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Efficient reduction of graphene oxide catalyzed by copper
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We report that copper thin films deposited on top of graphene oxide (GO) serve as an effective

catalyst to reduce GO sheets in a diluted hydrogen environment at high temperature. The reduced

GO (rGO) sheets exhibit higher effective field-effect hole mobility, up to 80 cm2 V�1 s�1, and

lower sheet resistance (13 kO &�1) compared with those reduced by reported methods such as

hydrazine and thermal annealing. Raman and XPS characterizations are addressed to study the

reduction mechanism on graphene oxide underneath copper thin films. The level of reduction in

rGO sheets is examined by Raman spectroscopy and it is well correlated with hole mobility

values. The conductivity enhancement is attributed to the growth of the graphitic domain size.

This method is not only suitable for reduction of single GO sheets but also applicable to lower

the sheet resistance of Langmuir–Blodgett assembled GO films.

1. Introduction

Exfoliation or chemical oxidation of graphite in liquid phase

has been a trend for the mass production of graphene thin

sheets in recent years due to its simplicity, reliability, capa-

bility of large-scale production, relatively low materials cost,

and versatility in terms of being well-suited for chemical

functionalization.1–7 However, oxidation by chemical methods

introduces a variety of defects and oxygen-containing functional

groups such as hydroxyl, carboxylic and epoxide groups in

graphene; thus, it is called graphene oxide (GO). The electronic

properties are severely degraded; therefore, a reduction process

is required to recover the graphene structure and electrical

properties. There have been reports on the reduction of GO,

including chemical routes,8–14 thermal annealing,15–18 and

photocatalytic reduction.19 The reduction of GO is essentially

related to the removal of the above mentioned functional

groups.20–25 However, due to the difficulty in fully recovering

its graphitic structure, the field effect mobility is much lower than

that of pristine graphene.26–29 In this contribution, we observe

that a thin layer of Cu film deposited on top of GO, subject to

thermal annealing in the presence of hydrogen, is not only capable

of removing the chemical functional groups, but also efficiently

healing the graphitic structure in GO sheets. The increase in

graphitic domain size after the Cu-assisted reduction, which in

turn leads to enhancement in their electrical conductivity, has

been verified by Raman measurements. This reduction method

provides a new route to obtain not only highly conductive

transparent electrodes with sheet resistance around 14 kO&�1

(over 90% transparency at 550 nm) but also a high effective

hole mobility, up to 80 cm2 V�1 s�1.

2. Experimental section

2.1 Preparation of graphene oxide sheets

Graphene oxide (GO) sheets were prepared by the modified

Hummer’s method from natural graphite flakes (average size is

3–5 mm, from NGS Naturgraphit GmbH, Leinburg, Germany).

The modified Hummer’s method reported by Su et al.3 was used

in this experiment, in which the first step (the chemical oxidation

of graphite flakes using concentrated H2SO4, P2O5, and K2S2O8)

was replaced with a bath sonication process. The sonication

period strongly affects the size of the monolayered GO obtained.

The subsequent oxidation process allows us to obtain fairly large

size (more than 20 mm in lateral size) GO sheets, which makes

the preparation of devices for electrical measurement easier than

that with the small size GO.

2.2 Reduction of graphene oxide by using copper thin film

Single-layer GO films were deposited onto the silicon substrates

with 300 nm silicon oxide by the dip-coating method. A 300 nm

copper thin film was thermally deposited onto these samples by

using a thermal evaporator at a pressure of 5 � 10�6 Torr.

Thereafter, firstly the samples were loaded into a tube furnace

(TF55030A, Lindberg/BlueM), and forming gas (H2 at 415 sccm

and Ar at 400 sccm) was introduced into the tube to purge

undesired moisture and oxygen. Secondly the quartz tube was

heated to 700 1C–900 1C, followed by dwelling for 10 to 15 min

in a H2 environment. Thirdly the furnace was cooled down to
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room temperature at a rate of 10 1C–20 1C per second. After the

thermal annealing process, the copper thin films were etched

away in FeCl3 solution and rinsed several times in DI water.

2.3 Fabrication of field-effect transistor devices

Single-layer GO films were deposited onto the silicon substrates

with a 300 nm silicon oxide layer by the dip-coating method,

followed by reduction underneath a 300 nm copper thin film.

