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We report unusual negative thermal expansion and viscoelastic properties in graphene
oxide paper. The paper was prepared from aqueous GO dispersions using a simple vacuum
evaporation technique. From room temperature to 150 °C, this paper-like graphene oxide
sheet exhibits a constant negative thermal expansion coefficient of —67 x 107%/°C along
the in-plane direction. Peculiar hysteresis loops of thermal expansion-temperature curves
are observed, which are affected by the cooling rate and starting temperature of cooling.
The tensile tests on GO paper show clear hysteresis loops, revealing the viscoelastic prop-
erty of the paper. The viscoelastic properties show excellent frequency-stability in the
range of 1.0-60 Hz. In the low temperature range —150 to 25 °C, however, they show a strong
temperature dependence. The storage modulus of the graphene oxide paper continuously

increases with decreasing temperature.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

As a single-atom-thick sheet of sp?-hybridized carbon atoms,
graphene is considered as one of the most promising candi-
date materials for future applications in energy storage [1],
nano-electronics [2,3], and composites [4]. Graphene oxide
(GO), likely the most important graphene derivative, has also
been prepared by oxidizing graphite through a modified Hum-
mers method [5]. Recent works have demonstrated that GO
can be used to construct building blocks for novel applica-
tions in paper-like materials [6,7], composites [8,9], and mem-
ory devices [10,11]. To this end, GO paper has been obtained
by various approaches including the flow-directed filtration
[6,7,12,13], evaporation-assembly [14], spin-coating [15], and
Langmuir-Blodgett assembly [16]. The experimental and the-
oretical studies on the mechanical properties of GO paper
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reveal excellent Young’s modulus of 22-42 GPa [6,7,13,17]
and an ultimate tensile strength of 43-130 MPa [6,7,13,17],
which are significantly higher than those of bucky paper
[18]. Despite these pioneer works, the frequency and temper-
ature responses of the mechanical properties of GO paper are
also important factors needed to be considered for potential
thermal and mechanical applications. However, the thermal
expansion behavior of GO paper in a wide temperature range
has not been studied in detail. There are also no reports on
the temperature dependent strain-stress relation on GO pa-
per to the best of our knowledge.

In this paper, we demonstrate the fabrication of free-
standing GO paper by simple vacuum evaporation of water
from aqueous GO dispersions. The thermal expansion behav-
ior was examined in detail by measuring the variation of GO
paper dimensions under temperature cycle. We further
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conducted the experimental study on the viscoelastic proper-
ties through monitoring storage modulus, loss modulus and
damping ratio at different frequency and temperature.

2. Experimental
2.1.  Preparation of GO and GO paper

Graphene oxide was synthesized by oxidation of highly ori-
ented pyrolytic graphite (HOPG) powder through a modified
Hummers method [5]. The as-obtained GO sheets were dis-
persed into deionized water (100 ml of a 10 mg/ml solution)
with the aid of ultrasonication (200 W for 60 min). The homo-
geneous dispersion of GO sheets was poured into a watch-
glass with 15 cm in diameter, and then the watch-glass was
transferred into vacuum oven, followed by slowly evacuating
to 5Pa and maintaining the vacuum for about 24-48h at
45 °C. Finally, the as-prepared GO paper was peeled from
the watch-glass, and GO paper was cut into strips.

2.2. Characterization

Transmission electron microscopy (TEM) observations were
carried out in a JEOL JEM-2100 instrument operating at
200 kV. Dynamic mechanical tests were conducted with a dy-
namic mechanical analyzer (Q800 DMA, TA Instruments).
After drying at 80 °C for 24 h, the samples were griped using
film tension clamps with a clamp compliance of ca.0.260 pm/
N. The thermal expansion was characterized under air atmo-
sphere with a preload of 0.01 N and a temperature ramp rate of
+5 °C/min. The response of viscoelasticity to frequency was
measured by changing frequency from 1.0 to 60 Hz with a con-
stant strain of 0.1% at different temperature. The response of
viscoelasticity to temperature was tested by changing temper-
ature from 25 to 150 °C with a constant strain of 0.1% and
frequency of 1.0 Hz. All tensile tests were performed in con-
trolled-force mode with a preload of 0.01N, and force was
loaded with a force ramp rate of 2.0 N/min. The sample
diameter was measured using standard calipers. The length
between the clamps was measured by the DMA instrument.

