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Graphene oxide (GO) has attracted intense interest for its use as a precursor material for the mass

production of graphene-based materials, which hold great potential in various applications. Insights

into the structure of GO and reduced GO (RGO) are of significant interest, as their properties are

dependent on the type and distribution of functional groups, defects, and holes from missing carbons

in the GO carbon lattice. Modeling the structural motifs of GO can predict the structural evolution in

its reduction and presents promising directions to tailor the properties of RGO. Two general

reduction approaches, chemical and thermal, are proposed to achieve highly reduced GO materials.

This review introduces typical chemical oxidation methods to produce GO from pure graphite, then

summarizes the modeling progress on the GO structure and its oxidation and reduction dynamics,

and lastly, presents the recent progress of RGO preparation through chemical and thermal reduction

approaches. By summarizing recent studies on GO structural modeling and its reduction, this review

leads to a deeper understanding of GO morphology and reduction path, and suggests future

directions for the scalable production of graphene-based materials through atomic engineering.

1. Introduction

Graphene, an atomic-thick layer of carbon atoms arranged in a

honeycomb lattice, draws extensive attention from both the

experimental and theoretical communities due to its prominent

structural and electrical properties.1–16 Intrinsic graphene is a

semi-metal or zero-gap semiconductor that has remarkably high

electron mobility, around 200 000 cm2 V21 s21, arising from its

linear energy dispersion with respect to wave vector near the

Dirac point.17 The resistivity of graphene is on the order of

1026 V cm and is known as the substrate with lowest resistivity at

room temperature.18 In addition, graphene has large specific

surface area (2 630 m2 g21),19 good chemical stability,20 and

high sensitivity to electrical perturbations due to its ultra-small

thickness.21 The unique transport properties and structure make

graphene attractive for a variety of promising applications. For

example, graphene can be used as anode materials to improve

the efficiency of batteries22–26 and as transparent conductive

electrodes in solar cell.27–31 It could also be a potential candidate
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for integrated circuits-the smallest transistor (one atom thick,

10 atoms wide) known so far was made of graphene.32 Other

applications of graphene and graphene-based materials such as

field emitters,33–35 hydrogen storage,36–42 supercapacitors,43–48

gas sensors,49–58 and bio-sensors59–65 have also been reported.

A number of approaches have been employed to synthesize

graphene, such as the micromechanical exfoliation of graphite,66

chemical vapor deposition (CVD),67–70 epitaxial growth,2,71,72

chemical intercalation,73 and the reduction of graphene oxide

(GO).74–77 Among these methods, preparation of graphene from

GO reduction stands out, since it is promising for the mass-

production of graphene-based materials. On one hand, GO can

be synthesized in large quantities by oxidizing inexpensive

graphite powders using strong oxidants; on the other hand,

GO can be reduced through different methods with tailored

properties by controlling the reduction conditions. During the

oxidation process, graphite powders are exfoliated and broken

into layers with increased interlayer distance; the landscape of

the sp2 carbon network is modified with oxygen-containing

functional groups, defects, and holes. To date, the atomic

structure of GO is still elusive due to its nonstoichiometry, and

so far several models have been proposed to study the possible

functional groups (epoxy, hydroxyl, carbonyl, and carboxyl) and

their arrangements across the carbon plane. Hence, study on the

GO atomic structure is crucial to understanding the basic

physical properties of GO and RGO, and to improving

properties of graphene-based nanomaterials. Meanwhile, to

reduce GO, a number of chemical and thermal methods have

been proposed and RGO could be readily obtained through

these individual methods or their combinations. Although

chemical and thermal reductions have their own limitations,

the conductivity of RGO could reach as high as 5.7 6 104 S

m21,78 which is several orders of magnitude larger than that of

GO (1028–1025 S m21),79,80 on the same order of magnitude as

that of graphite (8.4 6 104 S m21),74 and about two orders of

magnitude lower than that of graphene (5–6.4 6 106 S m21).81

We note that many reviews have summarized the up-to-date

achievements of graphene and graphene-based materials;6,7,19,82–91

however, no review has focused on the structural modeling of GO

and its reduction. Here, in this review we offer insights into the

structure of GO, its reduction dynamics, and outstanding proper-

ties due to specific reduction scheme. We first briefly introduce the

GO synthesis methods, i.e., Hummer and Offeman, Staudenmaier,

and Brodie methods, then review recent studies on the GO

structure modeling, and finally end the review with discussion and

summary of the recent progress on GO reduction through chemical

and thermal methods.

2. Graphene oxide synthesis

GO can be synthesized in large quantities by oxidizing

inexpensive graphite powders using strong oxidants (e.g.,

H2SO4, HNO3, KMnO4, KClO3, NaClO2) with individual sheets

obtained by subsequent gentle exfoliation. Currently, there are

three major methods used to synthesize GO from graphite:

Hummer and Offeman,92 Staudenmaier,93 and Brodie.94 Fig. 1

illustrates a schematic diagram of GO synthesis: graphite

powders (black blocks) are first oxidized into graphite oxide

(lighter coloured blocks) with functional groups spreading across

the carbon skeleton, which increase the interlayer spacings and

weaken the van der Waals force between adjacent layers; the as-

prepared graphite oxide can then be further sonicated in water to

obtain suspensions in which individual GO flakes are stabilized

by mutual electrostatic attraction and repulsion.95

The Hummer and Offeman method is most commonly used to

prepare GO. Typically, graphite oxide was prepared using ultra-

pure graphite powder and sodium nitrate. The ingredients were

mixed in sulfuric acid by stirring and cooled to 0 uC in an ice

bath while maintaining vigorous agitation, then potassium

permanganate was added. As the reaction progressed, the

mixture gradually thickened and finally condensed into a

brownish grey gel. Subsequently, excess water was slowly

dripped, causing violent effervescence, and the gel was diluted

into a brown suspension. This suspension was then further

diluted with water and treated with hydrogen peroxide to reduce

the residual permanganate and manganese dioxide to colourless

soluble manganese sulfate. Upon treatment with the peroxide,

the suspension turned bright yellow. To reduce the manganese

sulfate and other residues, the suspension was then filtered and

washed several times to obtain a yellow-brown graphite oxide

residue, which was dispersed in water to prepare the GO

Fig. 1 Scheme showing a chemical route to the synthesis of aqueous

GO suspension: (1) oxidation of graphite (black blocks) to graphite oxide

(lighter coloured blocks) with a greater interlayer distance; (2) exfoliation

of graphite oxide in water by sonication to obtain GO suspensions that

are stabilized by electrostatic repulsion. Reprinted with permission from

Macmillan Publishers Ltd: [Nature Nanotechnology] (ref. 95), copyright

(2008).
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suspension with the aid of sonication. GO powder could be

obtained through the filtration and drying of the GO suspension.

Alternatively, in the Staudenmaier method, graphite was mixed

and reacted with concentrated sulfuric acid, fuming nitric acid,

and potassium chlorate; in the Brodie method, graphite was

mixed and reacted with fuming nitric acid and sodium chloride

oxide. In all three methods, despite that the layers in graphite are

extensively oxidized by oxidative treatment and the procedures

to prepare GO suspension and GO powder are similar, the as-

prepared GO structure and the residue contamination are

distinct as a result of the different oxidants used. The

Staudenmaier and the Hummers and Offeman methods are

known to produce unstable GO with a high degree of

contamination and degradation, while GO synthesized using

the Brodie’s method is very stable with a low degree of

contamination.94

3. Structural modeling of graphene oxide

3.1 Experimental characterization

Despite its first experimental synthesis more than one and half

centuries ago, the structure of GO is still elusive today due to its

nonstoichiometry. So far, several models have been proposed to

elucidate its structure, as shown in Fig. 2. Here, the overall

features of these models are described and detailed characteriza-

tion on these models can be found in another review.84

Hofmann84 first presented the atomic configuration of GO with

only epoxies randomly distributed across the carbon plane.

Ruess,84 however, proposed that hydroxyls are also common in

GO, and moreover, the species of epoxies are not only limited to

the ones sitting on the bridge sites of carbon atoms (1,2-ether);

epoxies with O atoms connecting the 1,3 site C atoms (1,3-ether)

also exist, and the skeleton of C is strongly distorted into three

dimensions by hydroxyls and these 1,3-ethers. Scholz and

Boehm84 removed the epoxies, and in their suggested structure,

ribbons of conjugated carbon backbone and regular quinoidal

species coexist. Another picture of structure proposed by

Nakajima–Matso96 differed from the above ones in which the

oxygen atoms in epoxies link adjacent layers. Szabo and

Dekeny’s model97 incorporated the features of both Sholz–

Boehm and Ruess’ models, which is shown in Fig. 2. In Lerf’s

model,98 which is now widely accepted by most researchers,

epoxy (1,2-ether) and hydroxyl are the major functional groups

that randomly distribute across the carbon layer, and at the edge

are mainly carboxyls, lactones, and carbonyls.

