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ABSTRACT
Reduction of graphene oxide (GO) is a promising low-cost synthetic approach to bulk graphene, which offers
an accessible route to transparent conducting films and flexible electronics. Unfortunately, the release of
oxygen-containing functional groups inevitably leaves behind vacancies and topological defects on the reduced
GO sheet, and its low electrical conductivity hinders the development of practical applications. Here, we present
a strategy for real-time repair of the newborn vacancies with carbon radicals produced by thermal decomposition
of a suitable precursor. The sheet conductivity of thus-obtained single-layer graphene was raised more than
six-fold to 350–410 S/cm (whilst retaining >96% transparency). X-ray photoelectron spectroscopy (XPS) and
Raman spectroscopy revealed that the conductivity enhancement can be attributed to the formation of additional
sp2-C structures. This method provides a simple and efficient process for obtaining highly conductive transparent
graphene films.

KEYWORDS
Graphene, graphene oxide, reparative reduction, transparent flexible electrode

Owing to its excellent optical transparency and
electrical conductivity, graphene film is a good
candidate for transparent electrodes [1]. Moreover,
graphene has been incorporated as a new building
block in composite materials for a wide range of
applications [2], taking advantage of its thermal
stability and exceptional mechanical properties. All
these promising applications require a large quantity
of high-quality graphene with sufficient structural
homogeneity over large areas. However, none of the
reported methods can meet all the requirements. For
example, the mechanical cleavage method yields
only small graphene pieces and is not considered as

a scalable technique [3]. Another route involving
epitaxial growth on expensive single crystal substrates
needs ultrahigh vacuum which limits its practical
applicability [4]. Rapid advances in chemical vapor
deposition (CVD) of graphene have been achieved
recently. However, unacceptable uniformity of Ni-CVD
[5] and self-limited monolayer formation of Cu-CVD
[6] create barriers to graphene electronics. Solution
processes, such as organic synthesis [7], exfoliation
of intercalated graphite in organic solvents [8], and
chemical conversion from graphene oxide (GO) [9, 10]
are predominant in massive production and costeffective electronics.
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Because of the small lateral size of the resulting
graphene and the low yield, both organic synthesis
and intercalation–exfoliation have received much less
attention than reduction of GO. GO is commonly
obtained by oxidizing graphite powder in the presence
of strong acids and oxidants. The sheet is decorated
with hydroxyl and epoxy groups and carbonyl and
carboxyl groups are attached at the edges [11]
(Scheme 1(a)). These oxygen-containing functional
groups disrupt the aromatic regions in the basal plane,
so that the layer of GO consists of both aromatic
regions and oxidized aliphatic six-membered rings,
which leads to distorted sp3-hybridized geometry and
results in the insulating property of GO. Removing
these oxygen-containing groups tends to restore the
electrical conductivity of graphene. Typically, chemical
reduction converts the insulating GO into sheets with
up to four orders of magnitude higher electrical
conductivity [12, 13]. However, either reducing GO
in solution using reductants, for example, the widely
applied hydrazine [9], or via thermal annealing [10],
inevitably leads to the resulting reduced graphene
oxide (r-GO) containing both lattice defects originating
from the leaving or substitution of oxygen-containing
groups and residual oxidized groups that are difficult
to remove (Scheme 1(b)), which reduces the electrical
conductivity. For monolayers of r-GO, electrical
conductivities of only 0.05–2 S/cm have been reported,
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which is less required for transparent electrodes [12].
Additionally, the defects and decorated oxygen may
deprive the r-GO of some of the intrinsic properties of
pristine graphene. Therefore, in order to exploit the
macro-scale yield of the GO reduction approach, it is
essential to find a strategy to restore the defective areas
of graphene and improve its electrical conductivity.
Recently, López and colleagues used ethylene to
heal reduced GO [14]. In their work, a GO sample was
first reduced by thermal annealing in H2/Ar mixture
flow, and was then subjected to a carbon source. During
the high-temperature thermal treatment, the epoxy
groups or hydroxyl groups carried away the adjacent
carbon atoms to form carbon oxides, which inevitably
leaves behind lattice vacancies, leading to defective
graphene structures [11]. As a result, they still detected
a significant content of residual defects in their healed
samples. Herein we present a more facile method to
obtain high-quality graphene films by reparative
reduction of GO in one step. When the oxygencontaining groups are just leaving, there remain the
adjacent carbon atoms with dangling bonds. Then we
have an opportunity to add extraneous carbon radicals
into the sites (Scheme 1(c)) to form a relatively intact
structure (Scheme 1(d)). The recovery of an ordered
graphene structure was realized by introducing
carbon radicals in the thermal annealing process via
a rapid-heating process.

