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A B S T R A C T

A free-standing graphene oxide film (GOF) obtained by self-assembly at a liquid/air

interface was annealed in a confined space between two stacked substrates to form a

free-standing highly conductive graphene film. Characterization indicates that the oxy-

gen-containing functional groups (e.g. epoxy, carboxyl, and carbonyl) were removed as

small molecules (e.g. H2O, CO2, and CO) during the annealing, meanwhile the size of sp2

domains in the film was decreased. When annealed between two stacked wafers, random

interlayer expansion and fractional movement in the GOF were suppressed by the pres-

sure-induced friction, which helps preserve the morphology of the film. The conjugation

in the basal plane of graphene and p–p interactions between well stacked graphene sheets

favor the transportation of charge carriers in the film, to produce a good electrical conduc-

tivity of the resulting free-standing reduced GOF (increased from 1.26 · 10�5 to 272.3 S/cm).

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

As a two-dimensional crystal of sp2 conjugated carbon atoms,

graphene is considered to be the mother of all graphitic

allotropes including zero-dimensional fullerenes, one-dimen-

sional carbon nanotubes, and three-dimensional (3D) graphite

[1]. It possesses a large surface area (2630 m2/g in theory), high

electric charge carrier mobility (l = 1.5 · 104 cm2V�1s�1), and

excellent mechanical strength (tensile strength 130 GPa).

However, similar to most nanocarbon materials, graphene also

suffers from the bottleneck of complex and inconvenient han-

dling process for industrial applications. Thus, in order to fully

demonstrate the prominent properties of graphene, the inte-

gration of individual graphene sheets into macroscopic 3D
er Ltd. All rights reserved

51.
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assemblies is highly concerned [2–4]. Various 3D graphene

architectures have been constructed, such as graphene oxide

(GO) [5–7] and/or graphene films [8–11], hydrogel [12], sponges

[10], and foams [13–16]. With unique mechanical, electronic,

and optical property, these materials hold great potential for

applications in composites, batteries, supercapacitors, elec-

tronics, and sensors [7–9,11,13–18]. As developed by Ruoff

and co-workers, GO films (GOFs), with a unique layered struc-

ture and a tensile strength of 45–135 MPa, can be easily fabri-

cated by flow directional assembly of GO sheets. The material

exhibits attracting prospect for applications in films with

controlled permeability, anisotropic ionic conductors and sup-

ercapacitors [5]. Besides, macroscopic 3D graphene foams

fabricated by a template-directed chemical vapor deposition
.
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also possess a unique network structure with outstanding

electrical and mechanical properties [15]. Thus, developing

an effective and efficient method for free-standing graphene

film is an important issue for the further exploration towards

the property as well as the large-volume applications of

graphene.

Among various physical and chemical synthesis ap-

proaches, oxidative intercalation and exfoliation of natural

graphite, followed by thermal or chemical reduction has been

evaluated to be a strategic starting point for low-cost, large-

scale production of graphene materials [2–4]. Meanwhile,

the as-obtained chemically derived graphene sheets can be

conveniently deposited on any substrate. Up to now, large

area GOFs can be easily obtained by simple solution process

such as filtration [5,8,9,11,19], spray coating [20], spin casting

[21], Langmuir–Blodgett assembly [22], and self-assembly at

the liquid/air interface [6]. However, the as-obtained GOFs

are almost insulating. Thus, in order to restore the conductiv-

ity of GOFs, various deoxygenating approaches on GO powder

or film have been explored, which can be roughly sorted as

the ‘‘dry’’ processes (high temperature annealing in vacuum,

inert, or reductive atmosphere [20,23–25]) and the ‘‘wet’’ pro-

cesses (chemical reduction by strong agents in solution, such

as hydrazine [20,26,27], sodium borohydride [28], hydrohalic
Fig. 1 – (a) Photographs and (b–d) SEM images of flexible GOFs p

interface.
acid [29], aluminum powder [30], the sequential use of sodium

borohydride and sulfuric acid [31]). However, the GOFs, espe-

cially for the free-standing ones, are easily to be delaminated

and thus cannot maintain the film-like morphology during

the intensive reduction process. Therefore, a simple way for

the reduction of GOF should be explored to maintain its

free-standing film-like morphology as well as to achieve high

electric conductivity. In this contribution, a free-standing GOF

obtained by self-assembly at a liquid/air interface was an-

nealed in a confined space between two stacked substrates

to form a free-standing highly conductive graphene film.

