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We report the preparation of large-area graphite papers with thicknesses from 100 lm to more than

1 mm, by the reduction and graphitization of graphite oxide at elevated temperatures. The papers

can be produced on a size of 20� 20 cm2 and have a low mass density. X-ray diffraction and

Raman characterization show that the stacking of graphitic layers in the papers follows the Bernal

stacking, and X-ray photoelectron spectroscopy indicates a carbon purity of above 98 at. % in the

papers. The graphite papers have an electrical conductivity of 2533–4996 S/m and a thermal

conductivity of 42–149 W/mK, depending on the thickness. When a power input of above 10 W is

applied on the paper with a thickness of 98 lm, incandescence is observed, corresponding to a temper-

ature of higher than 1000 �C, which is increased with the input power. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4984132]

Graphitic carbons have high melting temperatures and

high sublimation temperatures of above �3700 K in vac-

uum,1 which can be utilized in electroluminescent cells. The

use of graphitic carbons for incandescence can be dated back

to Edison’s first commercial light bulb in which carbonized

bamboo was used.2 The Stefan-Boltzmann law indicates that

the radiation output of a black body scales as T,4 suggesting

that a higher temperature allows more radiation in the visible

range; thus, a graphitic carbon incandescent source could

operate at high temperatures and tolerate high input powers.2

With outstanding electrical conductivity and excellent chem-

ical stability, graphene is able to carry a large current of

up to 108 A/cm2,3 which makes graphene a promising incan-

descent source.4 Biswas et al. reported a radiation of

mid-infrared light from 0.5� 0.5 mm2 graphene made by

chemical vapor deposition (CVD) and transferred onto a

SiO2/Si substrate; the radiation corresponds to a grey-body

emitter, with emissivity values of approximately 2% and 6%

for mono- and multilayer graphene, which were calculated

by comparing the difference in measured intensities using a

blackbody calibrator.5 On the other hand, the macroscopic

assembly of graphene platelets made from graphite oxide

(GO)6–8 has been developed as incandescent radiation sour-

ces. For example, Yu and Dai reported stable, bright, and

uniform incandescent emission from 0.5� 1.0 cm2 graphene

films (with a thickness of 1.2 nm) fabricated by vacuum

filtration and thermal treatment of chemically reduced gra-

phene oxide dispersion (by exfoliation of GO), in which both

turn-on voltage (�6 V) and demanding vacuum (0.05 Torr)

were lower than those required for carbon nanotubes and

conventional tungsten filaments.9 Bao et al. prepared a

highly conducting carbon paper (thickness 0.5–1 lm) com-

posed of graphene oxide platelets interpenetrated with 10 wt.

% single walled carbon nanotubes, which demonstrated com-

pelling lighting performance and sustained a temperature of

about 3000 K.2 However, no graphite papers with macro-

scopic thicknesses (hundred lm to mm) have been investi-

gated as incandescent radiation sources.

In this work, we report the production of large-area graph-

ite papers with tunable thicknesses from about 100 lm to

above 1000 lm in a size of as large as 20� 20 cm2 and their

incandescent emission performance. Befitting to the high

carbon purity, excellent electric conductivity, and reasonable

thermal conductivity, the graphite papers emit candescence in

a vacuum chamber for an input power of about 10 W. The

graphite paper with a thickness of 98 lm and an area of

2� 30 mm2 shows incandescence with the black-body radia-

tion temperature of 1876 K for an input power of 41.0 W.

In the typical preparation, GO was prepared by modified

Hummers’ method.10 GO slurry (20 mg/ml) made by the

high speed stirring of GO in deionized water was coated on a

polyethylene terephthalate substrate and dried at 60 �C in

ambiance to form films. The dried GO films were pre-

annealed at 1000 �C to reduce GO and further annealed at

2800 �C for 2 h in an argon atmosphere to prepare the final

graphite papers. The dried GO films have a typical thickness

of �100 lm, and the graphite papers were made by stacking

various numbers of dried GO films before annealing. By

changing the numbers of stacked dried GO films, three

graphite papers were prepared, with thicknesses of

98 6 10 lm, 347 6 37 lm, and 1153 6 70 lm and thus

named S98, S347, and S1153, respectively. The coating area

and the coating thickness of GO can be tuned to tailor the

size and the thickness of graphite papers obtained. The mor-

phology and the structure of samples were characterized by

scanning electron microscopy (SEM, JSM-6700F),
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transmission electron microscopy (TEM, JEOL 2010), X-ray

diffraction (XRD, D/max-TTR III) with Cu Ka radiation

(V¼ 40 kV, I¼ 200 mA), and Raman spectroscopy

(Renishaw in Via Raman Microscope, 532 nm laser, 5 mW).

