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Synthesis and reduction of large sized graphene
oxide sheets
Lei Dong,a Jieun Yang,b Manish Chhowalla*b and Kian Ping Loh

*a

Graphene oxide (GO) can be considered as one of the most visible outcomes of graphene research in
terms of large scale production and commercialization prospects. Although GO can be easily prepared
by oxidation–exfoliation of graphite in agitated solutions, the size of these sheets is generally limited due
to fragmentation along fault lines during chemical oxidation and exfoliation in agitated solutions. In this
account, we discuss recent strategies which have been developed for the preparation of large sized
graphene oxide (LGO) sheets with lateral sizes 410 mm, using chemically expanded graphite as the
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starting material. LGO has a much lower density of defects than GO prepared using the conventional
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Hummers’ method and can be readily transformed into graphene by chemical reduction. In addition, the
unique advantages of using LGO sheets as a performance enhancer are discussed. Finally, this review

rsc.li/chem-soc-rev

also discusses recent advances in the chemical and electrochemical reduction of graphene oxide.

1. Introduction
Graphene oxide (GO), the oxygen-functionalized and solution
processable form of graphene, has emerged as an important
additive and performance enhancement material in composites, and as a structural reinforcement agent in fibers,1 energy
storage devices,2 molecular sieves,3 and liquid-crystal optical
materials.4 Due to its 2-D nature and tunable functionalities,
GO can be stacked in a layer by layer manner to form macroscopic self-assembled films. When GO is processed into a
lamellar film with a lateral dimension larger than that of a
single flake, colligative properties can arise, such as inter-planar
nanochannels for ultrafiltration,3 liquid crystal-like lightscattering properties4 and so on. The mean size of GO sheets
has a major influence on their colligative properties. Here, we
define large sized graphene oxide (LGO) sheets as GO sheets with
lateral dimensions 410 mm. An LGO network contains fewer
inter-sheet junctions than its small graphene oxide (SGO)
counterpart; thus films made from LGO show better electrical
and thermal conductivities and higher eﬃciency in load transfer
(Fig. 1).5–7 Many properties of GO-based materials are limited by
the small flake size of GO. For example, when GO is stacked to
form molecular sieves or filtration membranes, the membranes
assembled from small sized GO flakes are disadvantaged by leaky
paths due to boundaries and weak mechanical properties.8
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Fig. 1 Schematic illustration of the size-dependent properties (normalized)
of GO based solutions or networks, where electrical conductivity,6 Young’s
modulus6 and thermal conductivity13 are obtained from GO films and
shearing viscosity11 and storage modulus11 are obtained from GO aqueous
dispersions.

In addition, it is easier to get a well-ordered microstructure from
LGO dispersion compared to SGO due to its nematic liquid
crystallinity and rheological properties (e.g. its higher viscosity,
higher modulus and lower critical gel concentration) (Fig. 1).9–12
Increasingly, the limiting factors in devices and systems made
from solution-derived graphene are traced to the limited size of
the flakes; therefore, a better way for exfoliating graphite has to
be developed to optimize the yield and size of the exfoliated GO.
Although GO sheets can be easily prepared by oxidation–
exfoliation of graphite in agitated solutions, it is generally difficult
to obtain LGO sheets in high yield. Single layer GO sheets are
vulnerable to mechanical agitation caused by ultrasonic waves,

This journal is © The Royal Society of Chemistry 2017

View Article Online

Published on 20 October 2017. Downloaded by National University of Singapore on 29/11/2017 01:43:38.

Review Article

stirring and even hand-shaking, and crack easily along the
in-plane direction.11,14 During the exfoliation of graphite, harsh
conditions (e.g. excessive oxidizer and high reaction temperature)
are typically applied to complete the diffusion-controlled oxidation
process, this exacerbates crack formation in GO sheets.14–17 In this
account, recent progress in the preparation of LGO is summarized,
with an emphasis on how to optimize yield and sheet size. In
addition, the unique advantages of using LGO sheets as a
performance enhancer are discussed. We also discuss recent
progress in the reduction of GO to achieve properties that
approach those of graphene.