The oxygen-containing groups and their arrangements across

the carbon network are critical to obtaining a thorough view of

GO structure. Microscopic techniques can provide deep insights

into the types of oxygenated functional groups in GO and their

distributions. By using the 13C and 1H nuclear magnetic

resonance (NMR) spectra, Lerf et al.98 revisited the structure

of GO in 1998 and critically assigned the chemical shift line

around 60 ppm to 1,2-ethers instead of 1,3-ethers; they also

confirmed the assignment of the line around 70 ppm to

hydroxyls. Now the three major chemical shift peaks around

60, 70, and 130 ppm have been commonly accepted and assigned

to epoxy (unless otherwise stated, epoxy refers to 1,2-ether

hereafter), hydroxyl and sp2 carbon, respectively.77,97–104 Until

then, epoxy and hydroxyl were determined to be two major

functional groups across the basal plane in GO. In 2009, Gao

and Ajayan et al.105 further assigned the peak around 101 ppm to

five- or six-membered-ring lactol decorated on the edge of holes

in GO flakes. To gain information about the distribution of

major functional groups, two- and multi-dimensional NMR

spectra conducted by Ruoff’s group revealed that epoxy and

hydroxyl were close to each other, with some tiny islands of pure

epoxies or hydroxyls.100,101 The major peaks in the NMR

mentioned above were related to the carbon atoms single-bonded

to oxygen atoms. X-Ray photoelectron spectroscopy (XPS),

however, showed evidence that sp2 carbon atoms are accom-

panied by three other carbons connected with epoxy or hydroxyl

(single-bonded), carbonyl (double-bonded), and carboxyl (triple-

bonded) groups, respectively.77,94,97,106,107

Although the consensus is that GO is decorated by epoxies

and hydroxyls, which are randomly distributed across the carbon

backbone, and carbonyls and carboxyls are mainly attached on

the edge, some uncertainty still revolves around the morphology

of GO, e.g., whether it has tiny islands of structural ordering.

Near-edge X-ray absorption fine structure (NEXAFS) for the

O–K edge suggested that the carbonyls in GO are arranged on

the carbon layer on average, and there is locally ordered

structure from some oxygenated functional groups.108 Again,

this ordered structure is elusive until a scanning tunnelling

microscope (STM) study on oxidized exfoliated graphene sheets

showed an ordered structure exists from pure epoxies arranged in

a rectangular lattice on both sides of the carbon layer,109 as

shown in the inset of Fig. 3a. However, once hydroxyls are

present, the oxidized regions in GO become amorphous (Fig. 3a)

and the ordered structure can only be developed under specific

conditions, which is discussed in the following text.

3.2 Theoretical characterization

Apart from microscopic techniques, theoretical studies render

vital perspectives into the structural characterization of GO.

Since the major functional groups in GO are epoxies and

Fig. 2 Proposed configurations for GO.84 Reproduced with permission

of the Royal Society of Chemistry.
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hydroxyls, the existing density functional theory (DFT) for

modeling GO focused mainly on the decoration of these groups

on the basal plane of graphene. To identify the 1,3-ether in GO,

Lahaye et al.114 showed that even if the 1,3-ether could exist with

the hydroxyl pulling the carbon out of the plane, the system is

still much less stable than the structure of 1,2-ether stabilized by

hydroxyls (Fig. 4a and b). The authors also compared the system

energy of a 2 6 2 cell deposited with one epoxy and one

hydroxyl, and results showed that only the structure with epoxy

and hydroxyl in close proximity (Fig. 4a) is stable, which is

consistent with the NMR and other theoretical results.77,97–104

Moreover, the joint binding energy for epoxy and hydroxyl in

such a structure is 0.8 eV (in absolute value) higher than the total

binding energy of isolated epoxy and hydroxyl. Therefore, it can

be concluded that 1,3-ether does not exist in GO and that epoxy

and hydroxyl are mutually stabilized with each other nearby.

Besides its amorphous nature, GO is also nonstoichiometric

and its chemical composition is dependent on its specific

synthesis conditions. To look for possible building blocks of

GO with different ratios of epoxy and hydroxyl representing

nonstoichiometry, which are expected to exhibit a rough

landscape of GO, the most commonly used method in the

DFT calculation is to fix the number of epoxies and hydroxyls in

a certain cell size and search for the most energetically possible

configurations. Boukhvalov and Katsnelson99 carried out such

calculations via variations of GO chemical composition in a

2 6 2 cell with 8 carbon atoms. The percentage of oxygen atoms

to carbon atoms (oxygen coverage) was increased gradually from

12.5% to 100%, from which GO becomes nonconductive at an

oxygen coverage greater than 25%. For GO with pure epoxies,

the binding energy increases as the coverage goes up to the

highest value of 50% (Fig. 4c); while with pure hydroxyls

forming a chainlike structure, the highest coverage is 75%

(Fig. 4d). In the mixed structure (oxygen coverage of 62.5%), the

combination with one epoxy and four hydroxyls (Fig. 4e) is

the most stable configuration. The structure in Fig. 4c shows the

ordering the oxygen atoms in epoxies and is the candidate for the

experimentally observed structural ordering in NEXAFS99 and

STM.109 In addition, it could be used to explain the tiny islands

of pure hydroxyls inferred from the multi-dimensional

NMR.100,101 In Boukhvalov and Katsnelson’s model, the

Fig. 3 Morphology characterization of GO and reduced GO. (a)

Aberration corrected TEM image of a single suspended sheet of GO,

red area represents the oxygen functionalities, graphite region and holes

are indicated in yellow and blue, respectively. Reprinted with permission

from ref. 110. Copyright (2010) John Wiley and Sons. Inset is the high-

resolution UHV STM image of exfoliated oxidized graphene revealing a

rectangular lattice with a = (0.273 ¡ 0.008) nm and b = (0.406 ¡ 0.013)

nm. Reprinted from ref. 109, copyright (2008), with permission from

Elsevier. (b) Atomic resolution image of reduced GO. Carbon pentagons,

hexagons, and heptagons are indicated by magenta, blue, and green,

respectively. Red dashed lines represent the directions with strong lattice

deformations. Reprinted with permission from ref. 111. Copyright (2010)

American Chemical Society. (c) and (d) are selected area electron

diffraction (SAD) patterns for single-layer and multi-layer of GO with

the spots labeled with Miller–Bravais indices. Reprinted with permission

from ref. 112. Copyright (2009) American Chemical Society. (e) and (f)

are the representative SEM micrographs of GO thermally reduced at

slow and fast rates. Reprinted with permission from ref. 113. Copyright

(2010) American Chemical Society.

Fig. 4 (a) and (b): detailed geometric configurations of GO with one

ether oxygen and one hydroxyl in a unit cell with eight carbon atoms.

The interatomic distances are in angstrom. Carbon, oxygen, and

hydrogen atoms are shown in green, red, and white, respectively. (a)

and (b) have 1,2-ether and 1,3-ether oxygens, respectively. Reprinted

with permission from ref. 114. Copyright (2009) by the American

Physical Society. (c)–(e): the most stable structures of GO with only

epoxies (c), hydroxyls (d), and mixed coverage (e). Carbon, oxygen, and

hydrogen atoms are shown in green, blue, and violet, respectively.

Reprinted with permission from ref. 99. Copyright (2008) American

Chemical Society.
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two proposed chemical compositions of C(OH)0.25 and

CO0.125(OH)0.25 could successfully explain the experimentally

determined GO formula;97,115 however, since the interactions

between the functional groups in nearby cells are not negligible;

many other possible configurations of the groups are still

excluded in their model due to the limited cell size.

Yan and Chou103 studied the structural characterization of

GO in a 5 6 5 super cell with 50 carbon atoms and the number

of oxygen atoms varied within 2 and 4 through the arrangements

from pure epoxies (2O) or hydroxyls (2OH) to the mixed

placements of 2O + 2OH. For sole epoxies and hydroxyls, the

functional groups tend to locate near each other rather than

forming isolated structures to reduce the tension generated in the

basal plane of carbon atoms, and the most stable structure for

epoxies at a coverage of 50% is dual with two epoxies either on

the same carbon ring or on two nearby rings with oxygen atoms

pointing up and down (not shown here). However, as epoxy and

hydroxyl prefer to sit nearby, if one more hydroxyl (OH) is

introduced into such a structure (O + OH), it turns out that the

structure (O + 2OH) with epoxy close to both hydroxyls (Fig. 5a)

is less energetically favourable than that with hydroxyls close to

each other (Fig. 5b). Since local density approximation (LDA)

was employed to treat the electron–electron interactions that

usually overestimate the binding energies, Wang et al.42 found

that the structure shown in Fig. 5a is comparable energetically

with that in Fig. 5b. If one hydroxyl is introduced into the 2O

structure, it is expected that epoxy and hydroxyl are in

proximity, and the most stable structure (2O + OH) calculated

is shown in Fig. 5c. Among the models discussed with two

epoxies and two hydroxyls, the convincing one is that epoxies

and hydroxyls form two mutually stabilized epoxy–hydroxyl

complexes (2O + 2OH), as shown in Fig. 5d. Clearly, various

combinations of these basic building blocks can be used to

represent the morphology of GO to some degree; however,

subjective arrangements of these blocks are unable to offer

promising directions for future reduction or atomic engineering.

