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A simple and efficient method to repair defects in graphene oxide (GO) is reported, accom-

panied  by  a  simultaneous  reduction  process  by  a  methane  plasma.  The  graphene  after 

repair is of high quality. For a typical monolayer after repair and reduction, the minimum 

sheet resistance at the Dirac point and the Raman D/G peak intensity ratio are about 9.0 kX/ 

h and �0.53, respectively. 

� 2012 Elsevier Ltd. Open access under CC BY-NC-ND license.
1. Introduction

Graphene is a two-dimension carbon with unique mechani-

cal,  chemical,  and  electronic  properties  [1–7].  Reduction  of 

GO for graphene has attracted considerable attention for  its 

massive output  and  low-cost  [8–10].  Many approaches  have 

been developed, including thermal annealing [8,11–16], chem-

ical  [17–21],  photocatalytic  [22,23]  and  plasma  reduction 

[7,24], and it turns out to be efficient. However, abundant de-

fects are still existed after reduction, which are introduced by 

the oxidation and exfoliation process. These defects can de-

grade  graphene’s  quality  much,  i.e.,  electrical  conductivity 

and mechanical stiffness, thus are not favorable. It is demon-

strated  that defect  repair could  improve  the conductivity of 

restored GO film, rather than only with reduction [13,25–27]. 

However,  this  repaired  and  reduced  graphene  still  show 

strong  intensity  of  the  Raman  D  peak,  indicating  the  exis-

tence  of  dense  defects  [14,26].  Moreover,  the  defect  repair 

mechanism is still not clear. Here we report a methane plas-

ma restoration approach, by which defects of GO can be re-

paired  efficiently,  accompanied  with  a  simultaneous 

reduction process. The repair occurs at  the edges of defects 

(or  holes),  and  eventually  restore  the  GO  into  high  quality 

graphene.  The  resulting  graphene  have  the  lowest  D  peak 

and  highest  conductivity  ever  reported  for  GO  derived 

graphene.
CC BY-NC-ND license.
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2. Experimental

2.1. Samples preparation

In  this  work,  GO  colloidal  suspensions  were  prepared  from 

purely natural graphite by Hummer’s method [28]. Before we 

spin-coated GO suspension on Si/SiO2 substrate (P type heavy 

doping Si with 300-nm-thick thermal SiO2), the substrate was 

soaked  in  3-amino-propyltriethoxysilane  for  about  20 min. 

For the electrical measurement, three terminal devices were 

fabricated  for  as-made  GO  and  repaired  GO  (r-GO),  assisted 

by  electron  beam  lithography,  metal  deposition  by  electron 

beam evaporation, and lifting-off technique.

2.2. Defect repair for graphene basal plane

Highly oriented pyrolytic graphite (HOPG, A-grade,  from Ad-

vanced Ceramics) substrates with fresh cleaved surfaces were 

first  etched  by  O2-plasma  at �90 �C  with  plasma  power  of

120 W for around 30 s  to  introduce dense dot defects  in  the 

topmost layer. In order to view these defects directly, we en-

larged them into small pits with size of 10–20 nm with hydro-

gen (H2) plasma at �525 �C with plasma power of 100 W for

10 min, while etching occurs only at the edges around the de-

fects [29]. The defect repair was carried out in a remote plas-

ma  enhanced  chemical  vapor deposition  system  at �560 �C
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using pure methane (CH4) as the precursor. The gas pressure

and radio frequency plasma power were 0.20 Torr and 100 W,

respectively.

2.3. Defect repair for graphene oxide

With the same approach to repair HOPG we can also restore

GO to high-quality graphene, but at a slightly higher temper-

ature of �575 �C. Contrast to the lately reported method in

which artificially introduced defects of HOPG were partly re-

paired by acetylene with Fe as catalyst [30], our repair method

would obtain a high degree of restoration without catalyst.

2.4. Characterization

The topography information was acquired by atomic force

microscope (AFM, MultiMode IIId, Veeco Instruments Inc.).

Raman spectroscopy was carried out using a Horiba Jobin

Yvon LabRAM HR-800 Raman microscope (k = 532 nm). Ele-

mental composition analysis was carried out using X-ray pho-

toelectron spectroscopy (XPS, ESCALAB 250, Thermo Fisher

Scientific Inc.) using focused monochromatized Al Ka radia-

tion. Electrical measurements were using Agilent semicon-

ductor parameter analyzer (4156C) under high vacuum in a

four-probe station system.

3. Results and discussion

3.1. Demonstration of defect repair with graphene basal
plane

Prior to repairing GO, we carried out defect repair for graph-

ene basal plane with artificially introduced defects to demon-

strate the capability of repair by methane plasma. AFM was

used to view HOPG surface before and after healing for the

same area (Fig. 1a and b). From the images we can directly

see that most of the pits on the HOPG surface created by O2

and H2 plasma etching were filled out to reform the smooth

surface after healing. This process was also supported by

the Raman measurements, since the D peak (D, for defect

mode) nearly disappeared after healing (Fig. 1c). A schematic

drawing of the repairing process of these artificial defects cre-

ated in the graphene basal plane is shown in Fig. 1d. Some

pits in Fig. 1b are not fully filled but can be removed by ex-

tended healing. It was noted that the depositing process

started from the edges instead of on the bottom of pits or

the intact HOPG surface, revealing the importance of edges

in restoring structure of graphene. This kind of extended

growth at the graphene edges was consistent with what we

observed previously for nanographene growth [31].

