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ABSTRACT

Graphene films have attracted much attention as a heat dissipation material due

to their unique thermal transfer behavior that exceeds that the performance of

graphite. However, the very high thermal annealing temperature (* 3000 �C)
required to reduce the graphene oxide (GO) films leads to high manufacturing

costs and restricts its broader application in thermal management applications.

In this study, a modified-graphene (m-Gr) film was fabricated by vacuum-fil-

tering GO suspensions with added glucose, followed by thermal annealing at

1000 �C. Oxygen-containing functional groups were effectively eliminated

during annealing and activated carbon atoms from the decomposition of glu-

cose molecules repaired defects in the graphene sheets to restore large areas of

the p-conjugated structure. The as-obtained m-Gr films showed excellent in-

plane thermal conductivity * 1300 Wm-1 K-1 and much more efficient heat

removal than pristine-reduced graphene oxide films. This high thermal con-

ductivity of m-Gr films provides opportunities for their use in next-generation

commercial electronics.

Introduction

The continuous miniaturization of components (and

corresponding increase in power density) for elec-

tronics, aerospace instruments, and portable equip-

ment has resulted in significant development of

advanced materials that can conduct heat rapidly and

efficiently [1]. Traditional metal materials have sat-

isfactory ductility, but poor thermal conductivity; for

example, pure Cu (one of the metals with the highest

heat conduction) has a thermal conductivity of only

400 Wm-1 K-1 at room temperature. Therefore,

nonmetallic materials are being investigated as

promising alternatives for achieving higher thermal

conductivity. Although the thermal conductivity of
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high-quality diamond film can reach

2000 Wm-1 K-1, the harsh production conditions

and high production cost limit large-scale application

[2]. Graphite has a high basal heat conductivity of

* 2000 Wm-1 K-1 [3]; however, unprocessed gra-

phite blocks cannot be directly used in the electronics

industry due to their low thermal conductivity and

tendency to shed powder causing a short circuit.

Graphene is a novel two-dimensional material

consisting of single layers of sp2 hybridized carbon

atoms arranged in a honeycomb lattice. It was first

successfully prepared from common graphite by

micromechanical stripping in 2004 [4]. The thermal

conductivity of suspended single-layer graphene at

room temperature is in the range from 2000 to

5300 Wm-1 K-1, exceeding that of bulk graphite and

diamond [5, 6]. Generally, since graphene oxide (GO)

is a precursor of graphene and has good water sol-

ubility, the graphene materials can be easily prepared

from aqueous GO solutions and subsequent thermal

reduction [7, 8]. Hence, graphene has great potential

as an alternative heat conduction material for effec-

tive thermal management [9]. For example, Shen et al.

[10] fabricated ultrathin graphite-like graphene films

with the high in-plane thermal conductivity of

1100 Wm-1 K-1 by graphitizing GO films at 2000 �C.
Xin et al. [11] showed that large-area freestanding

graphene paper produced by high-temperature

annealing (2850 �C) and mechanical pressing

(300 MPa) possessed superior thermal conductivity

(* 1434 Wm-1 K-1). Peng et al. [12] reported that

the debris-free giant graphene sheets subjected to the

heat treatment at 3000 �C endowed the graphene film

with a high thermal conductivity of

1940 ± 113 Wm-1 K-1. Although graphene films

with a thermal conductivity above 1000 Wm-1 K-1

were produced, such processes require an extremely

high annealing temperature, leading to high energy

consumption and high manufacturing costs.

In contrast with the above methods, a more

attractive alternative would be to preparer highly

thermally conductive graphene under milder condi-

tion, and some research efforts have been devoted to

this issue. Renteria et al. [13] obtained the free-

standing reduced graphene oxide film subjected to a

high-temperature treatment of up to 1000 �C and the

in-plane thermal conductivity of the film reached

61 Wm-1 K-1. Wu and Drzal [14] prepared graphene

nanoplatelet paper using low-temperature thermal

annealing (340 �C), followed by mechanical pressing

(10 MPa) to improve the thermal transport perfor-

mance, resulting in paper with an in-plane thermal

conductivity of 313 Wm-1 K-1. Analogously, Hou

et al. [15] directly fabricated pure graphene–graphene

composites from few-layer graphene nanosheets

(GNs), and improvement in the performance was

achieved by thermal annealing at 1060 �C. However,

the observed thermal conductivity of the annealed

GN–GN film was in the range of 220–390 Wm-1 K-1.