Scheme 1 Structure of GO (a) and thermally reduced GO (b); Simultaneous reduction of GO and recovery of graphene structure (c), to
obtain near pristine graphene (d)
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GO was synthesized from natural graphite powder
by a modified Hummers method [15, 16]. Assynthesized GO was treated by dialysis to completely
remove residual salts and acids, and then dispersed
in water under sonication to give a brown dispersion.
The resulting dispersion was subjected to 10 min of
centrifugation at 6700 rpm to remove unexfoliated
GO. Single- to bi-layer GO films were fabricated by
spin-coating of 1 mg/mL GO aqueous solution on
hydrophilic substrates at 800 and 1600 rpm in sequence.
The SiO2/Si and quartz substrates were first cleaned in
piranha solution (7:3 H2SO4:H2O2) for 30 min at 90 °C,
followed by rinsing with deionized water, then treated
in RCA solution (5:1:1 NH3·H2O:H2O2:H2O) for 20 min
at 90 °C, which was also followed by rinsing with
deionized water. Finally the substrates were dried
under an ultrapure nitrogen stream.
According to the tapping mode height images
of atomic force microscopy (AFM), a fully-covered
single- to bi-layer GO film can be obtained on SiO2/Si
substrates. The single-layer GO sheets were ~1.1 nm
in height (Fig. S-1 in the Electronic Supplementary
Material (ESM)) and their lateral sizes ranged from
several hundreds of nanometers to several micrometers
(Fig. 1(a)). To achieve the reparative reduction, the
as-prepared GO films were rapidly inserted into a
furnace in a flowing Ar/H2 (200 sccm/100 sccm) gas
mixture when its temperature reached 1000 °C. At the
same time, a carbon source (5 sccm methane) was
introduced for the whole reduction process, which
lasted one hour. For the control experiment, GO film
was thermally treated in the same way but without
adding any carbon source.
After reparative reduction, (as shown in Fig. 1(b)),
the film became smoother, which may be due to the
removal of intercalated water between GO and the
substrates, and a better contact between the layer and
substrates resulting from treatment at high temperature.
The sheet resistance of the single-layer reparatively
reduced GO films was measured using a Loresta-EP
MCP-T360 resistivity meter (Mitsubishi Chemicals)
with 4-pin probes on silicon substrates with a 300 nm
oxide layer. Reparative reduction resulted in an increase
in the electrical conductivity of the films by more than
6 times to about 350–410 S/cm (Fig. 2(a)). This electrical
conductivity is superior to previously reported results
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Figure 1 Tapping mode AFM height images of a GO sheet
before (a) and after (b) the reparative reduction procedure

[10, 14], verifying that the recovery process has taken
place. The rise in electrical conductivity suggests the
extension of sp2 islands and diminishment of the
defect areas [11]. The sheet conductivity of multilayer
graphene films (the film thickness was measured
using an Ambios Technology XP-2 stylus profilometer)
also increased after recovery (Fig. 2(b)). However, the
magnitude of the increase was smaller than for the
thin film. This results from the stacking of GO plates
in the thicker film, which connects the dispersed
pieces in a more dense state and weakens the effect of
graphene basal-plane defects on electron transport.
Consequently, this phenomenon confirms that the
restored electrical conductivity mainly originates from
the recovery of the aromatic structure by forming
new bonds and repair of the defects. The optical
transmission of the reparatively reduced films on quartz
was measured in the range from 300 to 2500 cm–1 using
a Lambda 950 UV/vis spectrometer (PerkinElmer).
There are obvious transmission differences between
merely annealed and reparatively reduced GO films
(Fig. 2(c)). The larger absorption in the latter suggests
restoration of the π-electron system to a greater
extent [10]. Notably, even with more aromatic regions
restored, the graphene films still retain a high
transmittance (more than 96%) over the visible and
near infrared regions, which is acceptable for use
in transparent conducting films. Table 1 shows a
comparison of the optical transmission and electrical
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Figure 2 (a), (b) Electrical conductivity of thermally reduced and
reparatively reduced films on SiO2/Si and (c) optical transmission
of the films on quartz
Table 1 Performance comparison of r-GO films prepared by
various reduction processes
Reduction process
1a
b