The main difficulties in finding larger reliable blocks lie in both

the nonstoichiometry of GO and the great computational effort

taken by DFT calculations to search for such blocks. Other

methods, such as Monte Carlo,116–119 molecular dynamics120–125

and generic algorithm,126 can be employed in combination with

DFT to present more convincing results in developing GO

structural blocks via adjusting the numbers of epoxy and

hydroxyl in a fixed cell size.

As discussed previously, epoxy and hydroxyl are randomly

deposited across the carbon skeleton; carbonyl and carboxyl are

mainly on the edge sites. Both infrared (IR)127,128 and XPS97,127

have shown that the amount of carbonyls and carboxyls are

much smaller than that of epoxies and hydroxyls. Jeong et al.94

assigned the peak at 289.0 eV in the XPS spectrum to carboxyl,

and the integrated area of the peak is much larger than that of

epoxy or hydroxyl (Fig. 6a). One possible reason is that it comes

from the contributions of species of unknown oxygenated

groups. Since 1,3-ethers are excluded from the energetic point

of view and only the epoxy sits above the bridge site (1,2-ether) in

the current models, these new functional groups could be related

to the regular ones. Computational spectroscopy results

extended this regular epoxy to the new one with the carbon

bond underneath broken, since the discrepancy of the simulated

XPS peak values for these two kinds of epoxies are within

0.8 eV104 and the binding energy for the new epoxy is greater than

the regular one.129,130 This new epoxy exists only when regular

epoxies line up under certain conditions on the same side of the

carbon plane by getting over the energy barrier heights,130,131 and

the amount of the new epoxy is small in GO. Fig. 6b shows the

calculated binding energies of different labeled functional groups

from the experimentally observed curve in Fig. 6a. Obviously, the

results suggest that the binding energies of carboxyl, epoxy pair

(Fig. 6c), epoxy, and hydroxyl complex (Fig. 6d) overlap. Note

that the diffraction pattern of Jeong’s samples94 shows graphitic

stacking order, and this phenomenon disappears in XPS after

further oxidization. This spectroscopic observation might occur

during the transient oxidation stage when the precursor graphite

powders are cut into smaller sizes and likely before they are peeled

off into mono- to few-layer GO.

Generally, the chemical composition of GO varies from

C1O0.17H0.08 to C1O0.49H0.2 depending on the synthesis method

and oxidation time,97,115 and hydroxyls are dominant among the

functional groups. Considering that one epoxy is connected

closely to two hydroxyls and epoxies usually are randomly

spread across GO, the distributions of hydroxyls could develop

into certain patterns. Theoretically, it is also found that

hydroxyls forming two types of chainlike structures along the

zigzag and armchair edges are energetically feasible.99,103

Nevertheless, a first-principle study of the NMR signatures of

GO does not support this structural motif. The averaged

chemical shift for carbon atoms connected to these hydroxyls

in the zigzag (armchair) chainlike structure is about 6.8 (8.5)

ppm greater than the general ones,102 but experimental NMR

spectra does not show a broadened hydroxyl peak.100,105 Hence,

this kind of chainlike structure is not present in a great amount,

at least in GO.

Actually, Kudin and Car et al. proposed another pattern of

chainlike structure (Fig. 6e) that could explain the G band blue

shift132 in the Raman spectrum of GO compared with that of

graphite.132–136 With regard to all potential causes for this

frequency shift,136–139 the presence of isolated conjugate bonds

leads to the observed phenomenon. The authors finally came up

with the structure in the alternating regions of single and double

Fig. 5 Some representative basic building blocks of GO with both

epoxy and hydroxyl functional groups. Carbon, oxygen, and hydrogen

atoms are indicated by blue, red, and black balls, respectively. (a) and (b):

O + 2OH. (c): 2O + OH. (d): 2O + 2OH. Reprinted with permission from

ref. 103 as follows: J. A. Yan et al., Physical Review B, 2010, 82, 125403.

Copyright (2010) by the American Physical Society.
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carbon bond nanoribbons. In the regions of single bond,

hydroxyls line up and sit on the bridge sites pointing up and

down, respectively. Epoxies decorate sparsely in the graphene

like region without destroying its entire conjugate carbon bond

network. Indeed, for the partially reduced GO, the evolution of

Raman modes undergoes the opposite effect; hence, the greatest

finding is the alternating patterns of single-double bonds

developed from the Scholz–Boehm model.97 Within the scope

of our literature survey, despite the few studies available to gain

more information about this pattern, it at least can provide us

with some insights into the evolution of functional groups in GO

during the oxidation process.

3.3 Morphology characterization during oxidation

As graphite is chemically exfoliated into mono- and few-layer

graphene oxide, the calculated exfoliation energy showed that at

least two layers of graphene should be oxidized to peel off a

monolayer of GO.140 Although graphite is composed of layers of

graphene piled in an AB stacking order and the electron

diffraction pattern of monolayer GO (Fig. 3c) is similar to that

of pure graphene, the diffracted rings of multilayered GO

demonstrate the turbostratic stacking (Fig. 3d).112,141 An X-ray

diffraction (XRD) spectrum indicated that interlayer spacing

increases from 3.4 Å for graphite to as high as 10 Å for

GO77,97,142 due to the intercalated water molecules; and the

content of intercalated water plays a crucial role in determining

the stacking order of GO. A DFT study suggested that the

anhydrous GO retains a graphitic AB stacking order with an

interlayer distance of 5.1 Å and 5.8 Å for low and high oxidation

level, respectively. The spacing between layers increases up to

7.3 Å with one layer of water molecules, and for the case of high

oxidation level, the stacking order is broken.143 Jeong et al.94

observed that the AB stacking order is preserved even when the

graphite is oxidized for 48 h, as the layer spacing increases from

5.62 Å (1 h) to 7.37 Å (24 h) and stays as a plateau up to 48 h.

Elemental analysis (EA) showed that the ratio of water

molecules to carbon atoms up to 1 : 10 could be achieved at

an oxidation level of 30%, from which the entropic disorder due

to water molecules intercalated in highly oxidized GO would

destroy the AB stacking order.143

Besides the broken stacking order, the morphologies of GO

also display defects and holes (Fig. 3a).110,112,141 Moreover, the

size of GO flake is much smaller than that of the graphite

seed,142 suggesting that the graphite precursor is cut into smaller

pieces associated with certain functional groups during the

Fig. 6 (a) XPS of GO oxidized for 24 h. Reprinted with permission from ref. 94. Copyright (2008) American Chemical Society. (b) Simulated

experimental curve in (a) with assignments from DFT calculations; (c),(d) GO structure with functional groups responsible for C1s peaks in (b).

Reprinted with permission from ref. 104. Copyright 2009, American Institute of Physics. (e) Nanoribbons of hydroxyl chain and graphene-like regions

proposed for the observed blue shift of G band in the Raman spectrum. Reprinted with permission from ref. 132. Copyright (2008) American Chemical

Society.
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oxidation process. One explanation originates from Car’s work,

in which epoxy is demonstrated to migrate with an energy barrier

height about 0.83 eV and get aligned.129 Then carbon bonds

under the epoxy chain are unzipped (Fig. 7a) through getting

over the potential barrier about 0.58 eV dependent on the

distance between two nearest chains.130 This type of epoxies can

further transform into epoxy pairs with the broken carbon bonds

(Fig. 7b) and finally evolve into carbonyl pairs (Fig. 7c), when

the energy difference between the transition state and the epoxy

pair state decreases from 0.76 eV for the first epoxy pair to

0.26 eV for the second pair;131 in this case, GO is split from the

edge to the center. This epoxy pair-induced unzipping mechan-

ism could explain the smaller size of GO flakes and the large

holes introduced in GO.

In summary, major functional groups in GO are epoxy,

hydroxyl, and carbonyl, which locate on the basal plane of the

carbon skeleton, and carboxyl, which sits on the edge. Epoxies

are energetically favourable to sit above the bridge site and are

randomly distributed in close proximity with hydroxyl to

stabilize the structure, while carbonyls lie in the plane on

average. Tiny islands of pure epoxies and hydroxyls also exist in

the carbon network. In addition, graphene-like regions and holes

are also common in GO. The AB stacking order of graphite can

be retained in a low oxidation level with a small amount of

intercalated water molecules between adjacent layers. Small GO

flakes and holes formed during the oxidation process are due to

the epoxy chain-induced unzipping of carbon rings. Despite its

nonstoichiometry, the basic building blocks of GO can be

obtained by DFT modeling; however, the existing modeling of

the atomic structure of GO cannot be used to predict the

formation of gas molecules during its thermal reduction process.