X-ray photoelectron spectroscopy (XPS, ESCALAB 250)

and thermogravimetric analysis (TGA, TGA Q5000IR) were

used to analyze the chemical components. The mechanical

properties, thermal transport, and electrical conductivity of

samples were characterized using dynamic thermomechanical

analysis (DMA, Q800), Laser flash diffusivity apparatus (LFA

467), and an electrochemical station (PARSTAT 4000,

Princeton Applied Research), respectively. To investigate the

incandescent behavior, graphite papers were cut into a belt

shape with a length of 2–5 mm and suspended between two

copper electrodes which were connected to a power supply.

The device was then placed in a vacuum chamber with a pres-

sure of 0.1–1 Pa for incandescent collection by an optical

fiber. The spectrum of emission was then detected using a

spectrometer (NOVA, Ideaoptics Technology Ltd.) at room

temperature. For the spectral measurement, the spectrometer

including an optical fiber was first calibrated with a National

Institute for Standards and Technology (NIST)-traceable light

source for calibrating the radiance as a function of wave-

length. The radiant flux density versus wavelength curves was

obtained by normalizing raw data with the standard light

source.

Figure 1(a) shows the surface morphology of the graph-

ite paper with a thickness of 98 lm, and the wrinkles are

clearly observed. The inset shows a S98 graphite paper with

a size of 20� 20 cm2. In Fig. 1(b), the cross-section of paper

with a thickness of 98 lm is shown, indicating a layer-

by-layer stacking in the paper while accompanying a large

interlayer space and disordered orientations. The graphite

paper is freestanding and flexible; a bending by tweezers is

demonstrated in Fig. 1(c). The TEM image [Fig. 1(d)] of the

graphite paper of 98 lm shows that the paper consists of gra-

phitic platelets, and a typical interlayer distance of 0.35 nm

[inset in Fig. 1(d)] is identified, slightly larger than the inter-

layer space of graphite.11 The apparent density of graphite

papers has been measured to be 0.24 g/cm3, 0.18 g/cm3, and

0.17 g/cm3 for S98, S347, and S1153, respectively, much

lower than 2.26 g/cm3 in graphite. Such a density is likely

caused by the large space in the graphitic layers, generated

by the expansion during the thermal annealing of GO

films.12

The XRD data shown in Fig. 2(a) reveal two typical

peaks corresponding to (002) and (004) planes in graphite.

An interlayer spacing of 0.34 nm has been calculated from

the (002) peak using the Bragg formula, close to that in

graphite.11 However, other characteristic diffraction peaks

of graphite, e.g., the peaks of (100) and (110) diffraction

peaks,13 are not observed in the XRD patterns of graphite

papers, which could be explained by the partial exfoliation

of graphite papers and the corrugated graphitic platelets in

the papers as observed in TEM [Fig. 1(d)].14 Raman spec-

tra shown in Fig. 2(b) confirm the nearly complete recov-

ery of the conjugated graphitic structure in the graphite

papers. The D peak (1350 cm�1) is absent in all spectra,

revealing the low topological defect concentrations of

graphite papers. The G (1582 cm�1), DþD00 (2450 cm�1),

and 2D (2716 cm�1) peaks are similar to those in graph-

ite.15 The asymmetry of the 2D peak is a clear indication

of Bernal stacking.16 In the XPS spectra shown in Fig.

2(c), the C 1 s (285 eV) peaks can be seen as the typical

feature of sp2 carbon with the monopole-like electron tran-

sition between the HOMO-LUMO gap and the dipole like

p!p* shake-up feature;17 a weak O 1 s (533 eV) peak due

to oxygen-containing groups exists as well. As the thick-

ness increases, the oxygen content decreases from 1.90 at.

% for S98 to 1.38 at. % for S347 and 0.38 at. % for S1153.

The thermogravimetric analysis (TGA) [Fig. 2(d)] of

graphite papers has shown the thermal stability in air till

800 �C. As there is no sharp weight loss at lower tempera-

tures for graphite papers, most oxygen-containing groups

have been removed by the calcination process.

The mechanical properties of graphite papers have been

investigated by tensile tests, as shown in Fig. 3(a). From the

enlarged view of the stress-strain curves in the low strain

range,18 the Young’s modulus is calculated to be 193.6 MPa,

118.3 MPa, and 78.6 MPa for S98, S347, and S1153,

FIG. 1. (a) SEM image of the surface of S98. Inset: digital image of S98. (b)

SEM image of the cross-section of S98. (c) Photograph of a bended graphite

paper. (d) TEM image of S98, and the inset shows a high resolution TEM

image of S98.