2. Solution-processed preparation of
LGO
As shown in Fig. 2a, the chemical methods for synthesizing GO
generally involve two steps: preparation of graphite oxide via
chemical oxidation, followed by the exfoliation of graphite
oxide via mechanical agitation. In most cases, the two steps
occur simultaneously because of continuous mechanical stirring
throughout the whole process.19–22 Various strategies that aim at
minimizing the cracking of GO sheets by making the reaction
conditions less vigorous have been attempted. However, the yield
of LGO is low in most cases, despite a high energy consumption
in the synthesis processes.5,6,15,21,23–28 The pre-treatment of
graphite also affects the final size of GO obtained.11,15,24,29
The oxidation of graphite is a kinetically-driven process in
which the oxidation rate depends primarily on the diffusion
of the oxidizer and not on the reactivity of carbon atoms.18
Experimental observation reveals heterogeneous, time-dependent
oxidation patterns where the oxidizer propagates from the edge to
the center within sub-nanometer interlayer channels of graphite
(Fig. 2b).18 Therefore, an excessive amount of oxidizer and harsh
reaction conditions are applied to prevent incomplete oxidation or
extremely long reaction times.19–22,30,31 For example, Hummers’
method used in conventional GO synthesis requires more than
6 weight equivalents of KMnO4 oxidizer (relative to the weight of
graphite) and a reaction temperature over 90 1C during the first