On one hand, the building blocks are too small and expanded

periodically in space to represent the configuration of GO; on the

other hand, the blocks are selected by manually arranging the

functional groups with specific numbers in a fixed cell size. To

better understand the GO structure and its evolution during the

thermal reduction process, larger building blocks, which can cast

insight into the development of gas molecules, are highly

desirable.

4. Graphene oxide reduction

To prepare RGO, many chemical and thermal reduction

approaches have been proposed. At present, the chemical

reduction of GO is fulfilled by using a wide range of reducing

agents, such as hydrazine,33,75,76,95,107,144,145 alcohol,146,147

sodium borohydride,80,105,148,149 hydriodic acid with acetic

acid,74,150 sodium/potassium hydroxide,151,152 iron/aluminium

powder,153,154 ammonia,155,156 hexylamine,157 sulfur-containing

compounds (NaHSO3, Na2SO3, Na2S2O4, Na2S2O3,

Na2S?9H2O, SOCl2, and SO2),158,159 hydroxylamine hydrochlor-

ide,160 urea,161 lysozyme,162 vitamin C,163 N-methyl-2-pyrrolidi-

none (NMP),78 poly(norepinephrine),164 BSA,165 TiO2

nanoparticles,166,167 manganese oxide,168 and bacteria respira-

tion.169 On the other hand, the thermal reduction methods

generally rely on heating the GO in various atmospheres (ultra-

high vacuum, Ar, H2, NH3),77,79,106,170–173 or with different

heating sources like microwave,174,175 flash light,176 laser,177

plasma,178 electric current,179 or heated tip atomic force

microscopy.180 In general, chemical and thermal reduction

approaches have their own advantages. With chemical methods,

GO can be reduced in an aqueous phase and the resulting RGO

could bear various organic functional groups or nanostructures,

which may be used to tune RGO properties. For thermal

reduction, the degree of the RGO reduction can be controlled by

heating temperature, duration, and gaseous environment.

Foreign atoms, e.g., N, also could be injected into the sp2

carbon network for tuning the electronic properties of RGO. In

the following sections, based on the different reduction

approaches, we generally summarize the current status of

graphene oxide reduction into the two categories: chemical

reduction of GO and thermal reduction of GO.

4.1 Chemical reduction of graphene oxide

4.1.1 Experimental progresses. GO was synthesized from

natural graphite using chemical methods that derivatize gra-

phene sheets with carboxyl, carbonyl, hydroxyl, and epoxide

groups, thereby breaking the p-conjugation in the two-dimen-

sional carbon networks. In general, the resulting product of GO

powder is water dispersible, insulating, and light brown in color.

The oxidization process introduces significant defects in the as-

made graphene oxide sheets that degrade its unique properties;

therefore, it is important to produce much less defective or highly

reduced RGO. From this point of view, many approaches have

been developed to reduce GO, e.g., chemical methods, since most

of these chemical methods are simple to perform and the cost of

the reducing agents is generally low. Various characterization

methods, e.g., atomic force microscopy (AFM), transmission

electron microscopy (TEM), scanning electron microscopy

(SEM), 13C magic angle spinning (MAS) NMR spectra, XPS,

Raman spectra, thermal gravimetric analysis (TGA), are

generally employed in the investigation of RGO structural and

electrical properties. In the following section, some typical

reducing agents will be discussed, such as hydrazine, alcohol,

sodium/potassium hydroxide, sodium borohydride, hydriodic

acid, acetic acid, and iron/aluminum.

Among various chemical reducing agents, the first and most

commonly used was hydrazine (N2H4), which produced highly

reduced graphene oxide under low temperature. In 2007, Ruoff’s

group107 reported the first reduction of a colloidal suspension of

exfoliated GO sheets in water with hydrazine hydrate, resulting in

the aggregation and subsequent formation of a high-surface-area

Fig. 7 Mechanism for the epoxy chain-induced unzipping of GO during

the oxidation process. (a) Epoxy chain formed when the epoxies lined up

with the broken carbon bonds underneath. (b) Epoxy pair chain. (c)

Carbonyl chain formed when the epoxies got over the potential energy

barrier. Reprinted with permission from ref. 131. Copyright (2009)

American Chemical Society.
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carbon material that consists of thin graphene-based sheets. In

their method, the reduction of graphene oxide was achieved by

adding hydrazine hydrate into the GO suspension and heating in

an oil bath at 100 uC under a water-cooled condenser for 24 h.

During the hydrazine reduction of GO suspension, the brown-

coloured suspension turned black and the reduced sheets

aggregated and eventually precipitated. The precipitation of the

reduced sheets occurred, presumably due to their becoming less

hydrophilic as a result of oxygen removal, and thus increased

incompatibility with the aqueous medium. To investigate the

structure change and prove that the oxygen groups were removed

after reduction, the prepared RGO was characterized and the

results from both elemental analysis and XPS clearly showed that

reduction of the exfoliated GO resulted in considerable removal of

oxygen. And the MAS NMR data additionally suggested that the

reduction/de-oxygenation of GO also resulted in significant

restoration of the sp2 carbon sites. The restoration of the sp2

carbon was also proved through the electrical conductivity

measurements since the observed increase in conductivity upon

reduction of GO required that conductive pathways of conjugated

carbon atoms be re-established.

After the very first study on the hydrazine reduction of GO,

many groups reported the GO reduction with hydrazine both

experimentally and theoretically (Fig. 8).181 In general, GO

sheets could be well dispersed in water but not in solvents with

high polarity indices, e.g., N,N-dimethylformamide (DMF);

however, RGO powders could be easily dispersed in high

polarity solvents. Based on Ruoff’s research, additional study

was carried out to prepare RGO suspensions in different

solvents. In Park’s work,75 the chemical reduction of the

suspension of graphene oxide sheets was conducted with

hydrazine monohydrate and colloidal suspensions of RGO in

various organic solvents were prepared. The solubility study

indicated that the DMF/H2O seemed to be the best system for

producing RGO suspension. Experimentally, highly reduced GO

could be prepared with hydrazine; however, theoretically, the

possible mechanisms for the chemical reduction of GO by

hydrazine were still elusive, which is discussed in section 4.1.2.

RGO could be successfully prepared with hydrazine; however,

the main drawback of this method is that hydrazine is toxic,

which prevents its use in mass production of RGO. To address

this challenge, many other "non-toxic" reducing agents were used

to reduce GO, e.g., alcohol, sodium/potassium hydroxide,

sodium borohydride, hydriodic acid, and acetic acid. For the

alcohol (C2H6O) reduction, Su et al.147 showed that RGO with

highly graphitic structures and excellent electrical conductivity

could be prepared by high-temperature alcohol vapor reduction.

In this report, GO was heated in 20% H2/Ar with alcohol under

high temperatures (600–1000 uC). The sheet resistance of

transparent RGO films was as low as 15 kV/% (.96%

transparency at 550 nm). Based on the field-effect transistor

(FET) measurement, the RGO sheets exhibited high field-effect

hole mobility up to 210 cm2 V21 s21. In addition, Raman

spectroscopic studies revealed that the conductivity enhancement

in the low mobility regime was attributed to the removal of

chemical functional groups and the formation of six-fold rings;

while in the high mobility regime, the growth of the graphitic

domain size became dominant for enhancing its electrical

conductivity.

GO could also be reduced with sodium/potassium hydroxide

(NaOH/KOH). Fan et al.151 showed that RGO suspension could

be quickly prepared by simply heating a GO suspension

under strongly alkaline conditions at moderate temperatures

(50–90 uC). Careful experiments revealed that exfoliated GO can

undergo fast deoxygenation in strongly alkaline solutions,

resulting in stable aqueous graphene suspensions. The 13C

NMR spectrum showed that after the reaction there was a

significant reduction in the amount of epoxide and hydroxyl

groups present in RGO. In addition, plentiful sp2 carbon atoms

were introduced, suggesting the formation of graphene-based

materials. The results were confirmed by XPS analysis, which

showed that the O/C ratio in the exfoliated GO decreased

remarkably after the reaction, and that most of the epoxide and

hydroxyl functional groups were successfully removed. From

Park’s work,152 GO was reduced sequentially with potassium

hydroxide and hydrazine. Adding KOH to the GO suspension

produced a slightly darker suspension (‘‘KMG’’), which was

caused by the reaction between KOH and oxygen functional

groups in the graphene oxide sheets, such as carboxylic acid,

hydroxyl, and epoxy groups, resulting in extensive decoration of

the sheets with negative charges and with K+ ions. A black and

homogeneous suspension of KMG sheets was then obtained by

the addition of hydrazine monohydrate and reacting at 35 uC for

6 h. The aqueous ‘‘hydrazine-reduced KMG suspension

(hKMG)’’ could be prepared with concentrations as high as

7 mg ml21 and was stable for more than 4 months.