The dip-coating condition was tuned till loosely distributed GO

sheets were deposited on substrates. The field-effect transistor

device was fabricated by evaporating Au electrodes (50 nm

thick) and Cr as the adhered layer (1 nm thick) directly on top

of the selected, regularly shaped reduced GO sheets using a

copper grid (200 mesh, 20 mm spacing) as a hardmask. The

typically obtained channel length between source and drain

electrodes was around 20–30 mm.

2.4 Preparation of thin-film electrodes

Quartz substrates were cleaned and made hydrophilic by a

standard Piranha process. The Langmuir–Blodgett assembly

method was employed to deposit GO sheets on quartz.

Briefly, quartz substrates for receiving GO sheets were

immersed in an aqueous GO suspension (0.062 mg mL�1),

followed by slow pulling (0.16 mm s�1). Then, the substrates

were dried in air followed by the alcohol reduction processes.

A 300 nm copper thin film was deposited onto the GO thin

films by using a thermal evaporator. Thermal-annealing at

elevated temperature under H2 was then applied to the GO

thin films.

2.5 Characterization

The AFM images were obtained using a Veeco Dimension-

Icon system. Raman spectra were collected in a NT-MDT

confocal Raman microscopic system (laser wavelength 473 nm

and laser spot-size is around 0.5 mm). The Si peak at 520 cm�1

was used as reference for wavenumber calibration. The

UV-vis-NIR transmittance spectra were obtained using a

Dynamica PR-10 spectrophotometer. Sheet resistance was

measured using a four point probe system (PXI-1033,

Super Solution & Services). XPS measurements were carried

out using a Theta 300 X-ray photoelectron spectrometer

(Thermo Scientific, the beam size is around 3 mm). The

electrical measurements were performed under ambient condi-

tions using a Keithley-4200 semiconductor analyzer.

3. Results and discussion

The as-prepared GO sheets were first dip-coated onto 300 nm

SiO2/Si substrates and then a layer of 300 nm Cu film was

thermally evaporated on them, as schematically illustrated in

Fig. 1. The reduction was performed by placing these samples

in a hydrogen environment at various temperatures. After

thermal reduction, the Cu capping layer was etched away in a

FeCl3 solution followed by rigorous rinsing with deionized

water. Fig. 2a displays the typical atomic force microscopy

(AFM) image of the GO on a SiO2/Si substrate before

reduction, the lateral size of the GO sheet normally ranged

from 20 to 100 mm and its thickness was around 1.0 nm,

suggesting that it was a monolayer GO sheet.

Using Cu as a catalytic template for synthesizing graphene

by chemical vapor deposition (CVD) has been reported.30–33

In these techniques, carbon-containing gas species are reacted

Fig. 1 Schematic illustration of the Cu-assisted method for graphene oxide reduction.

Fig. 2 AFM images of the GO sheets (a) before and (b) after

reduction in H2 at 900 1C in the presence of a 300 nm Cu capping

layer, followed by Cu removal. (c) Raman spectra of the monolayer

GO sheets before (curve A) and after various reduction procedures,

including H2 annealing without Cu capping (1000 1C in 20% H2/Ar;

curve B), reduction with Cu capping at 900 1C (in Ar; curve C), at

750 1C in H2 (curve D) and at 900 1C in H2 (curve E).
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at high-temperature (900–1030 1C) in the presence of Cu thin

film or foils, which serves two functions: the decomposition of

carbon species and the nucleation and growth of graphene.

The mechanism of graphene growth on a metal catalyst is

presumably determined by many factors, including the carbon

solubility in the metal, the crystal structure of the metal and

process parameters such as temperature, pressure, and reaction

gases. Here, instead of growing CVD graphene on top of Cu

surfaces, the Cu thin film is adopted to reduce the underlying

GO sheets. Fig. 2b shows the AFM image of the GO sheet after

reduction in H2 at 900 1C in the presence of a 300 nm Cu

capping layer, followed by Cu removal. Note that 300 nm

(or thicker) Cu is necessary for maintaining the continuity and

uniformity of Cu film at high temperature.31 Some wrinkles are

observed in the topographic image but the film still remains as a

monolayer. To reveal the effect of a Cu capping layer on GO

reduction, in Fig. 2c the Raman spectra of the monolayer GO

sheets before (curve A) and after various reduction procedures,

including H2 annealing without Cu capping (1000 1C in 20%

H2/Ar; curve B), reduction with Cu capping at 900 1C (in Ar;