3. Results and discussion

GO papers were prepared through vacuum drying of colloidal
dispersions of GO sheets in a watch-glass. The diameter and
thickness of GO papers can be rationally designed by control-
ling the diameter of watch-glass and the amount of colloidal
dispersions. The morphology of as-obtained 15 cm diameter
GO paper is shown in Fig. 1a; and a 25-um-thick GO paper
strip of 0.75cm by 14 cm is shown in Fig. 1b. TEM images
(Fig. 1c) show that the average dimensions of individual GO
sheet is about 5 x5 um. The wrinkled surface can be clearly
observed, which can play an important role in enhancing
mechanical interlocking and load transfer within the matrix
[6].

The thermal expansion properties of graphene and GO are
important parameters for their applications in nano-mechan-
ical devices, which are affected by atomic vibration frequency,
internal stress, entropy, etc. [18,19]. We first investigated the

Fig. 1 - (a and b) Morphology of GO paper; (c) TEM image of
GO sheets.

linear parameter of thermal expansion (PTE) fr of GO papers
from 30 to 300 °C (Fig. 2a). fr is defined as:

L — Ly

pr= (1)

Lz
where L(r) and L7, are the lengths of sample at temperatures
T and To.The coefficient of thermal expansion (CTE) «r can
then be estimated as:

o ST @)

Our experimental results show the variations of the CTE
values depend on the temperature range. From 30 to 160 °C,
the CTE value remains a constant negative number (about
—67 x107%/°C) along the in-plane direction, which is similar
to the previously reported values measured by Dikin et al.
[6]. As we know, monolayer graphene sheet possesses nega-
tive thermal expansion coefficient due to negative in-plane
lattice parameter [20,21]. As graphene derivative, GO sheets
also possess similar thermal expansion properties [6]. The
negative thermal expansion of GO paper thus can be ex-
plained from the collective effect of numerous GO sheets with
negative thermal expansion. Interestingly, when the temper-
ature is raised beyond 160 °C, the CTE value quickly drops
and reach ~—1208 x 107%/°C at ~230°C. The more negative
CTE value at higher temperature is likely caused by the ther-
mal expansion of interlayer gas (Fig. 3), which results in large
thermal contraction along GO paper. The structural deforma-
tion due to thermal reduction of GO [2,22,23] may also con-
tribute to the negative CTE, and further study is needed to
understand detailed mechanism. We also note that increases
in temperature beyond 230 °C result in drastic oxidization of
GO under air atmosphere.

The response of thermal expansion to temperatures was
also investigated by temperature cycles from —150 °C to room
temperature (Fig. 2b and c). Contrary to the heating process
from room temperature to 300 °C, thermal expansion-temper-
ature cycles show two distinct paths corresponding to the
cooling and heating process, respectively, which is called
“hysteresis loop” of thermal expansion. The inflections of



2806

CARBON 50 (2012) 2804-2809

-6
Slope: - 67 x10

Slope: - 1208 “0—6

Temperature (°C)

-40 -20 0 20
Temperature (°C)

N N N s k
50 100 150 200 250 30¢ -100 -80 -60

.8k s N N
-150 100 .50 0 50 100 150

Temperature (°C)

Fig. 2 - Thermal expansion curves of GO paper with a ramping rate of 5 °C/min. (a) The sample was heated to 300 °G; (b)
temperature cycle varies from room temperature to —100 °C; (c) temperature cycle varies in the range from —150 to 150 °C.

Fig. 3 - SEM images and Digital photo (Insets) of GO papers. (a) Pristine sample; (b) after DMA measurement at 150 °C.