Fig. 2 (a) Schematic illustration of the graphite oxidation to exfoliation
process. (b) Mechanism of diﬀusion-driven oxidation and the corresponding intermediate product. Adapted with permission from ref. 18.
Copyright 2014 American Physical Society. (c) Crack propagation that
resulted from cross-planar and edge-to-center oxidation. Adapted with
permission from ref. 14. Copyright 2011 American Physical Society.
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water addition step.19,25 During the oxidation process, the epoxy
groups (C–O–C) that are created introduce local distortion on
the basal plane due to its sp3-hybridized geometry, which tends
to stretch and break the underlying C–C bond.16 The epoxy
groups on the GO plane have a tendency to aggregate into chainlike fault lines due to proximity-enhanced reactivity (Fig. 2c).32
As a consequence, GO sheets with a high concentration of oxygen
groups have a strong tendency to disintegrate into smaller
fragments.14–16
There have been attempts to reduce the oxidation-induced
cutting.5,15,23 For example, a two-step strategy (preoxidation–
oxidation) reduced the reaction temperature to 35 1C, yielding
LGO sheets with a mean area 4112 mm2.24 A lower oxidizer
loading facilitates the preparation of LGO, but this comes at
a price of lower yields and longer times needed for sizefractionation.13,27 Mechanical agitation, which is applied to
overcome the van der Waals forces between the GO sheets,
inevitably creates collateral damage by fragmenting the GO
sheets. Indeed, shaking alone can cut the GO sheets into small
pieces (e.g. the percentage of LGO sheets reduces from B42%
to 26% after 6 h of shaking).11,14 Several techniques have been
developed to bypass mechanical cutting with varying degrees of
success.13,26,27,33,34 For example, intercalating graphite oxides with
small molecules (e.g. CO227 or tetrabutylammonium hydroxide26)
can generate electrostatic repulsive forces or internal pressure to
exfoliate LGO sheets, producing flake sizes exceeding 330 mm2.26
However, the efficiency and scalability of this process are currently
unsatisfactory due to its long reaction time.
To understand the inherent limit imposed by the oxidation
process on the size of the exfoliated graphene flakes, it is
instructive to examine the mechanism of graphite oxidation.
As shown in Fig. 2c, the oxidation of graphite takes place along
two channels simultaneously: (1) the cross-planar oxidation
which propagates along the c-axis direction and (2) the in-plane
oxidation coming from the edge-to-center penetration of the
oxidizer.14 The former follows the crack of the upper layer and
facilitates the lateral penetration of the oxidizer solution between
the layers, ultimately causing the deeper layers to crack in due
course as a result of stress build-up.32 According to a study on the
oxidation rate of highly ordered pyrolytic graphite (HOPG), the
in-plane oxidation (vp) rate is B10 times larger than the rate of
crack propagation (vc, Fig. 2c).14 However, for thin graphite
flakes with an aspect ratio of 410, cross-planar cracking
becomes the limiting factor in the lateral size of the graphene
layers. We can see that it is diﬃcult to achieve both high
eﬃciency exfoliation and large sized GO sheets because the
kinetic parameters (e.g. the concentration of the oxidizer, time,
and reaction temperature) exert similar influences on both
vp and vc.
A thermodynamic model has been used to analyze the crossplanar cracks, where the elastic strain energy (DEs) released
after cracking is considered as the sum of the crack formation
energy (Ecrack) and the work done for enlarging the interlayer
spacing (Einterlayer).14 Since DEs and DEinterlayer are based on
thermodynamic parameters and Ecrack is expressed as the
product of bond energy and the average numbers of cracked
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C–C bonds,14 the resultant crack-density is independent of
the kinetic parameters. Note that Es is much higher than
DEinterlayer;14,35,36 thus an efficient solution for decreasing the
crack-density is to enlarge the interlayer spacing of graphite,
which will weaken the elastic strain energy Es. In fact, enlarging
the interlayer spacing facilitates the penetration of the oxidizer
and thus increases the rate of in-plane oxidation.
Improved eﬃciencies in exfoliating large GO nanosheets
have been obtained by using thermally or microwave expanded
graphite (TEG or MEG) as the starting material for chemical
exfoliation.15,24,29 TEG and MEG show the signature ‘‘wormlike’’ appearance, which is created by interlayer gas-releasing
reaction of the graphite intercalation compound (GIC), and
consist of interconnected multilayer graphene sheets (45–68 of
bonded graphene layers per unit).37 Through the thermal
expansion of the GIC and subsequent oxidation, LGO sheets
with a mean size of 33 mm have been obtained.38 However,
these improvements are still far from ideal due to the low yield
of LGO and the time-consuming process for size-fractionation.
In fact, microstructural studies revealed that, notwithstanding
the hundred fold volume expansion, TEM and MEG have
accessible specific surface areas (SSAs) which are one order of
magnitude lower compared to the same mass of free-standing
monolayer graphene sheets.39
Recently, Hongbin Lu and team proposed a scalable method
for preparing high-quality graphene via chemically expanded
graphite (CEG).40,41 CEG possesses open, porous microscopic
structures with a high specific surface area (4840 m2 g 1) that
is nearly one order of magnitude larger than that of thermally
expanded graphite (TEG), and close to the theoretical value of
three-layered graphene sheets.40 Diﬀerent from TEG and MEG,
which are prepared from rapid decomposition-reaction of the
interlayer molecules, CEG is prepared through gentle, gasreleasing oxidation–reduction40 or catalytic42 reaction between
the intercalated molecules in the GIC and surrounding
solution. The mild reaction facilitates the infiltration of interconnected liquid bodies within the interlayers and prevents the
restacking of graphene layers.43 For example, when CrO3-intercalated
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graphite is immersed in H2O2 solution, the gas-releasing reactions
within the interlayers produce CEG with B1000-fold volume
expansion.40 Kinetic modeling reveals that the microstructure
of CEG greatly promotes the diffusion of solvent/solute molecules
into graphite interlayer galleries.11 In the oxidation step, the
expanded interlayer spacing accelerates oxidizer diffusion and
thus promotes CEG oxidation at a low temperature of 35 1C
(Fig. 3a). Due to the expanded interlayer distance, the amount of
the oxidizer needed is also reduced (2 wt equiv. relative to
graphite), thus minimizing chemical cutting. In addition,
mechanical stirring can also be avoided. GO derived from the
chemically expanded graphite oxide (CEGO) prepared in this
way retains its initial form without cracks along the in-plane
direction. The accordion-like structure of CEGO dramatically
simplifies GO-purification through sieve-filtration or standing,
obviating the use of centrifugation or dialysis (Fig. 3b). Since
the interlayer van der Waals interactions in CEGO are weakened
by chemical expansion and oxidation, CEGO particles can be
completely exfoliated in water by gentle mechanical agitation
(5 min of stirring or 10 s of hand-shaking). Eventually, without
size-fractionation, LGO sheets with a mean size of 83 mm can be
obtained with B100% yield (Fig. 3c). Besides weakened interlayer interactions, the surface wettability of CEG can be tuned to
achieve the desired graphene exfoliation, dispersion, and performance optimization. For example, interlayer polymerization
in CEG allows it to be spontaneously exfoliated into single- and
few-layer graphene in poly(methyl methacrylate) (PMMA), opening
an important route for the dispersion of LGO in polymers.40