FIG. 2. (a) XRD patterns, (b) Raman spectra, (c) XPS spectra of S98, S347,

and S1153, and (d) TGA curves of graphite papers.
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respectively. These values are much lower than those of gra-

phene (�1 TPa).6 The breaking strength of S98, S347, and

S1153 is 3.0 MPa, 2.2 MPa, and 1.6 MPa. Presumably, when

the GO papers are heated, a release of gaseous species (e.g.,

CO2, CO, and H2O) and a large amount of crumples may

have led to a sponge-like structure and thus the low density

and low mechanical strength, due to the reduced mechanical

integrity.19 Figure 3(b) shows the current voltage curves of

samples with the same size of 11� 21 mm2, from which the

electrical conductivity of 4996 S/m, 4096 S/m, and 2353 S/m

was obtained for S98, S347, and S1153, respectively. The

electrical conductivities of graphite papers are much higher

than those of graphene films with thicknesses of nanometers

as well (e.g., �1700 S/m)20 due to the conjugated graphitic

structure. The thermal conductivity [Fig. 3(c)] is obtained to

be 148.6 W/mK, 92.9 W/mK, and 42.0 W/mK for S98, S347,

and S1153, respectively, measured at room temperature

(298 K). The thermal diffusivities [inset of Fig. 3(c)] of S98,

S347, and S1153 are measured to be 960.7 mm2/s,

714.5 mm2/s, and 433.1 mm2/s. The thermal conductivity of

graphite paper is much lower than the value of 2000 W/mK

for in-plane graphene.21 However, the low thermal conduc-

tivity of graphite papers may benefit to the radiative effi-

ciency in electroluminescent materials.2

When a current passes through a ribbon cut from a

graphite paper, the majority of Joule heating is dissipated as

radiation, which can be readily observed by the eye and

detected using a spectrometer. Figures 4(a) and 4(b) show

images taken on a S98 ribbon with a size of 2� 30 mm2 with

different currents. When the input power is increased to

above 10 W, the ribbon starts to illuminate from the central

part, as shown in Fig. 4(a). As the power increases to 58 W,

a strong radiation is observed across the whole ribbon as

shown in Fig. 4(b). The emission at the ‘hot-spot’ is approxi-

mately half-way between the source and the drain contacts

as shown in Fig. 4(a), indicating a Joule heating mechanism

of the graphite paper.5

For the blackbody irradiation model, the radiation can

be described by the Planck function

Bk k;Tð Þ ¼ c
2hc2

k5

1

ehc=kkBT � 1
;

where kB is the Boltzmann constant, h the Planck constant,

and c the speed of light, and the scaling constant c is intro-

duced to allow for the unknown but constant geometric view

factor between the ribbon and the optical fiber. By fitting the

curves of radiance intensity versus wavelength with Planck’s

law, the temperature values were obtained and are shown in

Fig. 4(d) for S98 and S347 with different sizes. For the 2-

mm-wide S98 ribbon, the temperature estimated is increased

from 1319 to 1876 K, as the input power is increased from

11.3 to 41.0 W. By comparing the values for four similar

devices with different thicknesses and widths (all with the

same length), we can see that thicker graphite papers need

higher input powers to reach the same temperature, while the

smaller width benefits to the high incandescent temperature

for the same thickness and input power. The S1153 paper did

not show incandescence in the power range of the power

supply.

The conversion efficiency from electricity into radiation

can be estimated using the expression gelectricity!radiation

¼ 1� tanhðL
ffiffiffiffiffiffiffi

2hrad

p
=
ffiffiffi

kt
p
Þ

L
ffiffiffiffiffiffiffi

2hrad

p
=
ffiffiffi

kt
p . Among the parameters, hrad is the

radiative heat transfer coefficient,2 L is the length of the sam-

ple, t is the thickness of the sample, and k is the in-plane

thermal conductivity. According to the expression, devices

that are long and thin while with low-k are the best at con-

verting electrical power into radiation, which leads to higher

temperature. The graphite paper ribbons in this work have

the same length while different thermal conductivities all

below 50 W/mK at high temperatures. Thus, S98 with a

width of 2 mm shows the best light emission behavior.

In summary, we have fabricated graphite paper samples

with a size of as large as 20� 20 cm2, with a thickness of

between hundred micrometers and millimeters. The graphite

papers have high thermal stability, good electronic conductivity,

and suitable thermal conductivity. We have found that the

FIG. 3. (a) Tensile stress-strain curves

for all graphite papers. (b) Current vs

voltage curves of all graphite papers

with the same length of 21 mm and the

same width of 11 mm. (c) Thermal

conductivity of all graphite papers

(inset: thermal diffusivity).

FIG. 4. Digital photos of incandescence of a ribbon of S98 (size:

2� 30 mm2) with applied electrical powers of (a) 10 W and (b) 58 W. (c)

Radiance spectral measurement of the S98 sample with increased electrical

power inputs. Solid black curves show the fitting of the spectra with Planck’s

law by assuming a constant emissivity. (d) Fitted temperature versus input

electrical power for four graphite paper samples with a similar geometry

(S98: 2� 30 mm2 and 5� 30 mm2; S347: 3.5� 30 mm2 and 5� 30 mm2).
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graphite paper samples with thicknesses of 98 and 347 lm have

incandescence upon sufficient applied power, which can be

used to provide solutions for lighting/heating needs.
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