Similar to sodium/potassium hydroxide, sodium borohydride

(NaBH4) was also used in the reduction of GO. Ajayan’s

group105 has developed a two-step reduction process-deoxygena-

tion with NaBH4, followed by dehydration with concentrated

sulfuric acid. Fig. 9 shows the schematic representation of the

GO reduction procedure and characterization of the obtained

products. Electrical conductivity of the RGO is an important

criterion to evaluate how the sp2 carbon network has been

restored in this structure. Original GO is an insulator, with a

Fig. 8 Chemically converted RGO suspensions. Photographs of (a)

15 mg of GO paper in a glass vial and (b) the resultant hydrazinium RGO

dispersion after addition of hydrazine. Below each vial is a three-

dimensional computer-generated molecular model of GO (carbon in

grey, oxygen in red and hydrogen in white) and chemically converted

RGO, respectively, suggesting that removal of –OH and –COOH

functionalities upon reduction restores a planar structure. Reprinted

with permission from Macmillan Publishers Ltd: [Nature

Nanotechnology] (ref. 76), copyright (2009).
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conductivity of around y1028–1025 S m21. After reduction with

NaBH4, concentrated sulfuric acid and thermal annealing, the

conductivity of the prepared RGO increased to 20 200 S m21, an

increase of more than nine orders of magnitude, clearly

indicating an efficient restoration of the sp2 carbon network in

RGO, induced by the deoxygenation and dehydration.

Most of the chemical reduction methods are used to reduce

GO sheets in suspensions; however, some methods could reduce

GO paper or film in a reducing agent vapor. In 2010, Ruoff and

Lee’s group74 reported a novel reducing agent system (hydriodic

acid with acetic acid (HI–AcOH)) that allows for an efficient,

one-pot reduction of a solution-phased RGO powder and vapor-

phased RGO paper and thin film. To prepare an RGO paper, the

GO paper was placed inside a jar containing HI and acetic acid.

The cover of the jar was sealed with vacuum grease and placed

over an oil bath at 40 uC for 24 h. The color of the RGOHI–AcOH

papers changed from brown to metallic grey after treatment with

HI vapor, indicating the reduction of the materials. Fig. 10a and

b show the digital image of flexible RGOHI–AcOH papers and

films with GO reduced in the gas phase. The conductivity of the

air-dried RGOHI–AcOH powder pellets was 30 400 S m21, which

is the highest literature RGO value (air-dried), and on the same

order of magnitude as that of graphite (84 500 S m21). The one-

pot chemical reduction method of GO using HI–AcOH through

gas phase demonstrates the possibility of producing RGO paper

and film with high conductivity that is on the same order of

magnitude of as that of graphite. As opposed to the reduction of

GO to the extreme extent, partially reduced GO is also appealing

with its own advantages. Li et al. reported that CCG by

reduction of GO in water could form stable aqueous colloids

without any surfactant.95 The CCG sheets were not flat but

corrugated due to the sp3 carbon atoms connected to the

unreduced functional groups. Through controlled reduction, the

as-produced CCG sheets hold great potential for applications

such as nanofiltration,182 in supercapacitors,183 and in conduc-

tive hydrogel films.184

The chemical reducing agents are mostly based on inorganic

chemical compounds; however, methods that rely on the metal,

e.g., iron and aluminum, have also been developed for the

reduction of GO. In Fan’s work,153 synthesis of RGO sheets was

conducted based on iron reduction of exfoliated graphite oxide.

In a typical experiment, Fe powder and HCl were directly added

into a GO suspension at ambient temperature. The mixture was

stirred for 30 min and then maintained for a period of time

(Fig. 11a). After reduction, more HCl was added into the above

solution in order to fully remove excess Fe powder and the

resulting RGO was collected with filtration and wash. The

conductivity of the produced RGO was measured as 2 300 S

m21. The reduction mechanism was proposed in which, after the

introduction of H+, Fe powders reacted with H+ to produce

Fe2+, which adsorbed on the surface of Fe particles so that GO

sheets with negative charges were absorbed onto the surface of

the positive charged Fe particles to form spherical structures

(Fig. 11d and e). As a result, the GO sheets closely covering the

surface of Fe particles facilitate the reduction of GO due to the

fast electron transport from Fe/Fe2+ to GO sheets, in which

the reduction process can be expressed as follows:

GOzaHzzbe{?reduced GO zcH2O (1)

Because iron is a common and cheap metal on earth and a safe

and green material, this method has great potential for the mass

production of RGO. In another report from the same group,154

aluminum was also used to prepare RGO, and the resulting

RGO has a conductivity at 2 100 S m21.

To summarize, RGO suspension, film, or paper could be

successfully prepared by various reducing agents, ranging from

inorganic agents to metals and from toxic to non-toxic agents.

Most reducing agents show sufficient ability in the reduction of

GO, and the highest conductivity obtained in the produced RGO

is 30 400 S m21 (air dried), which is close to that of pristine

graphite (84 500 S m21). However, no method so far has proved

applicable for the mass production of RGO, since the chemical

methods are limited by the toxicity of the reducing agents,

multiple steps (reaction, washing, filtration, and dispersion), long

reaction time (a few hours to a few days), and incomplete

removal of the oxygen-containing groups in GO (relative low

Fig. 9 Schematic representation of the GO reduction procedure and

characterization of the products obtained. (a) The two-step reduction

process, followed by the annealing treatment, is an effective method to

convert GO sheets into graphene-based materials (where CCG stands for

chemically converted graphene). (b) and (c) XPS and TEM characteriza-

tion indicate good restoration of the graphene structure, as well as little

sulfur remaining in the final product. (b) Left: XPS analysis of C1s in

different samples. Right: XPS signal of S2p from 156 to 176 eV. (c) Left:

TEM image of CCG2. Right: corresponding selected area electron

diffraction (SAD) pattern taken at the relatively flat edge of the RGO

sheet. (d) Solubility tests. From left to right: GO in deionized water; GO

in DMF; CCG3 in deionized water; CCG3 in DMF after 50 min water

bath sonication. A red laser beam was directed through the dispersions to

show the Tyndall effect of these colloidal solutions. Although GO is

more soluble in water than in DMF, after reduction the product CCG3 is

more soluble in DMF than in water. Reprinted with permission from

Macmillan Publishers Ltd: [Nature Chemistry] (ref. 105), copyright

(2009).
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conductivity). In addition, since some of the carbon atoms are

missing in the sp2 carbon network of GO,111 it is difficult if not

impossible, to fully recover the carbon network by using

chemical reduction methods alone. Thermal methods may

provide some advantages in the reduction of GO, which is

reviewed in section 4.2.

4.1.2 Chemical reduction mechanism. While considerable

reduction of GO can be achieved via treatment with hydrazine,

its chemical reaction pathway is still under debate. Since epoxy

and hydroxyl are the primary functional groups in GO, current

efforts are focused on the way these functionalities are removed.

Stankovich and Ruoff et al.107 proposed such a mechanism

shown as route 1 in Fig. 12a. The epoxy ring is first opened

through abstraction of hydrogen from hydrazine (N2H4), then

the resulting hydrazino (N2H3) can further attract this epoxy-

induced hydroxyl-forming hydrazino alcohol (N2H3–OH)185 and

transfer one more hydrogen into it, giving rise to one water

molecule. The dangling nitrogen in the remaining derivative

(–NNH2) can form two bonds with carbon atoms at the bridge

site and undergo thermal desorption upon heating to release

N2H2. In this scheme, irrespective of the significant point about

the hydrazine-mediated ring opening of epoxy, the picture of

nitrogen situated at the bridge site is disputable.

In the theoretical work from Gao and Nagase et al.,181

nitrogen in the hydrazine derivatives (–N2H3 and –NNH2) sits at

the atop site and two feasible routes are proposed, as shown in

Fig. 12b depending on the nitrogen bonded with the nearest or

meta-site carbon atom. In route 2, starting with the structure

(not shown here) of physisorption of N2H4 adjacent to epoxy

stabilized by hydrogen bond (Gibbs free energy is referred to as

0.0 kcal mol21 in Fig. 12c), by getting over the potential energy

barrier height of 34.9 kcal mol21 indicated as transition structure

1 (ts1), in which N2H4 comes closer to the carbon plane within

the bonding range of nitrogen and carbon, one H is sponta-

neously transferred from N2H4 into the atop oxygen and forms

Fig. 10 Flexible RGOHI–AcOH paper and thin film with GO reduced in the gas phase. (a) Flexible RGOHI–AcOH paper. (b) Flexible GO (left) and

RGOHI–AcOH thin films on a PET substrate. (c) XPS analysis of the C1s region in RGOHI–AcOH and RGONH2–NH2 papers. A large loss of oxygen-

functional groups after exposure to gas-phase reductants is evident. (d) SEM image of a cross-section and Raman spectra (inset) of RGOHI–AcOH paper.