It is clear that these graphene films still have rela-

tively low thermal conductivity. Song et al. [16]

showed that when the annealing temperature

increased from 1000 �C to 1200 �C, the thermal con-

ductivity of thermally reduced graphene oxide films

improved from * 860 to * 1040 Wm-1 K-1,

respectively. Although the thermal conductivity of

graphene films has been significantly improved, high

temperatures (* 1200 �C) are still required during

processing. Therefore, it is still a significant challenge

to prepare graphene films with thermal conductivity

much higher than 1000 Wm-1 K-1 when the

annealing temperatures are not more than 1000 �C.
Here, we solve the problem by adding glucose to

the GO film to repair defects of graphene sheets

during thermal annealing at 1000 �C. Thermal con-

ductivity of the modified-graphene (m-Gr) film was

62.5% greater than that of the pristine-reduced gra-

phene oxide (rGO) film, ascribing to its highly

ordered crystalline and conjugated structure. In

addition, the heat treatment temperature was only

1000 �C, far lower than the current graphitization

temperature (* 3000 �C), which is expected to sig-

nificantly reduce production costs. Consequently, our

contribution provides a simple and convenient

approach for preparing graphene films with

remarkable heat transfer performance under low

processing temperature.

Materials and methods

Materials preparation

Natural graphite powder (325 mesh) was purchased

from Tengshengda Tansu Jixie Co. Ltd., Qingdao,

China. Glucose was purchased from Sinopharm

Chemical Reagent Co. Ltd., Shanghai, China. All

other chemicals used in this study were purchased

from the Guangzhou Chemical Reagents Factory,

Guangzhou, China.
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Preparation of GO and GO-glucose (GO-
glu)

GO was prepared using the improved Hummers

method [17]. An aqueous GO suspension

(* 4.5 mg ml-1) was treated in an ultrasonic cleaner

(Shanghai Kedao SK7200H) at 53 kHz and 350 W for

60 min, followed by centrifugation (3000 rpm for

20 min) to remove impurities. The thickness of GO

sheet was measured to be around 1.0 nm by AFM, as

shown in Fig. S1a (supporting information). This

value includes the thicknesses of monolayer gra-

phene and the functional groups on its basal plane,

indicating the GO was a single-layer structure [18]. In

addition, their lateral dimensions were in the range of

several hundreds of nanometers to several microm-

eters according to their SEM image as shown in

Fig. S1b (supporting information). GO-glu mixture

was prepared by dissolving 25 mg glucose powder in

6.5 ml of the prepared GO suspension under vigor-

ous agitation (600 rpm) for 10 min.

Fabrication of GO-glu and m-Gr film

The GO-glu mixture (6.5 ml) was vacuum-filtered

with a vacuum system equipped with a mixed cel-

lulose filter membrane (50 mm diameter, 0.45 lm
pore size). The obtained film was dried at 50 �C for

2 h before being peeled off the membrane, and we

eventually obtained the GO-glu film.

In order to prepare the m-Gr film, the GO-glu film

was reduced by thermal annealing at 1000 �C at a

heating rate of 5 �C min-1; the target temperature

was maintained for 2 h under argon (purity, 99.999%)

flow of 100 ml min-1. Thereafter, the sample was

naturally cooled to ambient temperature under the

argon flow. As a comparison, the GO and rGO films

were prepared using the same method described

above without glucose added.

Characterization

The morphology of the film samples was character-

ized using scanning electron microscopy (SEM) with

a Hitachi UHR FE-SEM SU8200 system operated at

10.0 kV. The high-resolution transmission electron

microscopy (HR-TEM, JEOL-JEM 2100F) was used to

demonstrate the defects restoration. X-ray diffraction

(XRD, D8 Advance, AXS) with Cu Ka radiation

(k = 0.15406 nm) was performed over the range of

5�–50�. X-ray photoelectron spectroscopy (XPS)

measurements were performed using a Physical

Electronics Axis Ultra DLD spectrometer with a

monochromatic Al Ka radiation at a power of 75 W

and a voltage of 15 kV. Laser confocal Raman

microscopy was performed using a Horiba Jobin–

Yvon LabRAM ARAMIS system with He–Ne laser

excitation at 532 nm. Fourier transform infrared

spectroscopy (FTIR) was performed using a Bruker

Tensor 27 system; the samples were pressed with KBr

powder to form pellets for testing test.