3. Unique properties and advanced
applications
The performance of GO-based macrostructures in electronic,
thermal and mechanical applications is highly dependent on the
size of the GO sheets used in making these structures.5,6,11,44–47
Multilayer-stacked graphene films derived separately from
LGO and SGO (Fig. 4a and b) show markedly diﬀerent properties,

Fig. 3 (a–c) Fabrication processes of LGO by using CEG as the starting material. Reproduced with permission from ref. 11. Copyright 2017 American
Chemical Society.
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Fig. 4 (a and b) Gravure printing (a) and blade casting (b) to prepare large-area GO films. Panel a adapted with permission from ref. 44. Copyright 2016
Macmillan Publishers Ltd. Panel b adapted with permission from ref. 11. Copyright 2017 American Chemical Society. (c) Mechanical performance
comparisons of LGO and SGO films. Adapted with permission from ref. 6. Copyright 2012 American Chemical Society. (d) Electrical conductivity
comparison of LGO and SGO films after reduction. Adapted with permission from ref. 5. Copyright 2010 American Chemical Society. (e) Schematic
fabrication of GO fibers. Adapted with permission from ref. 45. Copyright 2013 Wiley-VCH Verlag GmbH & Co. KGaA. (f) Specific stress–strain curves of
LGO and SGO fibers. Adapted with permission from ref. 46. Copyright 2013 Wiley-VCH Verlag GmbH & Co. KGaA. (g and h) Size-dependent liquid
crystalline behavior for well-ordered nematic LGO dispersion (g) and homogeneous isotropic SGO dispersion (h) at 1.5 mg ml 1 of concentration.
Adapted with permission from ref. 9. Copyright 2015 Wiley-VCH Verlag GmbH & Co. KGaA.

and it is clear that the superiority of LGO-derived graphene
films stems from the larger lateral size of the GO flakes. The lower
density of inter-sheet junctions in LGO induces stronger mechanical
performance, higher electrical/thermal conductivity and stronger
electromagnetic interference shielding performance.6,11,13,48–51
For example, compared to SGO papers, LGO papers exhibit
320% improvement in Young’s modulus and 280% improvement
in tensile strength (1.1 mm2 for SGO and 272 mm2 for LGO in
mean area, Fig. 4c).6 After reduction, the electrical and thermal
conductivities increase by 160% and 154%, respectively (1 mm2
for SGO and 23 mm2 for LGO in mean area).13 These effects are
especially pronounced in graphene-based transparent conducting films (Fig. 4d).5 One effect that must be considered is the
positive role of epoxy oxygen groups in dissipating strain during
ring opening reactions; in principle, this can have a bigger role in
SGO due to its higher population of oxygen than LGO;52–54
however, evidence shows that size-effects still have a major
influence on the mechanical performances of GO-based films
and composites.5,6,9
Similar results were also observed for LGO fibers, which
exhibit significant improvements in specific stress and specific
modulus (Fig. 4e).9,46,55 In addition, the knot eﬃciency, which
represents the fiber strength when it is knotted or wound,
reaches 100% for LGO fibers because of the lower bending
modulus of LGO sheets than that of SGO sheets (Fig. 4f).47 LGO
dispersion tends to form a well-ordered nematic phase, while
SGO dispersion remains a homogeneous isotropic phase at the
same concentration (Fig. 4g and h).9,10,45,55 After extrusion or
coating, LGO fibers/films possess a denser and more uniform
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microstructure than SGO counterparts. Due to their larger area,
LGO sheets also encapsulate silver nanowire networks more
eﬀectively than SGO sheets, leading to better performance in a
transparent film heater.56
Similar to the liquid crystalline phase, size also aﬀects the
rheological behavior of GO dispersions, including their viscosity,
storage/loss modulus and critical gel concentration.11,12 For the
LGO sheets described in Fig. 5a, typical physical gelation
occurred at a very low concentration of 5 mg ml 1. According
to rheological studies, the storage and loss moduli of this LGO
dispersion are approximately two orders of magnitude higher
than those of SGO dispersion (Fig. 5b).10,11 This aﬀords wide
processing windows for various industrial fabrication techniques,
including electrospray, spray coating, ink-jet printing, extrusion
printing and dry-spinning (Fig. 5c).12,58 Under an applied electric
field, LGO displays more sensitive rotational motion than SGO
because of its higher polarizability; it induces the ordering of the
surrounding small particles, giving an electro-optical switching
performance.59
In addition, when made into a monolithic porous material,
LGO-based material performs better than SGO in electrical conductivity, mechanical strength and ion-absorption (Fig. 5d).57,60,61
For electrochemical applications, increasing the lateral size is
beneficial to the electrical conductivity and stability of graphenebased anodes, which contributes to the improved cycle stability
of lithium-/aluminum-ion batteries.62,63 Further evidence comes
from the fact that LGO-based networks perform better in lithiumsulfur batteries than the SGO counterpart.64 For biological applications, although SGO is generally favored for antimicrobial activity65
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Fig. 5 (a and b) Significantly diﬀerent gelation behaviors (a) and moduli (b) of LGO and SGO dispersions at 5 mg ml 1 of concentration. Reproduction
with permission from ref. 11. Copyright 2017 American Chemical Society. (c) The correlation between rheological properties and approximate processing
regimes for various applications. Adapted with permission from ref. 12. Copyright 2014 The Royal Society of Chemistry. (d) Schematic illustration of the
size-dependent self-assembly of three-dimensional graphene-based macrostructures. Adapted with permission from ref. 57. Copyright 2016 The Royal
Society of Chemistry.