(e) Electrical properties of RGOHI–AcOH (blue) and RGONH2–NH2 (red) papers. RGOHI–AcOH paper shows significantly higher electrical conductivity

compared with the RGONH2–NH2 paper. (f) Water contact angles: (left) GO (62.8u), (middle) RGOHI–AcOH (78.5u) and (right) RGONH2–NH2 (69.0u)
papers. Reprinted by permission from Macmillan Publishers Ltd: [Nature Communications] (ref. 74), copyright (2010).
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hydroxyl; in this way the nitrogen in N2H3 is bonded to nearest

carbon. Again after getting over a slightly lower barrier height of

22.0 kcal mol21 represented as transition structure 2 (ts2), in

which the derivative (N2H3) rotates and forms a hydrogen bond

with this hydroxyl, another hydrogen is dissociated from this

derivative and bonds with hydroxyl to form a water molecule

with the remaining nitrogen containing moiety, developing into

N2H2. In route 3, the reaction mechanism is similar to that in

route 2, except that the nitrogen is bonded to the meta-site

carbon and the energy barrier height for ts1 is 3.1 kcal mol21

greater (Fig. 12d). In reality, both routes exist during the

reduction process and either can be dominant depending on the

coverage extent and distribution of epoxies. At the beginning

stage of reduction, as the epoxy coverage is high, it was found

that route 3 is dominant since its energy barrier height in ts1 is

2.8 kcal mol21 less than that of ts2 in route 2, while as the

reduction proceeds, the coverage decreases and route 2 becomes

dominant. However, no matter which route prevails, the

reduction gets more and more difficult as epoxies are removed.

Also, for the epoxies deposited at the edges, it turns out that they

can only be transformed into hydroxyls.

Instead of this Langmuir–Hinshelwood mechanism, the results

from Kim et al.186 showed that Eley–Rideal mechanism is

predominant in which the nitrogen in hydrazine derivatives does

not prefer to form any bonds with the carbon plane throughout

the reduction process; the derivatives just fly away and could

also react with another epoxy to transform it into hydroxyl

(Fig. 13a). In fact, this reaction is more favourable since this

derivative is less stable than hydrazine. In contrast to the results

that hydrazine cannot serve as the reducing agent, Kim’s

calculation demonstrates that hydroxyl can indeed be reduced

by hydrazine with a smaller barrier height than that of epoxy

(Fig. 13b). From these results, it is proposed that both hydrazine

and its derivatives act as reducing agents in the reduction of GO.

Another noticeable phenomenon is that nitrogen can be

incorporated into the GO during its reduction with hydrazine,

but the current modeling of chemical reduction dynamics does

not cover this direction. One interpretation is that the carbonyl

containing functional groups (lactones, anhydrides, and qui-

nones) in GO react with hydrazine to form hydrazides and

hydrazones but only hydrazone results in the removal of

oxygen.107

4.2 Thermal reduction of graphene oxide

Chemical reductions of GO are successful with many different

reducing agents; however, the reduction level of the RGO cannot

be easily controlled and the conductivity of the RGO is relatively

low when compared with graphite or graphene. To address these

challenges, thermal reduction of GO is carried out by heating the

GO in various atmospheres (ultra-high vacuum, Ar, H2, NH3),

or with different heating sources like microwave, flash light,

laser, plasma, electric current, or heated AFM tip; the results

show that high conductivity could be achieved by heating GO at

a high temperature. In the following text, thermal reduction of

GO is discussed from both the theoretical and experimental

point of view.

4.2.1 Thermal reduction mechanism. Although oxygenated

functional groups in GO can be thermally removed via the

release of gas molecules of H2O, CO2 and CO, there are several

questions still remain about the thermal reduction of GO. First,

is there any correlation among the production of gas molecules?

Second, what is the formation mechanism of these gas molecules

during the reduction process? Last but not least, can the

functional groups be totally removed? In general, mass loss

during the thermal reduction of GO from TGA demonstrates

two primary temperature ranges: one around 150 uC and the

other around 600 uC (this mass loss is only prominent for GO

annealed in air).112,113,187 Epoxies and hydroxyls are believed to

be removed mainly in the first temperature range, while other

functional groups present before annealing as well as thermal

reduction induced could translate to the second temperature

range. Fig. 14a shows the gas-induced pressure of GO during

the thermal reduction.188 Obviously, the pressure peaks arising

from different gases develop around the same temperature, and

moreover, the area ratio of CO2-to-CO is found to be 1.9 : 1.

Since GO platelets are suspended in the solution and drop-cast

onto the substrate, mass loss and pressure developed before

100 uC are generated by the evaporated water molecules

intercalated initially between GO layers. The pressure peaks

around the same temperature strongly suggest, however, that

the production of these gas molecules occurs concurrently and

even synergistically.

Fig. 11 (a) Photographs of aqueous dispersions (0.5 mg ml21) of GO

before and after being reduced via Fe for different reduction times. (b)

AFM image of GO dispersed on mica and (c) corresponding line profile.

(d) Photograph and (e) SEM image of RGO for 30 min without acid

treatment. (f) SEM and (g, h) TEM images of RGO for 360 min at

different magnifications. The inset of panel (f) shows the pressed RGO

slice. Reprinted with permission from ref. 153. Copyright (2010)

American Chemical Society.
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To elucidate the mass loss observed in TGA and simulta-

neously developed gas pressures, deep insight into the mechan-

ism about how these gas molecules evolve is needed, not only

because it is key to fully understanding thermal reduction

process of GO, but also because it is prerequisite to tailor

properties of thermally-reduced GO and to further atomically

engineering TRGO-based materials for various applications.

During the reduction process, the picture of the evolution of

water molecule is clear, in which hydrogen atoms dissociate from

hydroxyls and combine with other nearby hydroxyls to form

water molecules, leaving the atop oxygen atoms to form

epoxies.189 XRD spectra reveal some transition state structure

with an interlayer distance of 5 Å corresponding to the

desorption of hydrogen atoms.187 Nevertheless, the mechanism

Fig. 12 (a) Proposed reaction route 1 for epoxy reduction with hydrazine. Reprinted from S. Stankovich et al., Synthesis of graphene-based

nanosheets via chemical reduction of exfoliated graphite oxide, Carbon, 2007, 45, 1558–1565.107 Copyright (2007), with permission from Elsevier. (b)

Schematic evolution of local atomic structure of epoxy reduced with hydrazine via routes 2 and 3, the magenta (and green), red, violet, and white balls

represent C, O, N, and H atoms, respectively. (c) and (d) reaction energy profiles for routes 2 and 3 in (b) under vacuum, values in upright and italic

type are relative enthalpies (Hrel, in kcal mol21) and relative Gibbs free energies (Grel, in kcal mol21) at room temperature (25 uC). Reprinted with

permission from ref. 181. Copyright (2010) American Chemical Society.
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of CO2 and CO formation is still elusive at this time. One reason

is that few efforts are devoted to this area, as limited conclusions

can be found in the literature. Within the scope of our survey,

Car et al.79 related the evolution of CO2 to the epoxy with the

broken carbon bond underneath, but they did not provide any

path for the formation process. By modeling the functional

groups deposited on the basal plane of carbon to the highest

oxidation level of 50% using the Monte Carlo method, Paci

et al.119 proposed a mechanism on the CO release. In their study,

epoxy could become an atop oxygen stabilized by the hydrogen

bonding with nearby hydroxyl and even migrate across the

carbon plane with the assistance of hydrogen transferred from

hydroxyl. When two atop oxygens are close enough after a series

of migrations, two of the three carbon bonds near an atop

oxygen are broken, thereafter the third bond is broken to release

the gas molecule of CO. The authors further proposed the

formation of CO2 as a secondary reaction of CO with other

oxygen-containing groups. Overall, the story about the mechan-

ism of these gas molecules is far from clear and satisfactory, and

demands future attention.