The in-plane thermal diffusivity (D) of all samples

was determined using a laser flash apparatus (Net-

zsch LFA 447) operated at room temperature in a

vacuum of 0.01 Pa. In this method, the test sample

was cut into round shape with diameter of 25.4 mm,

which is the ideal size for the sample holder plate.

First, the sample was heated by light pulse (voltage

270 V; pulse width medium, 0.18 ms), and then the

resulting temperature rise at four different positions

is measured using an infrared detector. For adiabatic

conditions, the thermal diffusivity is determined by

analyzing the temperature versus time curve based

on the following equation: D = 0.1388 9 d2 9 t50
-1,

where D is the thermal diffusivity, mm2/s; d is the

thickness of the tested sample, mm; t50 is time at 50%

of the temperature increase, measured at the rear of

the tested sample, s. The measuring principle (Net-

zsch LFA 447) is shown in Fig. S9 (supporting infor-

mation), and the schematic of in-plane sample holder

is shown in Fig. S10 (supporting information).

The density (q) of sample was measured by

dividing the mass (m) by the volume (V). The m was

available by weighing the round sample with a

diameter of 25.4 mm using electronic precision bal-

ance (Sartorius, Quintix125D-1CN) with a graduation

value of 0.01 mg. The volume was determined by the

products of round flake area and thickness of the

sample. The thickness of the sample was determined

by a pachometer (Shanghai Siwei Instrument Manu-

facturing co., Ltd.). To ensure the accuracy of mea-

surement of thickness, the five thickness values at

different points on the measured sample were

obtained, and their average value was adopted as the

thickness of the sample.

The specific heat capacity (Cp) was obtained using

differential scanning calorimetry (DSC; Netzsch DSC

204 F1). The measurement was conducted using

sapphire method according to the equation:
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(DSCsam - DSCbsl)/(DSCstd - DSCbsl) = (Cpsam 9

Msam)/(Cpstd 9 Mstd), where DSCsam, DSCbsl, and

DSCstd are the ordinate of the DSC curves corre-

sponding to the sample, blank specimen, and stan-

dard specimen, respectively. Cpsam and Cpstd are the

specific heat of the sample and standard specimens,

respectively. Msam and Mstd are the mass of the

sample and standard specimens, respectively.

Finally, the thermal conductivity (k) of the sample

was calculated using k = D 9 q 9 Cp. The three pie-

ces of films of each sample were tested to give the

value of k.

The tensile strength tests were performed using an

Instron 5565 tensile tester with a strain rate of

0.1 mm min-1. The bending test was carried out on a

homemade endurance testing equipment with a

repeated bending/releasing angle of 180�, as shown

in Fig. S2 (supporting information).

Results and discussion

As shown in the schematic diagrams in Fig. 1a, in a

typical procedure, the glucose was dissolved in the

GO suspension with the assistance of vigorous agi-

tation to produce the parent GO-glu mixture. Since

the glucose contains sufficient hydroxyl groups that

interact with oxygen groups via hydrogen bonding

on the surface and edge of GO nanosheets, it can

effectively inhibit re-stacking of GO, which helps

form a homogeneous dispersion. The prepared GO-

glu dispersion can be stable for 180 days without

precipitation, as shown in Fig. S3 (supporting infor-

mation). Loss of glucose molecules through the

membrane during vacuum filtering of the GO-glu

mixture was limited by the deposition of large GO

sheets, which could not pass through the pores. A

hybrid GO-glu film was obtained by deposition of

uniform and compact GO sheets on the filter mem-

brane surface during vacuum filtration, with the

glucose molecules adsorbed and intercalated

between GO sheets. As shown in Fig. 1b, c, the sur-

face of the GO-glu film was extremely smooth and

the film showed excellent flexibility. Then, the m-Gr

film was produced by thermal annealing at 1000 �C
in an Ar atmosphere. As shown in Fig. 1d, e, a rep-

resentative as-obtained m-Gr film (40-mm diameter)

exhibited a metallic luster with typical flexibility.