CTE value from positive to negative can be clearly observed
during both the cooling and heating processes. To verify the
repeatability of peculiar thermal expansion, we further inves-
tigated the response curves of thermal expansion to the start-
ing temperature for cooling and to the cooling rate in Fig. 4.
One can see clearly that the inflection temperature of CTE
curve is affected by the cooling rate and starting temperature
of cooling. When cooling process starts from a low enough
temperature or with a faster ramp rate, the inflections of
CTE value disappear. To eliminate the influence of free water,
the GO paper was dried again under vacuum at 100 °C for 60 h
and the measurements were repeated. The results suggest
that the inflection temperature of CTE curve is still affected
by the cooling rate and starting temperature of cooling
(Fig. 4b), indicating that free water inside the GO paper sam-
ples does not play a role in the thermal expansion behavior.
Based on these experimental results, we think the hysteresis
loop may result from the competing effects of in-plane
expansion and contraction perpendicular to uniaxial tension
during thermal cycling. Interlayer trapped gas molecules can
also cause hysteretic temperature loop. In addition, the hys-
teretic thermal expansion behavior can also result from
hydrogen bond networks, water molecules inside GO sheets
and other factors related to the microstructure and density
of GO paper [20,21,24-27]. Further detailed investigation
needs to be done in subsequent studies.

We further performed tensile tests on GO paper using film
tension clamps in controlled-force mode. At room tempera-
ture, the ultimate tensile strength of GO paper is about

80 MPa, which is similar to the previously reported value [7].
Fig. 5 shows the results of strain-stress cyclic curves of GO pa-
per at different temperatures. The tensile strain of GO paper
increases as increasing temperature, and the Young’s moduli
are 21.5, 12.3, and 3.3 GPa, at —150, 25, and 150 °C, respec-
tively. At lower temperature (Fig. 5a), GO paper becomes more
compact due to the contraction perpendicular to uniaxial ten-
sion direction and the expansion parallel to uniaxial tension
direction, which results in a lower tensile strain [28]. At higher
temperature (Fig. 5c), GO paper is tightened due to the con-
traction of GO sheets and the expansion perpendicular to uni-
axial tension direction. Interlayer slip between GO sheets
happen easily, resulting in larger residual strain when un-
loaded. Importantly, Fig. 5 also show clear hysteresis loops
of strain-stress curves, indicating the viscoelastic behavior
of GO paper [6,29]. The larger integration area beneath the
strain-stress curve as temperature increases corresponds to
more energy dissipated in load-unload process.

We further investigate the viscoelastic properties includ-
ing storage modulus, loss modulus, and damping ratio (tand)
under different frequencies and temperatures. The frequency
responses of the storage modulus, loss modulus, and damp-
ing ratio of GO paper in the temperature range from —150 to
150 °C are shown in Fig. 6a—c. The viscoelastic properties exhi-
bit higher stiffness (storage modulus = 14 GPa), smaller dissi-
pation (loss modulus =1.2 GPa), and lower damping ratio
(tand = 0.086) than those of carbon nanotubes [1] at room tem-
perature. Frequency dependence viscoelastic properties tests
show flat responses in frequency range of 1.0-60Hz at



CARBON 50 (2012) 2804-2809

2807

a b e00
i —25C—0°C .
e e e 26 °C ——50 °C
200 | 200 b
® <@
s [
5 * g "
2 2
- -200
-400
-400 |
L 1 i -600 1 L 1 1 L
50 -25 0 ) 25 50 -50 -25 0 25 50
Temperature (°C) Temperature (°C)
Cc
= 2 °C/min ——§ °C/min

AK i 1

10 °C/min 20 °C/min

-75 -50

-25 0 25

Temperature (°C)

Fig. 4 - The response curves of thermal expansion to temperatures with a ramping rate of 5 °G/min during the cooling
processes from different temperatures. (a) After drying at 80 °C for 24 h; (b) after secondary drying at 100 °C for 60 h. (c) The
response curves of thermal expansion to temperatures with different ramping rates during the cooling processes.
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Fig. 5 - Strain-stress cyclic curves of GO paper at —150, 25, and 150 °C under controlled force varying from 0 to 5.0 N with a

force ramp rate of 2.0 N/min.