2. Experimental

GO was prepared by a modified Hummers method which is

similar to our previous report [6,32]. GO powder (3.0 g) was

suspended in 1.0 L of diluted water, followed by a 30-min

ultrasonication in a cleaner bath (200 W). The above brownish

solution was further centrifuged at 4000 rpm for 10 min to get

rid of the small amount of impurities and inadequate exfoli-

ated GO stacks. Thus, a stable hydrosol of GO with a concen-

tration of �2.8 mg/mL was obtained. To prepare the GOF, the

above hydrosol was heated at 80 �C for 40 min, during which

a smooth and condensed thin film with a thickness of ca.
roduced through a self-assembly process at the liquid/air



Table 1 – Summary of the structure and property of GOF and RGF.

Sample C (wt.%)a O (wt.%)a C/O atom ratioa ID/IG
b Residue Carbon (wt.%)c Conductivity (S/cm)d

GOF 51.6 46.2 1.49 1.02 44.2 1.26 · 10�5

RGF 92.4 7.1 17.3 1.38 84.5 272.3
a Obtained from XPS.
b Obtained from the Raman spectra.
c Obtained from TGA in argon atmospheres.
d Obtained by a four-probe method.

C A R B O N 5 0 ( 2 0 1 2 ) 6 5 9 – 6 6 7 661
10 lm was formed gradually at the liquid/air interface. The

as-obtained GOF was collected from the liquid–air interface

and air dried at 80 �C for another 8.0 h to form a free-standing
Fig. 2 – (a) Photographs of RGF annealed between two stacked s

flexible, illustrated by the inserted photo; (b–f) SEM images of fr
film. In order to restore the conductivity of the GOF, the film

was laid between two stacked Si wafers. In contrast, another

control sample was placed freely without the confinement of
ubstrates and RGX on the top surface of a wafer; the RGF is

ee-standing RGF annealed between two stacked substrates.
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Fig. 3 – (a) XRD patterns and (b) Raman spectra of GOF, RGF,
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an upper wafer. Both the two samples were set into a horizon-

tal tubular furnace, and the temperature was ramped from

room temperature to 800 �C at a heating rate of 5 �C/min un-

der the gas flow of argon (80 mL/min), and then dwelled at

800 �C for another 2.0 h for further deoxidation. During the

annealing process, the film confined by two wafers main-

tained a very well free-standing morphology of flexible film,

while the other one which was annealed freely without con-

finement finally collapsed into small fragments. Afterwards,

the tube was cooled down to room temperature in argon

atmosphere. The reduced graphene films with integrated

morphology obtained from the confined space are denoted

as RGF, while the cracked fragments from films annealed

freely without confinement were denoted as RGX.

The as-obtained GOF, RGF, and RGX were characterized

using scanning electron microscopy (SEM, JSM 7401F,

3.0 kV), Raman spectrophotometer (Renishaw RM2000 with

laser excitation line at 633.0 nm), X-ray diffraction (XRD, Cu

Ka radiation, D8 Advance, BRUKER/AXS, Germany), Fourier

transform infrared spectroscopy (FT-IR) spectroscopy (IR200,

Thermo Nicolet, US), X-ray photoelectron spectroscopy (XPS,

PHI Quantera SXM), and thermal gravimetric analysis (TGA)

system (STA 409PC luxx, Netzsch, Germany) equipped with

a sweep gas mass spectroscopy appliance (ALZERS OmniStar

20, Switzerland). The electric conductivity of the film was per-

formed on a Tongchuang SZT-2 Test Unit using a four-point-

probe head with a pin-distance of about 1 mm.

3. Results and discussion

When the GO hydrosol was heated to 80 �C for 40 min, a

smooth and condensed thin film with a diameter of 8.5 cm

and a thickness of 10 lm was formed very rapidly at the li-

quid/air interface. The film can be easily separated from the

parent GO suspension by decanting the residual suspension

into another beaker, and a free-standing GOF was available

after drying (Fig. 1a). As shown in the cross-sectional SEM im-

age (Fig. 1b), the GOF exhibits a compact layer-by-layer stack-

ing structure. The top surface SEM images shown in Fig. 1c

and d indicate GO flakes served as ‘building blocks’ for the

film. During the heating process, Brownian motion of GO

sheets in the hydrosol is boosted. Thus, the GO sheets were

prone to collide and interact with each other and move up

to the liquid/air interface, where the water is spilling out from

the hydrosol. The GO sheets tended to aggregate and assem-

ble along the liquid/air interface. The nascent GO film will

then capture the other GO sheets through interlayer van der

Waals forces and began to stack. As a result, layer-by-layer

film with ordered stacking morphology was formed [6]. As

shown in Fig. 1, the GOF is of relatively smooth surface.