Further, the m-Gr film could be bent without appar-

ent degradation and touched without powder

shedding, which satisfied the basic requirements for

heat dissipation applications.

The SEM was employed to observe the morphol-

ogy of the as-prepared films. As shown in Fig. 2a, the

surface of the pristine GO film was very rough,

generally containing a large number of wrinkles and

turbulent stacking. However, as shown in Fig. 2b, the

surface of GO-glu film was flatter and smoother

except for some slight wrinkles, which was attributed

to the fact that the GO sheets adsorbed with glucose

could be arranged in a more orderly manner during

film formation. After thermal annealing at 1000 �C, as
shown in Fig. 2c, d, there were many cracks on the

surface of the rGO film, indicating that moderate

thermal treatment was not effective in repairing

cracks. However, the m-Gr film showed a more

integral surface with few cracks which showed that

most of the defects were repaired. The thermal

annealing at 1000 �C was much lower than the

graphitization temperature (* 3000 �C) and, hence,

did not significantly increase the crystallinity of gra-

phene and repair the defects of graphene structure.

However, the intercalated glucose formed graphene

using the GO nanosheets as templates during the

thermal treatment [19], and also served as an addi-

tional carbon source to stitch and repair the graphene

sheets [20, 21]. Meantime, the cross-section mor-

phology of rGO and m-Gr are shown in Fig. 2e, f,

respectively. Although both samples have a well-

packed layered structure, more voids and cracks

were observed on the rGO than the m-Gr, indicating

Figure 1 a Schematic diagram of the vacuum filtration

fabrication of hybrid GO-glu films from solution. Photographs

of a b, c hybrid GO-glu films and d, e m-Gr films after thermal

annealing at 1000 �C.
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that the m-Gr film had a more homogenous graphene

layer and a denser structure (as shown in Table. S1,

supporting information).

The structural evolution of GO-glu to m-Gr was

further analyzed by XRD. As shown in Fig. 3, the

diffraction pattern of GO-glu had a peak at

2h = 10.2�, indicating a larger interlayer spacing (d-

spacing) of 0.866 nm than that of GO (0.804 nm at

2h = 11.0�). This was attributed to numerous glucose

molecules being attached to the GO sheet surfaces via

hydrogen bonding and many oxygen-containing

functional groups being introduced onto the carbon

basal plane [22]. This phenomenon proves that glu-

cose can play an effective role in preventing aggre-

gation and random stacking of GO nanosheets. After

the thermal annealing, the sharp peaks located at

10.2� for GO-glu and 11.0� for GO disappeared, while

a new intense feature with diffraction peaks at

Figure 2 SEM images of

surface morphology of a GO

and b GO-glu films. The

surface morphology (c, d) and

the cross section (e, f) of rGO

and m-Gr films after thermal

annealing, respectively.

Figure 3 XRD patterns of GO, GO-glu, rGO, and m-Gr films.

The inset shows interlayer spacing of rGO and m-Gr films

measured by TEM.
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* 26.5� was observed with a d-spacing of 0.336 nm

in the rGO and m-Gr films corresponding with the

TEM results (as shown in the inset in Fig. 3); this

indicated that the decomposition products of glucose

did not increase the d-spacing between the graphene

layers, which agreed well with the SEM results.

Moreover, the d-spacing of 0.336 nm is similar to that

of the typical (002) diffraction peak of pristine natural

graphite [23]. This phenomenon is attributed to

complete decomposition of oxygen-containing func-

tional groups and glucose molecules on the surfaces

of GO sheets. The removal of oxygen is a very

important step during annealing as sp2 clusters in

GO-glu are separated by oxygen atoms, which will

result in significant phonon scattering during thermal

conduction. Accordingly, the elimination of oxy-

genated groups can restore more sp2 clusters and

reconstitute a larger area of the p-conjugated struc-

ture [24].