and drug-delivery,66 LGO exhibits a stronger positive influence
on cell viability,67 it can activate macrophages68 and show
reduced phagocytosis by cells.

4. Traditional reduction method
The functionality of LGO in applications can be dramatically
improved by removing the oxygen to reduced GO. Reduction of
GO is necessary to form reduced graphene oxide (rGO) in large
quantities.69–73 Since the purpose of reduction is mainly to
restore the high electrical conductivity of graphene, the latter
parameter can be used as direct evidence to judge the effectiveness
of the reduction methods. In general, high temperature thermal
annealing or chemical reduction is used to remove oxygen
functional groups on the GO surface. A common method is
chemical reduction using hydrazine monohydrate.74,75 During
the hydrazine reduction of GO sheets, ring-opening of epoxy
groups occurs to form hydrazine alcohols, and the initial
derivative produced by the epoxide opening reacts further to
form an aziridine moiety, which then undergoes thermal elimination of di-imide to form a double bond.76 An electrically
conductive black precipitate with a C/O elemental ratio of B10 can
be obtained.74,77 The highest conductivity of rGO films produced
by hydrazine reduction is 99.6 S cm 1, with a C/O elemental ratio
of around 12.5.78 One reason for the poor electrical conductivity is
the partial deoxygenation and recovery of the conjugated bonds,
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hydrazine reduction can reduce only epoxy groups, and has no
effects on the hydroxyl, carbonyl and carboxyl groups of GO.79
Park et al. used 13C and 15N solid-state nuclear magnetic
resonance spectroscopy and X-ray photoelectron spectroscopy
to study the chemical structure of hydrazine-treated rGO. Their
study suggests that the hydrazine treatment of GO causes
insertion of an aromatic N2 moiety into a five-membered ring
at the edges of the sheets80 (Fig. 6a and b). Several authors have
reported the thermal method of rGO paper/fibers through thermal
reduction, resulting in products with high conductivity.73,81,82 Xin
et al. reported the electrical conductivity of free standing graphene
paper to be B1.57  105 S m 1 produced via thermal annealing
at 2200 1C.83 Shen et al. achieved an electrical conductivity of
1000 S m 1 through high temperature reduction of rGO at
2000 1C.84 Reduction at elevated temperatures removes most of
the oxygen functional groups and restores the sp2 conjugation to a
large extent. However, this may come with collateral damage, since
CO and CO2 gas are formed, which indicates the removal of carbon
atoms and the creation of defects in the basal plane. High
temperature annealing also increases the cost of mass production.
In addition, oxygen functional groups form highly stable ether and
carbonyl groups that are diﬃcult to remove so that rGO contains a
residual oxygen concentration of 15 to 25 at% (Fig. 6c and d).85
Hydroiodic acid (HI) has also been used to reduce GO.86,87
This study showed similar reduction results in that the C/O
ratio of rGO is around 15, and the conductivity of the rGO films
is around 300 S cm 1, which is much better than those
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Fig. 6 Chemical structures of labelled samples before and after hydrazine treatment. (a) 13C MASS SSNMR spectra of (top) 13C-labelled GO and (bottom)
13
C- and 15N-labelled RGO. (b) A schematic illustrating pyrazole formation at the edges of the platelets during the hydrazine treatment of graphene oxide
(–COOH groups at the platelet edges have been omitted for clarity). (c) Morphology of rGO and the structure of defects formed during thermal
annealing. Morphology of rGO sheets with an initial oxygen concentration of (c) 20% and (d) 33% in the form of hydroxyl and epoxy groups at a ratio of
3/2 after annealing at 1500 K.