curve C), at 750 1C in H2 (curve D) and at 900 1C in H2

(curve E), are compared. The G peak at around 1580 cm�1 and

the 2D peak at around 2680 cm�1 are typical features of the

sp2-hybridized carbon–carbon bonds in graphene.34,35 Note that

the Raman D band (B1350 cm�1) and D’ band (B1620 cm�1)

indicate the presence of defects.34 The ratio of the integrated

Raman peak area between the 2D and G bands, I(2D)/I(G), has

been shown to relate to the degree of recovery of sp2 CQC

bonds in graphitic structures.35 Fig. 2c clearly shows that the

I(2D)/I(G) for the GO after reduction in H2 with the Cu capping

is much higher than that without Cu capping. Also, the ratio

I(2D)/I(G) of the GO reduced at 900 1C with Cu capping (curve

E) can even reach 1.74. Meanwhile, based on the curves D and

E, the reduction at 900 1C is better than at 750 1C. It is noted

that the reduction at 750 1C in H2 with Cu capping is readily

much better than the case at 900 1C in an Ar-only environment

with Cu capping, suggesting that H2 plays a significant role in

GO reduction. It is likely that H2 not only removes the oxygen-

containing functional groups in GO but also possibly activates

the catalytic property of Cu.32,36 The reduction of GO in an

Ar-only environment (curve C) is not efficient likely due to the

existence of copper or cuprous oxides, which deteriorates the

catalytic property of Cu. Based on our previous report,26 such

a high I(2D)/I(G) ratio indicates that the reduction not only

involves the removal of functional groups but also the increase

in graphitic domain size. In other words, the reduction of GO

with the aid of Cu capping is able to achieve the restoration or

repairing of graphitic structure. We hypothesize that the

hydrogen-activated Cu surface promotes the reorganization

of carbon atoms, and thus recrystallization of the graphitic

domains. Fig. 3a and b, respectively, show the X-ray photo-

emission spectroscopy (XPS) results for the GO sheets before

and after reduction at 900 1C in H2 with Cu capping.

The XPS spectrum of the pristine GO consists of an intense

C–O peak. It is obvious that the C–O bonding has been largely

suppressed after reduction. To further confirm the restoration

of graphitic structures in GO sheets by copper thin films,

bottom-gate operated field-effect transistors were fabricated

by evaporating Au electrodes directly on top of the reduced

GO sheets, which were previously deposited on SiO2/Si substrates.

The device structure is illustrated in Fig. 4a. Fig. 4b shows the

transfer curves (drain current Id vs. gate voltageVg) for the device

prepared from a monolayered GO sheet after the reduction at

900 1C. The charge neutrality point is observed at 90 V for the

as-prepared device and the p-type behaviour is readily achieved

as well. The field-effect mobility of holes for this device is

around 80 cm2 V�1 s�1, which is 2 orders of magnitude higher

than the reported around 0.01–1 cm2 V�1 s�1 after the

reduction using hydrazine vapor reduction.27,28 The value

was extracted based on the slope, DId/DVg, which was fitted

to the linear regime of the transfer curve using the equation:

m = (L/WCoxVd) (DId/DVg),
37 where L and W are the channel

and width, and Cox is the gate capacitance. Fig. 4c demonstrates

the output characteristics (drain current Id vs. drain voltage Vd) of

the device. It is worthy of note that more than 40 devices were

tested to confirm the electrical output performance, with all

measurements carried out under ambient conditions. Fig. 4d

compiles the field-effect mobility data for the devices made from

the monolayered GO sheets reduced at 900 1C in H2 with Cu

capping, the devices reduced at 1000 1C inH2 without Cu capping,

and the devices reduced from hydrazine vapors. The statistical

results show that the mobility of GO sheets from Cu-assisted

reduction achieves 56 cm2 V�1 s�1 in average, which is comparable

to that of those reduced in the presence of extra carbon

sources.26,38 Furthermore, the device mobility for the GO sheet

from Cu-assisted reduction at 900 1C is even higher than that of

those reduced in H2 at 1000 1Cwithout Cu capping, corroborating

that Cu plays a role in recovering graphitic structure of the sheets.