The FTIR spectroscopy was used to evaluate the

surface functional groups of the GO, GO-glu, rGO,

and m-Gr films, as shown in Fig. 4. The GO and GO-

glu samples had various types of oxygen-containing

groups, such as O–H (3406 cm-1), C=O (1735 cm-1),

OH- (1410 cm-1), C–OH (1275 cm-1), C–O

(1050 cm-1), and physically adsorbed water

(1626 cm-1) [25, 26]. Comparing the FTIR spectrum

of GO-glu with that of m-Gr, the peaks of many

oxygen-containing functional groups nearly disap-

peared after thermal treatment at 1000 �C [27], coin-

ciding with the thermogravimetric curve in Fig. S4

(supporting information). However, a small number

of residual oxygen atoms remained in the m-Gr film,

such as ethers, carbonyl, and quinone, which can

only be fully removed at higher temperature [28, 29].

Correspondingly, the carbon–oxygen atomic ratio

(C/O) increased from 3 in GO-glu, to 33 in m-Gr, as

detected by elemental analysis, coinciding with from

XPS result, as shown in Fig. S5 (supporting infor-

mation). Meanwhile, it is worth noting that the C=C

stretching vibration (at 1575 cm-1, normally

observed in benzene) was clearly observed in the

m-Gr sample, implying recovery of the conjugated

C=C system [16]. In addition, the FTIR spectrum of

m-Gr was almost identical to that of rGO, demon-

strating that the glucose completely decomposed into

carbon during thermal treatment, as shown in Fig. S6

(supporting information).

The texture of the m-Gr film was investigated

using Raman spectroscopy. As shown in Fig. 5a, the

most intense features were the D band at

* 1354 cm-1 and the G band at * 1595 cm-1. The D

band is related to structural disorders and defects on

the carbon basal plane, while the G band is typical of

sp2-hybridized carbon networks [30]. Further, the

D/G intensity ratios (ID/IG) of GO and GO-glu were

about 1.02 and 1.03, respectively, indicating that the

addition of glucose had no effect on the structure of

the GO sheets. After thermal annealing, the ID/IG of

rGO increased to about 1.33, which was related to the

removal of functional groups and formation of

defects [31]. However, the ID/IG of m-Gr was only

1.04 which was much smaller than that of rGO. This

definitively demonstrated that the defects on the

graphene nanosheets were largely repaired during

the heat treatment due to the addition of glucose [32].

According to Cançado’s equation [33], the calculated

in-plane crystallite size (La) of rGO and m-Gr reaches

14.5 nm and 18.4 nm, respectively. That is, the crys-

tallite size of m-Gr was 17.4% higher than that of

rGO, which can effectively reduce phonon scattering

and enhance thermal conductivity. Consistent with

Raman spectra, HR-TEM analysis (Fig. S7, support-

ing information) further confirmed a less defective

and better-ordered structure of m-Gr compared with

rGO.

Further, the chemical bonding was characterized

by XPS, as shown in Fig. 5b, c. The C 1s spectra of

rGO and m-rGO films can be deconvoluted into five

peaks arising from sp2C (* 284.5 eV), sp3C

(* 285.1 eV), –C–O (* 286.3 eV), –C=O

(* 287.5 eV), and –COO (* 288.8 eV) [22].In con-

trast to rGO, the peak associated with sp3-hybridized

Figure 4 FTIR spectrum of GO, GO-glu, rGO, and m-Gr films.
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C clearly reduced and that of sp2-hybridized C

increased in m-Gr, confirming that a large number of

defects were effectively repaired during thermal

annealing due to the presence of glucose. In addi-

tional to these analyses, other comparative experi-

ments were undertaken to demonstrate that the

defects in the graphene sheets could be effectively

repaired during heat treatment with the addition of

glucose, as shown in Fig. S8 (supporting informa-

tion). Obviously, the ID/IG of the samples decreased

from 1.48 to 1.10 due to the addition of glucose.

The results of the laser flash analysis conducted to

determine the in-plane thermal conductivity of cop-

per foil, rGO films, and m-Gr films, as shown in

Fig. 6, and the corresponding detailed datum were

shown in Table S2, S3 and S4 (supporting informa-

tion). The in-plane thermal conductivity of pristine

rGO film was only * 800 Wm-1 K-1 (at 30 �C).
However, a clear increase of * 62.5% in the in-plane

thermal conductivity was observed for the m-Gr film.