Attributed to the poor conductivity of GOF (as shown in Table

1, rs = 1.26 · 10�5 S/cm), the charging behavior was observed

during the SEM characterization.

After the annealing of GOF in argon atmosphere between

two stacked Si wafers, a flexible free-standing graphene film

were obtained (Fig. 2a). The RGFs are with shining metallic

luster due to the increase in reflectivity of visible light. The

electrical conductivity of RGF, as determined by a 4-probe

method, was increased to 272.3 S/cm, which is 7 magnitude
higher than that of raw GOF (Table 1). However, the film be-

came fatigue and easily crushed into small debris. If the

GOF was annealed in a free space without confinement by

the upper substrate, the as-obtained film would crack itself

into several small pieces (1–3 mm width and 5–15 mm in

length, as shown in Fig. 2a) due to the random volume expan-

sion in the annealing process. As indicated by the cross-sec-

tional SEM images (Fig. 2b and c), the RGF maintains a well

morphology of layer-by-layer packing of chemical derived

graphenes. Narrow pores (indicated by the blue arrow in the

Fig. 2b) were found in the RGF. The top surface of graphene

sheets became coarse (Fig. 2d–f), and the graphene sheets

were crampled with many wrinkles. As RGF possesses good

electronic conductivity, no electron charging phenomena

was observed.

XRD, Raman Spectroscopy, FT-IR, XPS, and TG-DSC-MS

were employed to investigate the structural evolution during

the annealing process. The diffraction peak was shifted from

12.6� of GOF to 26.1� of RGF, which exhibits a significant

shrinking in lattice space (d002) from 0.702 to 0.341 nm

(Fig. 3a). This is attributed to the gradual removal of interlayer

species such as physically adsorbed water and oxygen func-
and RGX.
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tionalities during annealing. The RGX exhibits a single peak

around 26�, however, the diffraction intensity of which is

quite lower comparing with the confined annealed ones,

which implies a lower graphitization due to random inter-

layer expansion during annealing. When the filtrated GOF

was annealed at 150 �C, the interlayer space between reduced

GO flakes (d002 value) was 0.441 nm [33]. The d002 value de-

creased as the annealing temperature increased. The packing

of graphene sheets in RGF annealed at 800 �C were more com-

pact than that of HI reduction (0.357 nm) [29], NaBH4 reduc-

tion (0.373 nm) [28], HI-AcOH reduction (0.362 nm) [34], but

relatively larger than that of graphite (0.337 nm) [35]. This
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Fig. 5 – XPS elemental fine scan analysis: C1s spectra of
indicated that most of the functional groups had been re-

moved at high annealing temperature. This was further con-

firmed by the fact that the 800 �C annealed RGF were with a

high C/O ratio of 17.3. The D-band around 1335 cm�1 (corre-

sponding the defects or edges) and G-band around 1588 cm�1

(corresponding to the first-order scattering of the E2g mode

[25]) were presented in Fig. 3b. After annealing, the D-band

down shifted to 1328 cm�1, while the intensity ratio of D- to

G-band was increased from 1.02 to 1.38. The ID/IG ratio of

as-obtained film debris (RGX) by annealing GOF in a free space

(1.42) is a little higher than that of RGF (1.38). During anneal-

ing of GO film, the loss of carbon atoms from the graphene

oxide lattice results in the formation of defects such as vacan-

cies and distortions, and this separated an integrate sp2 do-

main into several smaller sp2 crystallines. Thus, the

increase of the intensity ratio of D- to G-band was attributed

from the numerous small sp2 domains in the RGF. This phe-

nomenon is similar to the reduction of GO by hydrazine hy-

drate [26,36], NaBH4 [28], or HI solution [29] as reported in

literatures.

