt the conjugation of the basal plane. There is
a balance between the optimization of the interfacial inter-
action and the preservation of intrinsic properties of SPG.
(3) Compared with other solution based method, the way of
using a partner material in LBL assembly is unique. In prin-
ciple, the selection of the partner for SPG aims at boosting
the interfacial interactions, however, the incorporation of
another part into SPG multilayers would possibly bring in
unwanted materials for specific applications. For example,
in electronic applications, a more conductive partner would
be desirable, however, in nanocomposites, a stronger and
tougher polymer might be needed. A good selection would
be made based on the request. (4) The dispersion degree of
SPG could be largely improved by LBL assembly, during which
the interface engineering could be achieved. This advantage
comes from the stepwise growth of the film, however, stud-
ies have shown that more than one layer thick growth of
each SPG layer. Care should be taken to the concentration
of SPG dispersion and dipping time.

The potential of all materials preparation techniques
resulting in bimimetic assemblies of platelets could be fur-
ther utilized in the exploration of novel applications for SPG
multilayers. Diverse materials could be incorporated. The
introduction of graphene quantum dots, novel metallic (such
as gold and palladium NPs) and semiconductor nanostruc-
tures (such as CdTe and ZnO NPs), other 2D materials (such
as BN and MoS2 nanosheets) and unique polymer structures
(such as cellulose and Kevlar nanofibers [228]) into the sys-
tem of LBL assembled SPG multilayers will likely bring new
opportunities for optical, electrical, sensing and mechanical
applications. Other than that, the exploration of the ther-
mal and barrier properties of current LBL assembled SPG
multilayers may also be interesting topic.

Undoubtedly, there is still much space to fully take the
advantage of nature-inspired materials assembly techniques
for SPG multilayers. While the comparison of LBL assembly
to other methods is important, we believe that the integra-
tion of different techniques will be the ultimate solution to
practical and efficient device fabrication. We already see
that LBL assembly has been blended with spin-coating, VAF,
LB assembly, etc. The compatibility of materials assembly
techniques with modern manufacturing processes such as
micromanufacturing represented by traditional [229], mask-

less [230] and 3D lithography [231] is indispensible for the
further development of these methods.
443
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