The m-Gr film possessed excellent thermal conduc-

tivity, up to 1300 Wm-1 K-1, nearly 3.2 times higher

than that of copper foil (* 401 Wm-1 K-1).

Although, this value is much lower than that of

individual graphene sheets, possibly resulting from

the residual oxygen atoms, vacancy defects and

thermal contact resistance between graphene sheets.

However, it is worth noting that the low annealing

temperature of 1000 �C demonstrated in our method

is highly advantageous as a practical energy-efficient

processing solution, which could greatly reduce

production costs of highly thermally conductive

graphene film.

Figure 5 a Raman spectra of GO, GO-glu, rGO, and m-Gr films. Deconvoluted XPS C1 s spectra of the b rGO and c m-Gr films.
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We propose that the crucial factor determining the

high thermal conductivity of the m-Gr film was the

abundance of high-quality graphene sheets resulting

from their defects being repaired during thermal

annealing via the process shown in the schematic

diagram in Fig. 7. The process of removing oxygen

species provided active sites for external carbon

doping of the graphene sheets, which can effectively

reduce the vacancy concentration in sp2-hybridized

carbon lattice domains. Heat conduction in carbon

materials is dominated by phonons, so larger area of

sp2-hybridized clusters can effectively decrease pho-

non scattering during heat transfer [34]. In addition,

the single layers of graphene synthesized from glu-

cose during heat treatment may play an important

role in stitching adjacent graphene nanosheets toge-

ther, which is very important for eliminating thermal

contact resistance between the sheets [21, 35, 36]. The

product of decomposed glucose increased the grain

size of the graphene sheets and provided a better

channel for phonon transport, thus leading to a

higher in-plane thermal conductivity.

The mechanical properties of the m-Gr film were

investigated using bending and tensile tests in order

to evaluate the suitability of the m-Gr films for

potential applications. As shown in Fig. 8a, the ten-

sile strength was * 21 MPa, close to the value for

commercial flexible graphite paper (* 20 MPa). The

good tensile strength of the m-Gr film was attributed

to the orderly stacks and fewer defects in the gra-

phene sheets after removal of abundant oxygen

groups. In addition, as shown in Fig. 8b, the m-Gr

films showed a constant electrical resistance over

Figure 6 In-plane thermal conductivity of copper foil, rGO films

(rGO1, rGO2, and rGO3), and m-Gr films (m-Gr1, m-Gr2, and

m-Gr3).

Figure 7 Schematic diagram of the defect repair mechanism

during the fabrication of the m-Gr film.

Figure 8 a Tensile curve of the m-Gr film. b Electrical resistances of rGO and m-Gr films over 1000 bending cycles (R5/180�).
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more than 1000 cycles of 180� bending, indicating that

the inner structure was not broken. In comparison,

the rGO film showed an obvious increase in resis-

tance after 500 bending cycles, implying that the

inner structure had been destroyed. Despite the

thermal conductivity and mechanical properties of

the m-Gr film being inferior to those of graphene

films reported in recent literature [12, 37, 38], the

remarkable enhancement in thermal conductivity

and flexibility of our m-Gr films demonstrates that

the addition of glucose and the use of low-tempera-

ture thermal annealing is a promising path for fab-

ricating graphene-based films for thermal dissipation

applications.

Conclusion

A new strategy for preparing high-thermal-conduc-

tivity m-Gr films was presented using low-tempera-

ture thermal annealing of GO-glu films. The lower

thermal annealing temperature (* 1000 �C) com-

pared to other graphitization temperature provides

the opportunity for energy-efficient and environ-

mentally friendly industrial production. In addition,

the m-Gr films had both high thermal conductivity

(* 1300 Wm-1 K-1) and good tensile strength

(* 21 MPa). The glucose performed a repair function

during the reduction process; the carbon produced

by the decomposition of glucose repaired vacancies

in the graphene sheet matrix and also stitched toge-

ther adjacent nanosheets to restore large areas of the

p-conjugated structure, which could increase the

overall thermal conductivity of the macroscopic gra-

phene films. In conclusion, we have demonstrated an

effective and valuable material preparation method

(using mild production conditions) for the applica-

tion of highly thermally conductive graphene films

for thermal management applications.
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