Fig. 3 X-Ray photoemission spectroscopy (XPS) results for the GO

sheets (a) before and (b) after reduction at 900 1C in H2 with Cu

capping.
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To correlate the electrical properties of the single GO sheets

with their structural changes, confocal Raman spectroscopy

was adopted to characterize the GO sheets reduced by various

methods in the field-effect transistor devices. The mobility

values were used as the indices for the degree of graphitic

structure restoration, as in previous reports.26,38 The Raman

spectra of the devices were collected after the electrical

measurement. The correlations of several Raman features,

integrated ratios of I(D)/I(G) and I(2D)/I(G), to the field-effect

mobility are shown in Fig. 5. Note that the Raman feature or

field effect mobility naturally shows a distribution for each

reduction method. The Raman D, G and 2D peaks in each

spectrum were fitted with Lorentzian peaks. According to the

previous reports, GO sheets display a prominent G peak at

around 1593 cm�1–1606 cm�1 before reduction.26,39–40 It has

been reported that the decrease in G band energy indicates the

development of long-range and in-plane graphene order.41–44

Fig. 5a shows that the G peak position of the Cu-reduced GO

sheets has shifted to a lower wavenumber, 1587 cm�1, suggesting

the efficient recovery of the graphene structure while G peaks

of the rGO derived from hydrazine vapor and hydrogen

annealing at 1000 1C are still maintained at a relatively higher

wavenumber. Furthermore, the decrease of the 2D peak width

has been used to indicate the restoration of graphitic structures

in graphite.35 Fig. 5b shows that the 2D peak width decreases

from the low mobility regime, including those reduced by

hydrazine vapor and those reduced at 1000 1C in H2, and

then approaches 50 cm�1 in the higher mobility regime,

corresponding to the evolution of the G peak frequency in

Fig. 5a. The evolution of I(D)/I(G) with mobility helps to

provide structural information of the GO with different

degrees and various processes of reduction, as shown in

Fig. 5c. Ferrari et al. have reported that the development of

Raman D peak indicates not only disordering of graphite but

also ordering of amorphous carbon structures.42,43 For highly

disordered structures, such as amorphous carbon or low

mobility GO, the probability of existence of a six-fold ring

in the cluster is low and the intensity of the D peak is related to

the richness of the six-fold aromatic ring. Meanwhile, the G

peak is caused by in-plane bond stretching of pairs of sp2

carbon atoms, and it occurs at all sp2 sites and is not

essentially related to the presence of a six-fold ring. As shown

in Fig. 5c, I(D)/I(G) increases with the mobility for GO

reduced from hydrazine vapor and those reduced at 1000 1C

in H2 in the low mobility regime (0–10 cm2 V�1 s�1). Once the

GO is further reduced I(D)/I(G) decreases with decreasing

disorder in graphitic structures. Fig. 5d shows that the ratio

I(2D)/I(G) of the reduced GO sheets increases from the low

mobility regime to the high mobility regime. Combining G peak

downshift and the increase in the I(2D)/I(G) ratio suggests that

the reduced graphene oxide exhibits a p-type behaviour,44,45

and sp2 CQC bonds (graphitization) in graphitic structures of

reduced GO are efficiently recovered.46

The Cu-assisted reduction method is not only suitable for

single GO sheets but also applicable to the assembled GO films.

Here, the GO sheets were deposited onto quartz substrates using

the Langmuir–Blodgett assembly method.47,48 Fig. 6a shows the

Fig. 4 (a) The structure of the field-effect transistor made from the

reduced GO sheets. (b) The transfer curves (drain current Id vs. gate

voltage Vg) for the device prepared from a monolayered GO sheet after

the reduction at 900 1C. (c) The output characteristics (drain current Id vs.

drain voltage Vd) of the device. (d) The statistical mobility results for the

devices made from the monolayered GO sheets reduced at 900 1C in H2

with Cu capping, the devices reduced at 1000 1C in H2 without Cu

capping, and the devices reduced from hydrazine vapors. The numbers in

parentheses indicate the number of devices prepared.

Fig. 5 The correlations of field-effect mobility of the GO reduced by

the specified methods with several Raman features: (a) G band energy,

(b) 2D peak width, (c) integrated ratios of I(D)/I(G) and (d) I(2D)/I(G), .