Considering that the carbon lattice in GO is conserved during

the oxidation process and that transport properties of graphene

is totally ruined by the functional groups, the purpose of thermal

reduction is to remove the oxygen groups and restore the

transport properties of graphene. Here, it is worth noting that

although ‘‘defected’’ graphene loses some electrical conductivity/

mobilities, the defects also offer extra functions to graphene to

enable many interesting applications that are impossible for pure

graphene. For example, "defects" make it possible to make

surfactant-free graphene colloids,95 and they also bring advan-

tages in specific applications like fuel cells, which are discussed in

section 4.2.2. Despite great efforts, the atomic ratio of C1s and

O1s obtained by XPS spectrum showed that oxygen could not

be completely removed, even at a heating temperature up to

1100 uC in ultra-high vacuum,77,106 and close inspections manifest

there are sp3-like carbon atoms in the thermally-reduced GO

Fig. 13 Optimized configurations for the initial (IS), transition (TS),

and final (FS) states of epoxy ring opening via H abstraction from

NHNH2 (a) and OH hydrogenation via H abstraction from N2H4 (b),

together with the corresponding activation energy and exothermicity (in

kcal mol21). For each state, both top and side views are presented. The

gray, red, cyan, and white balls represent C, O, N, and H atoms,

respectively. Selected bond lengths (in angstroms) and bond angles (in

degrees) are also shown (hydrogen bonds are indicated by a dashed line

"—"). Reprinted with permission from ref. 186. Copyright [2009],

American Institute of Physics.

Fig. 14 (a) Temperature programmed desorption spectra of GO film

thermally reduced at heating rate of 30 uC min21; m/z = 18, 44, 28, 32

indicate H2O, CO2, CO, and O2, respectively. The inset is the heating rate

curve. Reprinted with permission from ref. 188. Copyright (2009)

American Chemical Society. (b) The atomic percentage of different

carbon atoms identified by XPS with respect to the annealing

temperatures. The inset indicates the oxygen percentage evolution during

the reduction process. Reprinted with permission from ref. 106.

Copyright (2009) John Wiley and Sons.
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(TRGO) (Fig. 14b).106 A comparison of the binding energies of

different functional groups190 and XPS peak assignments of

oxygen atoms77,106,191 indicated that remaining oxygen could be in

the form of cyclic ether, suggesting that planting oxygen atoms

into the carbon backbone is relevant to the carbon loss resulting

from the release of CO2 and/or CO. These ethers can either sit at

the edge of TRGO platelets or spread across it. As a result of the

latter case, two possible scenarios could develop: first, there is at

least one C atom lost nearby the oxygen atom in the ether, leaving

two sp2-like C atoms unsaturated; second, there is no carbon loss

near this ether type of oxygen; however, in order to prevent

forming any bond between one of the three nearest carbon atoms,

the oxygen and one such atom are repulsed out of the carbon

backbone oppositely, and, at this point, this outward carbon is off

the sp2 one, and possibly close to the sp3 one.

The morphology of TRGO is different from that of pure

graphene in several respects. With the carbon loss and some

oxygen atoms remaining after thermal reduction, the line defects,

holes, and lattice mismatch-induced crumples111 are prominent

in the carbon skeleton of TRGO. In addition, tight binding

molecular dynamics (TBMD) simulations under high tempera-

ture revealed that mono vacancies left by carbon atoms could

migrate to coalesce into a pentagon–octagon–pentagon double

vacancy at 3000 K, which could further evolve into the Stone

Wales type defect with three alternating pentagon–heptagons

forming into a cyclic structure.192 HRTEM images of a single-

layer TRGO exhibited clear regions aggregated by such

structures, as shown in Fig. 3b. For multilayer GO, the

macroscopic appearance could be governed to some extent by

the heating rates. SEM images showed that the thermally-

reduced multi-layered GO has an accordion-like structure at a

slow heating rate while the appearance becomes very fluffy at a

fast heating rate (Fig. 3e and f).113 The GO flakes could be

pushed far away from each other by the rapidly increasing

pressure due to the release of gas molecules in the reduction

process that overcomes the van der Waals force between adjacent

layers. And for thermal exfoliation, McAllister et al.142 calcu-

lated the diffusion coefficients for the gases based on the

Knudsen diffusion model and compared the results with the

Arrhenius dependence of reaction rates. The study indicated that

550 uC is the threshold temperature for the thermal exfoliation to

take place.

4.2.2 Thermal reduction in various atmospheres

GO could be thermally reduced in different atmospheres such as

in Ar, H2, NH3 and hydrazine.77,155,190 Similar to that in UHV,

GO thermally reduced in Ar prevents foreign adsorbates or

contaminants. After the addition of H2, interestingly and

beneficially, the outcome of the reduction differs. Both experi-

mental and theoretical results provided evidence that the

reduction level is higher for GO reduced in mixed H2 and Ar

than in pure Ar.77,121 With an initial C1s/O1s atomic ratio of 2.8,

the C1s/O1s ratio of RGO increases to 7.3 (6.8) and 12.4 (11.4) in

the H2 and Ar mixture (pure Ar) under different temperatures

(500 uC and 1000 uC), respectively.77 Simulated results showed

that the reduction efficiency could be enhanced by 3.3–7.4%

under all considered conditions with different initial oxygen

percentages and epoxy to hydroxyl ratios at temperatures of

1000 K and 1500 K.121 A possible cause is that the thermally

dissociated hydrogen atoms from hydrogen molecules could

transform the carbonyls121 and epoxies193 into hydroxyls, which

further develop into water molecules. This transformation is

significant, as discussed in the prior section, as the outlet of

oxygen in the form of CO or CO2 through epoxies is related to

the loss of carbon and implantation of oxygen; however, oxygen

released via H2O does not introduce any oxygen into the carbon

backbone, and the exterior hydrogen atoms serve to transform

these epoxies into hydroxyls.

Not surprisingly but noteworthily, water also offers path to

providing hydrogen. As a matter of fact, water in GO can be

categorized into intercalated and bound ones that are con-

strained in the carbon vacancies and small holes in the carbon

lattice of GO.194 Usually, the former can easily evaporate by

heating, while the latter is hard to remove entirely since the water

molecules are strongly physisorbed to the carbon atoms in

vacancies and holes. To remove this water molecule, normally it

takes about several days to obtain anhydrous GO in desiccators.

Moreover, as opposed to a single-layer GO, by both theoretical

calculation and experimental observation, Acik et al.195 revealed

that such water molecules play a significant role in the formation

of carbonyls and cyclic ethers. It is believed that water molecules

could be dissociated into hydroxyls, carbonyls, and C–H groups

via interacting with active carbon atoms at the edge of the holes

after getting over the energy barrier of 0.692 eV.196 It is also

noteworthy that even CO2 can be trapped in the multilayer GO

during the thermal reduction due to the limited nature of

diffusion,195 not to mention water molecules, as the carbon

atoms are removed from the carbon plane to leave vacancies

with the formation and release of CO2 and CO.

Foreign atoms like nitrogen could be introduced into TRGO

in nitrogen-containing atmospheres such as NH3 and hydra-

zine.155,162 In 2009, Dai’s group reported a simple method to

obtain N-doped TRGO sheets through thermal annealing of GO

in ammonia.155 N-doping was accompanied by the reduction of

GO with decreases in oxygen levels from y28% in as-made GO

down to y2% in 1100 uC NH3 treated RGO. To investigate the

electronic properties of the N-doped RGO, an FET device

(Fig. 15a) based on the RGO was fabricated and electrical

measurements of individual RGO sheet devices demonstrate that

GO annealed in NH3 exhibits an n-type semiconducting

behaviour in vacuum (Fig. 15b and c), while GO reduced in

H2 shows an p-type behaviour (Fig. 15d). Due to the introduced

nitrogen in the carbon lattice, which increases the density of

states (DOS) around the Fermi level, GO annealed in NH3 also

shows higher conductivity than those annealed in H2 (Fig. 15e).

Since GO reduced in NH3 shows superior conductivity, thermal

reduction in NH3 was used to further reduce RGO that was pre-

reduced by N2H4;33,95 and the resulting RGO has very high

conductivity (35,000 S m21 at 500 uC). The nitrogen-doped

TRGO could be a potential candidate in fuel cells since both the

introduced nitrogen22,197–201 and the carbon defects202–205 are

active sites for oxygen-reduction reactions.

The carbon loss in N-doped GO treated with hydrazine is

based on the reaction between hydrazine and carbonyl contain-

ing functionalities,107 while the carbon loss in N-doped GO

annealed in ammonia is due to the reduction of epoxies and

hydroxyls. XPS analysis of the N binding configurations of
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doped GO presents two types of nitrogen: pyridinic N (N that is

situated at the edge of holes or RGO flakes and forms two bonds

with carbon atoms in 6-membered ring) and quaternary N (N

that replaced the carbon atoms in the graphene plane). The

evolution of nitrogen from XPS revealed that N-doping occurs

at temperatures as low as 300 uC, and at this stage the quaternary

N is dominant, while the highest doping level of y5% N is

achieved at 500 uC and pyridinic N becomes dominant at higher

temperatures (likely beyond 700 uC)155. The quaternary N

develops at the initial stage of thermal reduction is due to the

monovacancies left by CO or CO2. The reduction of carbonyls

and carboxyls, the reduction induced cyclic ethers, and the

possible carbon gasification206–208 give rise to the formation of

pyridinic N at higher temperatures.