temperature below 150°C. We also study the temperature
dependence of the viscoelastic properties (Fig. 6d-f). Stronger
temperature dependence is observed at temperature below
about 25 °C. The storage modulus increases with decreasing
temperature and reaches the highest value of 35GPa at
—150 °C, while loss modulus and damping ratio decrease with
lowering temperature. In the temperature range from room
temperature to 150 °C, however, the viscoelastic properties
are highly stable and insensitive to temperature changes.
The viscoelastic stability at higher temperature region prom-
ises GO paper for room temperature applications.

4, Conclusions

In conclusion, we study the negative thermal expansion and
temperature dependent viscoelastic properties of GO paper.
The free-standing paper was prepared by vacuum evaporating
water from aqueous GO dispersions. The coefficient of the in-
plane thermal expansion is found to be ~—67 x 107%/°C from
room temperature to 160 °C, and decreases sharply when tem-
perature is raised above 160 °C. In the low temperature range
—150 to 25 °C, peculiar hysteresis loops of thermal expan-
sion-temperature curves are observed, which are affected by



2808

CARBON 50 (2012) 2804-2809

V]
o
(1]

3 020
—=—150 ~e+=100 50 —v=25 —=—150 —e+=100 50 —v=25 —u=150 =+=100 50 —ya=25
60 0 —<—-50 100 —s—-150 0 —<—50 00 —e—as0| | _ o emen o msstis
g B
2 -
T 015
3 z, 2
s o £
i) 5 £
H -
g seteastegdy, 8, p——— % % 0.10
144, (4 y
S B I teacsana I L thtbosteetset o
o < 1 d Aha b LY
[ 20 _4“4‘411 E 1 T T LT TITTT TN YV TP LR L S L e %. s 00000000 00000000000008000-00mensom—
.
B = “es, E005| NN s 25
LLLLLLLLLLE L - Sean o tmee seallse seeeeRRste-aiRss O
0000000000000 0000000 S8880 84000008 800-0-00—1
¢ 0 0.00 . .

20 40 60 0 20 40 60 0 20 40 60

Frequency (Hz) Frequency (Hz) Frequency (Hz)
d e 3 f0.20
60 _
= £
g = goisy
Q %] S c
H S S
e
240} @ ==
3 2 o010}
2 g 5
g .4
& RES 2
s S g'u.us -
@ o
0 L . L . L 0 . . L A . 0.00 " . . . A
-150 -100 =50 0 50 100 150 «150 «100 =50 0 50 100 150 -150 -100 -50 0 50 100 150

Temperature (°C) Temperature (°C) Temperature (°C)

Fig. 6 - Viscoelastic properties of the GO paper at different temperatures. (a-c) Storage modulus, loss modulus, and damping
ratio as function of frequency (1.0-60 Hz) at temperatures from —150 to 150 °C. (d) Storage modulus, (e) loss modulus, and (f)
damping ratio as function of temperature (—150 to 150 °C) with a constant strain of 0.1% and a constant frequency of 1 Hz.

the cooling rate and starting temperature of cooling. The ten-
sile tests show increasing Young’s modulus with reducing
temperature, with the highest value of 21.5 GPa is obtained
at —150 °C. The viscoelastic properties exhibit preferable fre-
quency stability from 1.0 to 60 Hz, and preferable temperature
stability from room temperature to 150 °C. At temperature be-
low about 25 °C, however, the storage modulus increases with
decreasing temperature, while loss modulus and damping ra-
tio decrease with lowering temperature. Our findings of the
peculiar thermal expansion and viscoelastic properties of GO
paper not only contribute to the fundamental understanding
of the thermal and mechanical properties at low dimension,
but also pave the way toward GO paper based thermal and
mechanical applications.
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