Pu
bl

is
he

d 
on

 2
1 

D
ec

em
be

r 
20

11
. D

ow
nl

oa
de

d 
by

 N
at

io
na

l C
hi

ao
 T

un
g 

U
ni

ve
rs

ity
 o

n 
28

/0
4/

20
14

 2
3:

29
:4

6.
 

View Article Online

http://dx.doi.org/10.1039/c2cp23187e


This journal is c the Owner Societies 2012 Phys. Chem. Chem. Phys., 2012, 14, 3083–3088 3087

scanning electron microscopy (SEM) image of the assembled

transparent thin film before reduction. Fig. 6b shows that the

morphology of the Cu-reduced transparent thin films retained

good uniformity, and the transmittance of the film is over 90%

spanning from 390 nm to 750 nm. Table 1 shows that the GO

transparent film reduced by various processes exhibits a high

sheet resistance (200 kO &�1–19 000 kO &�1).3,18,26,47 It is

noted that the sheet resistance of GO films after 900 1C

reduction with Cu capping is relatively low (13.9 kO &�1),

and the thin film exhibits similar transparency (T = 90–96%).

Also, the sheet resistance of 13.9 kO &�1 is comparable to

500 kO &�1 obtained by vacuum annealing at 1100 1C,18 and

15–43 kO &�1 obtained by alcohol-reduced GO films.26

4. Conclusions

Our results show that with the copper films serving as a catalytic

layer, the GO sheets can be efficiently reduced through the

thermal annealing process. The conductivity enhancement is

attributed to the growth of the graphitic domain size with the

help from copper, which catalyzes the restoration of the graphene

lattice. The proposed method enhances the electrical conductivity

of GO and restores its graphitic domain merely with a thin copper

film without the need for extra carbon precursors. This method is

not only suitable for reduction of single GO sheets but also

applicable to lower the sheet resistance of Langmuir–Blodgett

assembled GO films.
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27 C. Gómez-Navarro, R. T. Weitz, A. M. Bittner, M. Scolari,

A. Mews, M. Burgard and K. Kern, Nano Lett., 2009, 9, 2206.
28 G. Eda, C.Mattevi, H. Yamaguchi andH. Chhowalla, J. Phys. Chem.

C, 2009, 114, 15768.
29 D. Yang, A. Velamakanni, G. Bozoklu, S. Park, M. Stoller,

R. D. Piner, S. Stankovich, I. Jung, D. A. Field, C. A. Ventrice,
Jr. and R. S. Ruoff, Carbon, 2009, 47, 145.

30 X. S. Li, W. Cai, J. An, S. Kim, J. Nah, D. Yang, R. Piner,
A. Velamakanni, I. Jung, S. K. Banerjee, L. Colombo and
R. S. Ruoff, Science, 2009, 324, 1312.

31 A. Ismach, C. Druzgalski, S. Penwell, A. Schwartzberg, M. Zhang,
A. Javey, J. Bokor and Y. Zhang, Nano Lett., 2010, 10, 1542.

32 I. Vlassiouk, M. Regmi, P. Fulvio, S. Dai, P. Daskos, E. Gyula and
S. Smirnov, ACS Nano, 2011, 5, 6069.

33 C.-Y. Su, A.-Y. Lu, C.-Y. Wu, Y.-T. Li, K.-K. Liu, W. Zhang,
S.-Y. Lin, Z.-Y. Juang, Y.-L. Zhong, F.-L. Chen and L.-J. Li,
Nano Lett., 2011, 11, 3612.

34 A. C. Ferrari, J. C. Meyer, V. Scardaci, M. Lazzeri, F. Mauri,
S. Piscanec, D. Jiang, K. S. Novoselov, S. Roth and A. K. Geim,
Phys. Rev. Lett., 2006, 97, 187401.

35 B. Krauss, T. Lohmann, D.-H. Chae, M. Haluska, K. von Klitzing
and J. H. Smet, Phys. Rev. B: Condens. Matter Mater. Phys., 2009,
79, 165428.

36 H. Ji, Y. Hao, Y. Ren, M. Charlton, H. L. Wi, Q. Wu, H. Li,
Y. Zhu, Y. Wu, R. Piner and R. S. Ruoff, ACS Nano, 2011,
10, 1021.

37 D. L. Fu, H. Okimoto, C. W. Lee, T. Takenobu, Y. Iwasa,
H. Kataura and L.-J. Li, Adv. Mater., 2010, 22, 4867.
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