4.2.3 Thermal reduction through various heating sources. GO

could be successfully reduced in various atmospheres under

different temperatures, and it could also be reduced with

different heating sources like a flash light or a heated AFM

tip. In Cote’s study,176 a room-temperature, chemical-free flash

reduction process was studied, in which a photographic camera

flash instantaneously triggers the deoxygenation reaction of GO

by photothermal heating. Fig. 16 shows the GO paper before

and after exposure to a photographic camera flash, from which

the color of the GO paper changed from brown to black after

reduction. They also studied the scalable production of

functional RGO-based devices on flexible substrates by flash

patterning. Arrays of RGO/polystyrene interdigitated electrodes

(IDE) were fabricated on a 1.5 inch diameter GO/polystyrene

thin film deposited on a nylon filter paper and tested for a gas-

sensing application. Similar to flash light, microwave, laser, and

plasma were used as the heating source to reduce GO.

Additionally, since the size of the GO ranges from several

nanometres to several microns, the local reduction of GO

(reduction of GO in a controlled area) is of great interest since

the topographical and electrical properties of GO could be

modified for specific applications. In one recent report,180 Wei

et al. developed a method to tune the topographical and

electrical properties of RGO with nanoscopic resolution by local

thermal reduction of GO using a heated AFM tip (Fig. 17). The

Fig. 15 Electrical properties of single RGO sheet annealed in NH3 vs.

H2. (a) A typical AFM image of a N-doped RGO sheet device. (b)

Current–gate voltage (Ids–Vgs) curves (recorded at Vds = 1 V) of a single

RGO device fabricated with an NH3-annealed (700 uC) GO sheet. Red

solid line: device measured in air. Green solid line: device measured in

vacuum. Blue solid line: device measured in vacuum after electrical

annealing. (c) Current–gate voltage (Ids–Vgs) curves of a single RGO

device fabricated with an NH3-annealed (900 uC) GO sheet. (d) Current–

gate voltage (Ids–Vgs) curves of a single RGO device fabricated with a H2-

annealed (900 uC) GO sheet. (e) Statistics of normalized sheet resistance

of devices fabricated with single RGO sheets annealed in NH3 and H2 at

different temperatures. Normalized resistance is defined as RW/L, where

R is resistance of device and W and L are the RGO sheet width and

channel length, respectively. Reprinted with permission from ref. 155.

Copyright (2009) American Chemical Society.

Fig. 16 A GO paper (a) can be instantaneously reduced (b) upon

exposure to a photographic camera flash. The grids in the background

are 1 mm 6 1 mm. The flash reduction of GO was evident by the

dramatic changes in color (a, b), water contact angle (insets), (c) TGA,

and (d) FTIR. In (c), (d) and (f) the blue lines correspond to GO and the

red lines correspond with the flash-reduced GO. (e) Cross-sectional view

of a RGO paper showing large thickness expansion after flash reduction.

Only the right half of the GO sample was flashed. The left part of the

picture shows the cross-sectional view of the light brown colored GO

film. The thickness increased by almost 2 orders of magnitude, resulting

in a very fluffy and potentially high surface area film. (f) The lack of a

graphitic peak in the XRD pattern of the reduced material suggests

disordered packing of the RGO sheets, consistent with the large volume

expansion observed in (e). Reprinted with permission from ref. 176.

Copyright (2009) American Chemical Society.
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RGO regions are up to four orders of magnitude more

conductive than pristine GO. The AFM tip-based thermoche-

mical nanolithography method could control the extent of GO

reduction and pattern nanoscale regions of RGO within a GO

sheet. This method could potentially be used in the manufacture

of RGO nanoelectronics by using arrays of heated probe tips,

and since the RGO area is controllable, RGO devices with

different structures and sizes could be developed depending on

the applications.

To summarize, thermal reduction of GO is widely studied in

the preparation of highly reduced GO, and the reduction of GO

already occurs at moderate temperatures (150–180 uC).170,172

Compared with chemical methods, the reduction level of the

RGO could be precisely controlled by heating temperature, gas

environment, and duration. In addition, by heating the GO with

N-containing gases like ammonia and hydrazine, RGO could be

prepared as n-type doped. To achieve a high reduction level in

RGO, i.e., the least amount of oxygen groups, many reports

combined the chemical reduction with thermal reduction, e.g.,

reducing the GO with chemical reducing agents under high

temperature or thermal annealing the chemically-reduced RGO.

Table 1 summarizes the GO reduction approaches, the C/O ratio,

and conductivity in as-prepared RGOs. So far, the RGO with

the largest C/O ratio (.246) was prepared by reducing GO using

NaBH4 and further thermal annealing at 1100 uC. Among these

methods, the RGO with highest conductivity (57 300 S m21) was

prepared by reduction of GO with NMP and further thermal

annealing at 1000 uC. However, it is necessary to mention that

the conductivity of a RGO sheet depends on various factors,

such as the reduction level, defects, doping concentration, charge

mobility, and so on.

5. Conclusions and perspectives

Various GO synthesis methods, i.e., Hummer and Offeman,

Staudenmaier, and Brodie methods, were introduced, among

which the Hummer and Offeman method is the most commonly

used method to produce GO. Major functional groups in GO are

epoxy, hydroxyl, and carbonyl, which locate on the basal plane

of carbon skeleton, and carboxyl, which sits on the edge. Tiny

islands of pure epoxies and hydroxyls, as well as graphene-like

region and holes, co-exist in the GO carbon network. Although

studies are available on GO structure modeling, the existing

models fail to elucidate the formation dynamics of gas molecules

released during their thermal reduction process. To better

understand the GO structure and its evolution during the

thermal reduction process, it is essential to introduce the

mechanism that functional groups are competing with each

other on bonding sites energetically in large blocks with different

ratios and amounts.

RGO could be successfully prepared by various reducing

agents; however, so far, no method is proved applicable in the

mass production of RGO, since the chemical methods are limited

by the toxicity of the reducing agents, multiple steps, and long

reaction time. On the other hand, thermal reduction of GO

already occurs at moderate temperatures (150–180 uC); and

compared with chemical methods, the reduction level of the RGO

could be precisely controlled by the heating temperature, the gas

environment, and the duration. To achieve a high reduction level,

approaches are proposed to combine chemical reduction with

thermal reduction. So far, the RGO paper with the largest

conductivity (57 300 S m21) is prepared by reducing GO with

NMP and further thermal heating at 1000 uC. Defects such as

missing carbon atoms or holes in the GO carbon network could

not be fixed by chemical reduction methods; however, with

thermal reduction of GO with a carbon-containing gas source, it

might be possible to repair the carbon network in GO. In addition,

by heating the GO with N-containing gas-like ammonia and

hydrazine, RGO could be prepared as n-type doped.

Future directions in RGO preparation are to develop a simple,

green, and efficient method for the mass production of RGO.

Based on the applications, e.g., the anode materials in the lithium

ion batteries, field emitters, and hydrogen storage substrates, the

mass production of RGO is needed because the amount of RGO

used in these applications is large compared with RGO sensors

and transistors. Meanwhile, for conductive electrodes used in

energy conversion applications, RGO film or paper is desirable

Fig. 17 Locally thermal reduction of a single-layered GO flake. (a)

Topography of a cross shape of RGO formed after an AFM tip heats the

contact to 330 uC scanned across the GO sheet at 2 mm s21. (b) The

averaged profile of the trench outlined in (a) shows that the width of the

line can be as narrow as 25 nm. (c) Room-temperature AFM current

image (taken with a bias voltage of 2.5 V between tip and substrate) of a

zigzag-shaped nanoribbon fabricated by TCNL on GO at Theater y 1060

uC with a linear speed of 0.2 mm s21 and a load of 120 nN. (d)

Corresponding topography image taken simultaneously with (c). From

ref. 180. Reprinted with permission from AAAS.
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and the direct and one-step fabrication and reduction of RGO

film or paper from GO is a promising direction. In general, to

avoid the sophisticated GO reduction process and possible

environmental pollution from the reducing agents, simple, green,

and low-cost approaches are highly desirable. Another future

direction in RGO preparation is to tune the structural or electrical

properties of RGO by labeling the RGO sheets with functional

groups or metallic/semiconducting nanoparticles. Chemical reduc-

tion methods are more suitable for this treatment and the resulting

hybrid nanostructures may bring additional advantages towards

RGO applications. Last, but not least, RGO structure is different

from pristine graphene, even if all oxygen-containing groups are

completely removed from the carbon network. The inherent

structure differences and the dependent properties variations in

RGO and graphene are crucial for graphene-based materials

applications, and require more investigations both in modeling

and experimental aspects in the future.
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