3.2. Structure and elemental composition analysis

To investigate the restoration process, we carried out defect

repair for GO with different restoring durations. The corre-

sponding AFM images and the Raman spectra are shown in

Fig. 2a–d. Fig. 2a shows a typical as-made monolayer GO sheet

deposited on Si/SiO2 substrate. Most of the GO are monolayer

sheets with heights in the range of 1–2 nm and lateral dimen-
sions of few microns (Fig. 2a). Compared with the pristine

graphene with a thickness of �0.8 nm [5], the higher thick-

ness of as-made GO is due to the presence of the covalent

C–O bonds at both top and bottom surfaces, distorted sp3 car-

bon lattices and absorbed contaminations [19,32]. After meth-

ane plasma treatment for 3 min, all organic contaminations

adsorbed on both GO and substrate were removed, thus a

clean and smooth surface was achieved and the thickness be-

came lower (Fig. 2b). As the duration increased, the r-GO be-

came thinner and smoother due to reduction of oxygen

functional groups and sp3 carbon domains. Meanwhile, all de-

fects or holes in GO were getting repaired (Fig. 2c and d). It

was noted that nanographene started to nucleate on the sur-

face of the r-GO when the duration of methane plasma treat-

ment was over 10 min (Fig. S1).

The Raman spectra of the as-made and plasma treated

samples is shown in Fig. 3a, and the corresponding D/G (G

for graphite mode) intensity ratios (ID/IG) are plotted in

Fig. 3b. The ID/IG decreases after the restoration process from

1.03 for as-made GO to 0.53 for 10-min treated samples, and it

is far below those of other restored GO ever reported

[11,13,24]. Since ID/IG is proportional to the average size of

the sp2 carbon domain, the decreased ID/IG is attributed to

the removal of defects and the conversion of sp3 to sp2 car-

bons [33,34]. The XPS result also supports the high efficiency

of the reduction process. Resolution C1s peak of as made GO

reveal that its oxygen functional groups mainly consist of C–O

(hydroxyl and epoxy, �286.4 eV), C@O (carbonyl, �288.2 eV)

(Fig. 3c) [20,35]. After a 10 min repair with methane plasma,

these two peaks decrease obviously and C–C peak becomes

dominating, indicating that most of the oxygen functional

groups are removed (Fig. 3d). Based on these results, our r-

GO is more close to pristine graphene in terms of structure

than those of reduced GO without defect repair.

3.3. Control experiments

In order to further understand the defect repair efficiency of

this methane plasma treatment, we carried out reduction of

as-made GO in H2 atmosphere at high temperature of

�800 �C for a comparison. H2 annealing can cause C–O bonds

breaking and edge-passivation in GO [14,36]. The Raman

spectrum of these reduced samples shows very high D peak

(Fig. 4), indicating abundant structural defects in presence.

We also treated these reduced GO afterwards with methane

plasma to repair the defects. However, we found the repair

was less efficient for H2-reduced GO than it for as-made GO

under the same repair conditions, as revealed in the Raman

data in Fig. 4. Moreover, we used H2 plasma to reduce the

as-made GO at a temperature of �750 �C. We found that GO,

after H2 plasma reduction, became rougher and porous

(Fig. S2a). Although the quality of reduced GO by H2 plasma

was poor, the disordered edges were trimmed to some extent

[37], thus a slightly drop of intensity of the D peak was ob-

served in the Raman spectra (Fig. S2b). Additionally, transport

measurements of these samples show a nonlinear I–V depen-

dence and very low electrical conductivity (Fig. S2c). These

control experiments revealed the indispensability of carbon

in restoration process.



Fig. 1 – Defect repair on HOPG surface. (a) AFM image of HOPG surface with artificial defects created by O2 plasma etching at

room temperature and followed by H2 plasma etching at �525 �C to form monolayer pits. (b) AFM image of the area in (a) after

repairing defects. (c) The Raman spectra of HOPG surface before and after repair. (d) Schematic drawing of the repair process.

Fig. 2 – AFM characterization of GO and r-GO (a) AFM images of as-made graphene oxide. (b)–(d) Graphene sheets with

different repair durations of 3, 6 and 10 min, respectively (b) is the same area with (a). The inserted white curves are AFM

height profiles with each height value labeled and scale bar is 500 nm.
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Fig. 3 – Raman spectra and XPS spectra of GO and r-GO. (a) Raman spectra and corresponding D/G intensity ratios (b) of as-

made GO and samples with different repair durations of 3, 6 and 10 min. The C1s XPS spectra of as made GO (c) and r-GO after

10-min repair (d).