obtained via hydrazine reduction methods (Fig. 7a–d). The GO
film reduced by HI has good flexibility and even improved
tensile strength, while the hydrazine vapor-reduced GO film
becomes too rigid to be rolled and the film thickness expanded
more than 10 times (Fig. 7b and c). This is attributed to the fact
that during hydrazine treatment of the GO film, significant
bubbling and expansion occur, which lead to fragmentation
and mechanical instability. In contrast, the film reduced by HI
shows a reduction in GO film thickness due to reduction.
This densification of the reduced GO film also improves its
mechanical properties. The appearance of the 2D peak in the
Raman spectrum indicates the partial restoration of sp2 carbon
in the rGO film (Fig. 7e). These results show that HI not only
has a better reducing effect than hydrazine, but is also suitable
for the reduction of GO films.
In contrast to chemical reduction methods, photo- and
electrochemical reduction avoid the use of toxic chemicals
and solvents that can create hazardous waste.88–90 Guo et al.
reported a simple approach for achieving good quality rGO
using electrochemical reduction of GO at a cathodic potential
of 1.5 V. The high negative potential was found to overcome the

energy barrier for the removal of oxygen functional groups,
giving rise to an electrical conductivity of 350 S cm 1.88 Photoreduction works by generating hydrated electrons from water
under ultraviolet (UV) irradiation, and these can be powerful
reductants for reducing GO in aqueous solutions.90 Gengler
et al. investigated the mechanism of photoreduction of GO in
solution using femtosecond laser pulses. They found that an
ultrafast photoinduced chain reaction was initiated by the
femtosecond ultraviolet pulse, leading to the photoionization
of solvent and liberation of solvated electrons that trigger the
reduction.91 In terms of compatibility with microelectronic
processing, the photothermal reduction of GO films using
lasers allows conducting lines made of rGO to be written in
GO. The ability to reduce GO films by laser annealing has been
exploited to create optical modulation patterns consisting
of alternating rGO and GO strips. Taking advantage of the
difference in refractive index and optical transmission between
rGO and GO, the optical modulation pattern that is created can
afford a lens focusing effect and wavefront shaping, thus
making rGO/GO a promising platform for next-generation
ultrathin, light-weight and flexible photonic and optoelectronic