The loss of oxygen-containing groups after annealing was

confirmed by FT-IR spectrum. As shown in Fig. 4, the intensity

of peak at 1150 cm�1 (–CO– groups), 1533 cm�1 (–COO– group),

1682 cm�1 (–COOH group), and 3700 cm�1 (–OH group) (identi-

fication similar to that reported in Refs. [37,38]) were signifi-

cantly decreased. The evolution of functionalization in the

film surface was further determined by XPS. As shown in Ta-

ble 1, the relative contents of C and O elements were quanti-
280 282 284 286 288 290 292 294
0.0

20.0k

40.0k

60.0k

Graphitic
shakeup 
(291.0)

C=O 
(289.0)

C=O 
(287.8)

C-O (285.9)

N
or

m
al

is
ed

 In
te

ns
ity

 (c
ps

/m
A

)

Binding Energy (eV)

C-C (284.4)
)

526 528 530 532 534 536 538 540

6.0k

8.0k

10.0k

12.0k

14.0k

H2O (535.1)C-O 
(532.5)

O-H (533.5)

C=O (531.5)

N
or

m
al

is
ed

 In
te

ns
ity

 (c
ps

/m
A

)

Binding Energy (eV)

Quinones 
(530.5)

)

(a) GOF and (b) RGF, O1s spectra of (c) ROF and (d) RGF.



Table 2 – Fitted results (%) of C1s XPS spectra of GOF and RGF.

Sample C–C C–O C@O C(O)O

GOF 39.2 51.2 8.4 1.2
RGF 73.2 18.1 3.6 5.1
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Fig. 6 – TG-DSC analysis of RGF in air and argon atmospheres.

Table 3 – Fitted results (%) of O1s XPS spectra of GOF and RGF.

Sample Quinones O@C O–C O–H

GOF 4.0 22.2 69.2 4.6
RGF 11.6 7.8 3.3 77.3
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Fig. 7 – (a) TG-DSC analysis of GOF in air and argon and (b)

in situ MS spectra of sweep gas in the case of argon

atmosphere.
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fied and the C/O atom ratio was remarkably increased from

1.49 of GOF to 17.3 of RGF, which also confirms the removal

of oxygen in the film during annealing. A further fitting of

C1s and O1s fine scan spectra (Fig. 5) was conducted and

the quantified results of different functional species were

listed in Tables 2 and 3, respectively. The C1s spectra consists

of two main components arising from C–C (�284.4 eV) and C–

O (epoxy and hydroxyl, �286.4 eV), and two minor compo-

nents from C@O (carbonyl, �287.8 eV) and O–C@O (carboxyl,

�288.8 eV), which is similar to other reports [8,39,40]. Com-

paring with raw GOF, the total contents of oxygen functional-

ities in the RGF were obviously decreased. The 800 �C
annealed RGF shows an obvious decrease in oxygen compo-

nents (such as C–O, C@O, O–H) with a simultaneous increase

in graphitic carbon (such as C–C) (Table 2), and a graphitic

shake up peak can thus be observed in the C1s spectra of

RGF. The O1s spectra of GO were composed of two major com-

ponents from C–O (epoxy and hydroxyl, �532.5 eV), C@O (car-

bonyl and carboxyl, �531.6 eV), and two minor components

for quinones (�530.5 eV) and O–H (hydroxyl, �533.5 eV). After

annealing, the normalised intensity of O1s peaks decreased

sharply, especially for the contribution from C–O and C@O,

indicating the removal of epoxyl, carboxyl, and carbonyl func-

tional groups. The contribution of O–H became the major one,

and very few absorbed water at 535.1 eV can be detected on

the RGF.

Furthermore, the TG-DSC analysis in both air and argon

atmosphere was employed to evaluate the thermal stability

and carbonization accessibility of RGF. As shown in Fig. 6,

the RGF exhibits a prominent thermal stability in inert argon

atmosphere with a very smooth weight loss starting from

800 �C and a residue carbon rate as high as 85% at 1000 �C.

Thus, it provides RGF a fertile ground for further self

-structural curing by carbonization and re-graphitization at

a higher temperature (e.g. over 1200 �C) [41]. However, it re-

mains an open question if the structural integrity of the film

is still preserved at these temperatures. Meanwhile, the RGF

also exhibits an excellent inflaming retarding performance

and the kindling point could reach as high as �630 �C in air,

which is significantly higher than that of GOF (�450 �C as

shown in Fig. 7).