Fig. 4 – Raman spectra of GO with different treatments. As-

made GO (black), H2 annealed GO (red), H2 annealed and

then repaired by CH4 (blue) and directly CH4 repairing for

10 min (Green). (For interpretation of the references to colour

in this figure legend, the reader is referred to the web

version of this article.)
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3.4. Electrical measurements

We also carried out electrical measurements for r-GO, as

electrical conductivity is a direct criterion for judging the

quality of r-GO. The schematic and a typical AFM image of

the device are shown in Fig. 5a. The conductivity of the r-

GO is found to be over 4 orders of magnitude higher than

that of as-made GO. For a typical device (shown in

Fig. 5a), the sheet resistance RS (RS = RW/L, where R is the

maximum resistance of the device at the Dirac point; W
and L are the graphene width and channel length, respec-

tively) is about 9.0 kX/h, which is close to pristine graphene

[37,38]. This achieved graphene device also gives a very high

conductivity r around 1590 S/cm (calculated with r = 1/RSÆt,

where t is the film thickness, about 0.7 nm of this r-GO

sheet). After an in situ vacuum annealing to remove the ab-

sorbed impurities [34], the Dirac point of the r-GO device

shows a positive shift of about 30 V in contrast to as made

GO (Fig. 5b). The p-type behavior for the r-GO devices, which

has been reported for other reduced GO, is also observed in

our low temperature measurements and can be explained

by presence of persistent positively charged impurities and

substrate charge transfer [25]. The non-linear I–V character-

istic at high bias is also observed for these r-GO devices

(Fig. 5b inset) [39]. The output characteristic is showed in

Fig. 5c, as expected for a typical graphene based field-effect

transistor [9]. We also measured the RS for many other de-

vices, and all of them showed good conductivity with RS be-

low 20 kX/h. Note that the contact resistance was not

eliminated from the above calculations; the actual RS for

these r-GO devices were even lower.

Temperature dependent electrical measurements were

carried out in vacuum from room temperature down to

�4 K. The superior conduction performance of our r-GO is

also supported by its high conductivity even at that low tem-

perature with only a slightly rise in resistance upon cooling

down (Fig. 5d) [14]. Compared with pristine graphene, r-GO

has a larger sheet resistance due to its corrugated surface

and residual defects and its electrical conductance can be de-

scribed by the 2-D variable range hopping model [25,39]. The



Fig. 5 – Electrical properties of r-GO sheet. (a) Schematic diagram (top) and a typical AFM image (down) of a r-GO sheet device.

(b) I–V G curves for as-made GO (blue) and repaired GO (red) (Vbias = 0.1 V), whose I–V curves are showed in inset diagram

respectively. (c) I–V curves for different gate voltages that shows the tunability of graphene-based material and linear relation

of I–V. (d) Resistance at different temperate of a repaired GO device. Inset is a plot of current against T�1/3 whose partly linearly

fit is showed as the red line. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

Fig. 6 – Comparison of sheet resistances from previous

methods, ours and pristine graphene. Number in square

bracket is the corresponding reference.
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conductance (G) vs. Temperature (T) relation could be ex-

pressed as:

GðTÞ ¼ G1 exp � B

T1=3

� �
þ G0 ð1Þ

where B is the hopping parameter, defined as:

B ¼ 3

kNðEFÞL2
l

 !1=3

ð2Þ

where kB is Boltzmann’s constant, N(EF) is the density of mo-

bile carriers and Ll is the localization length. In this relation,

the first term becomes dominant at relatively higher temper-

ature, thus the plots of ln(IDS) vs. T�1/3 can be fitted linearly in

the left regime (red line in Fig. 5d inset), where the slope could

be estimated by B. Compared with other reported results of

reduced GO [7,25,39], our r-GO exhibits remarkably lower

slope, indicating its higher quality, since lower slope indicates

ether larger N(EF) or Ll, which should be attributed to enlarge-

ment of graphene crystallite domains.

Through the comparison of RS of pristine graphene pre-

pared through mechanical cleavage and those GO derived

graphene reported elsewhere (Fig. 6), our restoration ap-

proach has better performance in recovering of high electrical

property. Note that, the reported results of Dai et al. (CH4/H2,

at 1000 �C, r of 350–410 S/cm) [27], Liang et al. (C2H2/H2, at
1000 �C, r of 1425 S/cm) [26], Su et al. (alcohol, at 1000 �C)

[13] and López et al. (C2H4, at 800 �C) [25] have already

achieved good conductive behavior by defect repair with ther-

mal annealing in certain carbonaceous gas. However, our

method requires lower temperature (<600 �C) and shorter

time (10 min is enough), and get higher conductivity (1590 S/

cm) or lower sheet resistance (9.0 kX/h) (see Fig. 6). Our meth-

od provides the facile and fast way for GO repairing.
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4. Conclusion

We developed an efficient approach for restoring high-qual-

ity graphene from GO by defect repair. Oxygen groups in GO

are largely removed and defects are successfully repaired

during this fast and simple restoring approach. The ob-

tained materials have regained the superior properties in

both structure and electrical conductivity. The repair meth-

od provides a potential way for scaled-up and low-cost

graphene production.
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