Fig. 7 Optical photographs of GO films (a) before (b and c) after chemical reduction by diﬀerent agents: (b) hydrazine vapor and (c) HI. (d) Flexible GO
(left) and rGO thin films reduced by HI on a PET substrate. (e) Raman spectrum of HI treated rGO.
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applications. Using the laser writing approach on GO, Jia et al.
has demonstrated far-field 3D subwavelength focusing (l3/5)
with an absolute focusing efficiency 432% over a broad
wavelength range from 400 to 1500 nm.92
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New approach for reduction
Functional groups are relatively easy to remove, whereas defects,
whether formed during oxidation or reduction, are diﬃcult to
heal by reduction. Thus, the concentration of defects in the
basal plane of rGO is the key to determine whether GO sheets
can be well reduced. Chen et al. achieved high conductivity in
rGO films through an electrical current-induced annealing
process at 2750 K for less than 1 min of annealing time93
(Fig. 8a). Diﬀerent from traditional thermal treatment in a furnace,
Joule heating can generate ultrahigh temperature at junction
points where the higher electrical resistance is located. The selfhealing thermal reduction may have the possibility of forming
cross-links between adjacent rGO at defects, which helps in
constructing highly dense rGO films, leading to a high electrical
conductivity of up to 3112 S cm 1 (Fig. 7d and e). The decreased
ID/IG ratio dramatically indicates that the Joule-heated rGO film
can become highly crystallized (Fig. 8b and c). In addition, a
sharp 2D peak (2690 cm 1) can be observed after Joule heating,
with an I2D/IG ratio of 0.93, confirming the highly crystalline
structure of the rGO film after the Joule heating process.
Recently, Xin et al. reported a way to make coiled graphene
fibers with high mechanical strength and thermal conductivity
by intercalating small fragments of rGO into gaps formed by
LGO, and subjecting them to a high temperature anneal of
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2850 1C.94 As shown in Fig. 8, LGO sheets form a highly aligned
backbone, while SGO sheets filled the space and voids in the
fiber. The high temperature annealing creates submicrometer
crystallite domain size in the graphene fibers and makes
eﬀective interconnection at junctions, achieving an enhanced
thermal conductivity of up to 1290 W m 1 K 1 and a tensile
strength of 1080 MPa.
Microwave reduction technology, which is industrially scalable,
has great potential for the reduction of GO at a lower energy cost
compared to high temperature annealing, but the eﬃciency of
reduction is low. Recently, Voiry et al. used a conventional
microwave setup to reduce GO with 1- to 2-pulses of microwaves
(Fig. 8f).95 They slightly annealed the GO prior to exposure to
microwaves to improve its conductivity so it could absorb
microwaves. Using this method, the D peak intensity of
microwave-reduced graphene oxide (MW-rGO) is dramatically
reduced, whereas the restoration of the 2D band shows that the
structure of sp2 carbon for MW-rGO is largely restored (Fig. 8h
and i), such that the I2D/IG ratio is close to or higher than 1.
Significantly, the evolution of the D and 2D peaks diﬀers from
thermally annealed rGO samples even after annealing at
temperatures as high as 1000 1C.
Chemical reduction does not only result in the removal of
oxygen groups, it can be used for hydrogenation of unsaturated
bonds. For example, in the Birch reduction, solvated electrons
in sodium-ammonia solution facilitate the de-oxygenation of
graphene oxide and the restoration of the sp2 network.96 It is
known that unconjugated cyclohexadienes can be reduced by a
1,4-reduction in the Birch reduction; thus it can be expected

Fig. 8 (a) Joule heating at 2750 K for 1 min in a vacuum can eﬀectively reduce the rGO. Raman spectrum comparison of a rGO film annealed in a
furnace at (b) 773 K and the same film after (c) the 2750 K annealing for 1 min. The low D/G ratio and the high 2D peak indicate highly crystalline rGO
nanosheets after reduction. (d and e) Cross-section SEM images of the rGO film before and after the Joule heating. The Joule heating eﬀectively densifies
the rGO films, which significantly increases the coupling in charge transport. (f) High-resolution TEM image of disordered GO and (e) MW-rGO showing a
highly ordered structure. Scale bars, 1 nm. (h) Raman spectra of MW-rGO and other graphene-based samples. (i) Evolution of the I2D/IG ratio versus the
crystal size (La) for MW-rGO, GO, rGO, highly ordered pyrolytic graphite (HOPG), dispersed graphene, and graphene.
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that the aromatic framework in graphene can be hydrogenated
if protons are present. Pumera et al. show that the choice of
alkali metals and alcohols/water as quenching agents aﬀects
the hydrogenation yield. A systematic study of electron (Li, Na,
K, Cs) and proton sources (tBuOH, iPrOH, MeOH, H2O) has
been performed to identify optimal conditions for hydrogenation
of graphene oxide.97

5. Conclusion
This review examines recent advances in the synthesis and
reduction of GO. The lateral size of GO sheets exerts a key
influence on the properties of GO-derived layered architectures
and 3D networks since properties such as thermal, electrical
and mechanical strengths are related to in-plane long-range
order. Although SGO flakes are commonly researched and
manufactured commercially, LGO sheets are highly desirable
for both research and industrial applications. Changes in
manufacturing processes are needed for producing LGO. These
include using chemically expanded graphite instead of graphite
oxide as the starting material, in combination with a low energy
agitation process. To use LGO as heat sinks or electrical
conductive coatings, an eﬃcient reduction process which can
remove completely the oxygen functional groups and recover
the sp2 conjugation is needed. Recent work shows that rapid
Joule or microwave heating leads to an almost complete
removal of oxygen functional groups and repairs the highly
ordered conjugated sp2 structure. Due to the lower content of
oxygen groups on LGO, it should be readily reduced to graphene
with a low concentration of defects, and will oﬀer substantial
performance enhancement to macroscopic components fabricated
from it.
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