In order to monitor the decomposition behavior and chem-

ical transformation of interlayer functional groups in GOF in

the whole annealing process, a TG-DSC-mass spectrometry

(MS) experiment was performed by annealing GOF to

1000 �C in air and argon with in situ sweep gas analysis by
MS. As shown in Fig. 7a, the GOF presents a typical 3-stage

weight loss pattern in inert atmosphere: (i) 13% weight loss

from 0 to 170 �C, with a corresponding peak in MS at 95 �C
(m/z = 18.16), which can be attributed to the desorption of

physically adsorbed interlayer water. The broad endothermic

peak around �85 �C in DSC pattern indicates the heat adsorb-

ing behavior during water evaporation; (ii) 23% rapid weight

loss from 170 to 238 �C, with sharp MS peaks at �220 �C for

all the listed species in Fig. 7, which can be attributed to the
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fierce decomposition of oxygen-containing functional groups,

and the released small molecules were determined to be H2O

(m/z = 18.16), CO (m/z = 28.18), CO2 (m/z = 44.09) and radical C

(m/z = 12.30). The sharp positive peak at 220 �C in DSC con-

firms the exothermic process due to the bond breaking of

functionalities; (iii) 19% smooth weight loss from 238 to

1000 �C, with comparatively steady H2O and CO2 but increas-

ing CO molecules releasing, indicating the further deoxygen-

ation from the sp2 graphitic lattice. Finally, �45% of the mass

is preserved when the temperature reaches 1000 �C.

Based on above results, the chemical evolution of the film

during annealing is schematically illustrated in Fig. 8. As the

basic building-blocks of GOF, the individual GO sheet is be-

lieved to be jogged of two kinds of crystalline regions: (i) sp2

regions composed of unoxidized graphitic carbon and (ii)

sp3 regions composed of aliphatic carbon due to the decora-

tion and distorture of graphitic lattice by various oxygen

groups (–COOH, –OH, –C@O and epoxy), lattice defects, and

dangling bonds. During the thermal annealing of GOF which

is closely packed by individual GO sheets, the oxygen contain-

ing functional groups (Fig. 8a), such as epoxy, hydroxyl groups

were removed as CO, and carboxyl groups were removed as

CO2 [42] with the increasing of temperature under argon
Fig. 8 – Illustration of re-graphitization of GOF into RGF through

graphene; (b) annealing of GOF in an open space; and (c) annea
atmosphere. During annealing process, carbonyl and ether

groups were formed through transformation of the initial hy-

droxyl and epoxy groups, and the removal of carbon from the

graphene plane is more likely to occur when the initial hydro-

xyl and epoxy groups are in close proximity to each other [43].

From the illustration as shown in Fig. 8a, it is found that the

loss of oxygen functional groups and carbon atoms will cause

a shrink in the size of sp2 domains, which is in accordance

with the Raman spectra. On the other hand, with the loss of

functional groups, the film shrinked and leading to pristine

internal stress. If the annealing is taken place in a free space,

cracks will generate between graphene sheets and the films

will delaminate into twisted debris (Fig. 8b). However, if the

film is confined between stacked wafers, the pressure-in-

duced friction between the wafers and GO film would limit

the movement of GO flakes, and thus the morphology could

be well preserved (Fig. 8c). The improvement of electrical con-

ductivity was highly depended on the structural evolution

during the annealing process. In GOF, the introduction of oxy-

gen functionalities to the basal plane and edge of graphene

during liquid phase oxidation of graphite causes a disruption

of the C–C sp2 conjugated crystal lattice, and resulting in the

loss of conductivity. After annealing, the increased p–p inter-
an annealing process: (a) chemical evolution from GO to

ling of GOF in a confined space.
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actions between GO and reduced GO sheets, despite a low in-

plane conductivity, favors the transport of charge carriers.

4. Conclusions

A highly conductive, free-standing graphene film was ob-

tained by annealing GO film between two stacked wafers.

The oxygen-containing functional groups were removed dur-

ing annealing, which caused the decrease of the sp2 domains

size. The conjugation of the graphene basal plane and p–p

interactions between GO and reduced GO sheets favor the

transport of charge carriers, and render the free-standing

RGF with good electric conductivity. This is an efficient and

effective way to fabricate highly conductive RGF in large scale

and low cost, which provides graphene macroscopic materi-

als for application exploration.
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