Hydrazine

2

Hydrazine +400

3c

Electrical reduction

d

°C

Transparency Sheet conductivity
(% @550 nm)
(S/cm)
90%

~0.01

90%

10–100

—*

~14

—

*

4

CVD repair

10–350

5

Thermal reduction

97%

52–64

6

Reparatively reduction

95%

350–410

a,b from Ref. [10]
c from Ref. [17]
d from Ref. [14]
*
Note: Transmittance data were not provided.

conductivity of various kinds of r-GO. Compared with
chemically reduced GO [10], electrically reduced GO
[17] and CVD-repaired GO [14], the high transparency
and conductivity of our reparatively reduced films
make them more competitive in transparent conductive
applications.
X-ray photoelectron spectroscopy (XPS) was used
to further investigate the recovery effect. As revealed
in Figs. 3(a)–3(c), the increase in graphitic carbon (C–C,

about 284.4 eV) content shows that in the reparative
reduction there is additional formation of C–C bonds.
This is consistent with the observed decrease in the
film resistance. Raman mapping using a micro-Raman
spectrometer (633 nm excitation wavelength) was performed over an area of 100 µm2 (1225 points in total)
on the films to evaluate the repaired graphene films.
As shown in Figs. 3(d)–3(g), both the wavenumber of
the G peak and the D/G intensity ratio increased after
the recovery process. A blue shift of the G peak is
known to indicate sp 2 clustering and ordering.
Meanwhile, the intensity ratio I(D)/I(G)∝L2a, where
La denotes the in-plane correlation length within an
ordered graphite layer, i.e., I(D)/I(G) is proportional
to the number of aromatic rings [18]. Hence, the
increased I(D)/I(G) ratio after the recovery process
suggests the formation of sp2 structures. Therefore,
these results suggest that the recovery process we
introduced during the thermal annealing procedure
helps to decrease the number of oxygen-containing
groups and to restore the aromatic structure of
graphene basal plane.
During thermal annealing, the carbon source (CH4)
decomposes into Cx radicals [19], which can then react
with the decomposed oxygen radicals to form stable
carbon oxides, reducing the probability of vacancyforming reactions by preventing oxygen radicals
from carrying away the adjacent carbon atoms in the
graphene basal plane; alternatively the carbon radicals
can directly fill the vacancies formed and restore the
six-membered aromatic rings through reaction with
dangling bonds, just as in the recently reported
process of “cloning” single-walled carbon nanotubes
without a catalyst [20] (Scheme 1(c)). On this basis, it
is important to make sure that the recovery and
reduction of GO take place at the same time. However,
GO begins to deoxygenize at 200 °C, which is too low
a temperature to induce decomposition of the carbon
source. Thus, a fast heating step and synchronous
reduction and recovery are indispensible. Otherwise,
using a normal heating process or a two-step increase,
a number of vacancies will form without the opportunity to react with the carbon radicals and lose the
chance of recovery.
In conclusion, we have established a facile method
to obtain high-quality graphene films (with sheet
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Figure 3 XPS characterization of: GO (a); thermally reduced films (b); reparatively reduced films (c); raman mapping of the G peak
position of thermally reduced films (d) and reparatively reduced films (e); D/G intensity ratio of thermally reduced films (f) and
reparatively reduced films (g)

conductivity of ~350–410 S/cm and 96% transparency
over the visible and near infrared range) via reparative
reduction of GO. The restoration of the ordered
graphene structure was realized by introducing
carbon radicals when the vacancies with active ends
were freshly generated. The easy scale-up of this onestep process could give chemically derived graphene
a critical role in flexible and low-cost electronics, solar
cells and optical devices as transparent electrodes.
Moreover, the reparative reduction may provide an
insight into the “cloning” of graphene, from peeled-off
graphene to perfect large-area graphene.
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