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Abstract

In contrast to the decreased thermal property of carbon materials with temperature according to
the Umklapp phonon scattering theory, highly porous free-standing graphene foam (GF) exhibits
an abnormal characteristic that its thermal property increases with temperature above room
temperature. In this work, the temperature dependence of thermal properties of free-standing GF
is investigated by using the transient electro-thermal technique. Signiﬁcant increase for thermal
conductivity and thermal diffusivity from ∼0.3 to 1.5 W m−1 K−1 and ∼4 × 10−5 to
∼2 × 10−4 m2 s−1 respectively is observed with temperature from 310 K to 440 K for three GF
samples. The quantitative analysis based on a physical model for porous media of Schuetz
conﬁrms that the thermal conductance across graphene contacts rather than the heat conductance
inside graphene dominates thermal transport of our GFs. The thermal expansion effect at an
elevated temperature makes the highly porous structure much tighter is responsible for the
reduction in thermal contact resistance. Besides, the radiation heat exchange inside the pores of
GFs improves the thermal transport at high temperatures. Since free-standing GF has great
potential for being used as supercapacitor and battery electrode where the working temperature is
always above room temperature, this ﬁnding is beneﬁcial for thermal design of GF-based energy
applications.
Keywords: graphene foam, thermal transport, temperature
(Some ﬁgures may appear in colour only in the online journal)
1. Introduction

and battery electrodes [6, 8, 9]. Thermal property of GF is of
great importance for the design of GF-based devices to
effectively manage the heat dissipation involved in the electrochemical reactions or Joule heating.
Compared with the extensive research about thermal
transport in graphene [10–14], less attention has been focused
on GF. The ﬁrst experimental study of thermal transport in
GF was conducted by Pettes et al [15] by using steady-state
electrical heating method. They measured the thermal conductivity of GF under different synthesis conditions and
extracted the intrinsic thermal conductivity of the few-layer
graphene (FLG) and ultrathin graphite (UG) constituents. Lin
et al adopted the transient electro-thermal (TET) technique to
characterize the thermal diffusivity of GF [16]. They attributed the signiﬁcantly reduced thermal conductivity of graphene to the phonon scattering at the interfaces, rough edge
and contaminants on the surface [16]. In GF, the interfacial

Graphene is a two dimensional sheet of sp2 bonded carbon
atoms arranged in honeycomb lattice. It intensely intrigues
scientists and engineers since its discovery due to its excellent
physical properties and great potential in industrial applications [1]. The extreme thin thickness of graphene makes its
operation and characterization difﬁcult, thus it need to be
supported by a substrate in many situations. Among various
efforts to the implementation of graphene material, the freestanding graphene foam (GF) emerges and is successful to
integrate the two-dimensional graphene sheets into macroscopic structures meanwhile preserving most of the excellent
physical/chemical properties of graphene [2]. Beneﬁted from
the freestanding and ﬂexible structure and high electrical
conductivity, GF has been proven great potential in supercapacitor [3–6], electromagnetic interference shielding [7]
0957-4484/15/105703+09$33.00

1

© 2015 IOP Publishing Ltd Printed in the UK

Nanotechnology 26 (2015) 105703

M Li et al

Figure 1. (a) Schematic of the TET technique and experimental setup. (b) An example of voltage curve shows the voltage rises when a step
current is supplied and then decreases gradually. The transient period can be used to derive thermal diffusivity and the voltage drop from the
highest value to steady-state value can be used to calculate thermal conductivity. (c) The normalized temperature rise of samples derived from
the voltage change can be used to ﬁt the thermal diffusivity. The inset ﬁgure is the linear relationship (slope: 0.016 35 Ω K−1) between the
electrical resistance of GF and temperature. The normalized temperature coefﬁcient can be obtained as 7.23 ± 0.88 × 10−4 K−1.

thermal resistance (ITR) of graphene ﬂakes, whose value is in
the range of 10−5–10−9 K m2 W−1 depending on interface
conditions is important [17, 18]. Usually, the contact resistance can be much larger than the thermal resistance of graphene (∼1 × 10−8 K m2 W−1 if assuming thermal conductivity
as 1000 W m−1 K−1, and length as 10 μm for an approximate
calculation) [10, 15]. Another study [19] focuses on thermal
interface properties of GF by presuming thermal conductivity
of the GF of 1 g cm−3 as high as 175 W m−1 K−1.
For most GF-based applications, the working temperature is above room temperature, e.g. from room temperature
to 200 °C as anode materials in Li-ion batteries. Thereby, the
thermal performance of GF within such temperature range is
precedent before the implementation of GFs. For singlecrystal structure of carbon materials such as carbon nanotubes
(CNTs) and graphene etc, the temperature dependence of
thermal property can be explained from the intensiﬁed
inharmonic process [14, 20]. But the thermal contact resistance of inner structures which plays an important role in
thermal transport of bulk materials is much more complicated
and is hard to be determined, especially under some heating
experiments where the sample morphology or physical contacts may change. For example, the thermal conductivity of
CNTs sheet and ﬁber increase with temperature from 100 K to
500 K as measured by Yue et al and Aliev et al [21, 22]. As
the bulk material of graphene, GF consists of countless ﬂakes
which overlap or interconnect with each other under van der
Waals interactions. Therefore, how the ITR between graphene
ﬂakes determines the thermal transport of GFs is of great
interest to explore.

2. Experiment principle and details
2.1. Physical model

The TET technique developed in Wang’s lab is an effective
approach to simultaneously measure thermal conductivity and
thermal diffusivity of one-dimensional materials [23]. The
physical model is based on one-dimensional heat conduction
equation with uniform heat source. In this technique, a wire is
suspended between two electrodes and heated by a step current. The electrode has large heat capacity and high thermal
conductivity for heat dissipation. The sample experiences a
quick temperature rise before reaching thermal equilibrium
with the environment. This process can be simultaneously
monitored from the voltage because resistance of the wire is
temperature dependent. The partial differential equation for
this thermal model is ∂ (ρc p T )/∂t = k ∂ 2T /∂x 2 + q0 , where ρ,
cp, k are the density, speciﬁc heat and thermal conductivity of
the wire, respectively. Here, q0 is the heat generation per unit
volume. The temperature rise of the wire can be obtained by
solving
this
partial
differential
equation
as
T (t )
= T0 + 8q0 L 2 /kπ 4
∑m = 1 1 − exp ⎡⎣ − (2m − 1)2 π 2αt L 2 ⎤⎦ /(2m − 1)4 ,
∞

{

}

(

)

where α is the thermal diffusivity α = k ρc p of the wire.
After
normalizing
the
temperature
increase
as
T * = ( T (t ) − T0 ) ( T (t → ∞) − T0 ), thermal diffusivity of
the
wire
can
be
ﬁtted
from
∞
T * = 96/π 4∑m = 1 1 − exp ⎡⎣ − (2m − 1)2π 2αt L 2⎤⎦

{

2

}
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large amounts of graphene ﬂakes (size: around 10 μm). There
are corrugating and overlapping with each other for graphene
ﬂakes.

/(2m − 1)4 . Thermal conductivity can be derived as
k = q0 L 2 /12ΔT when the temperature is stable.
2.2. Experimental setup and details

Figure 1(a) illustrates the experiment setup of TET technique.
The strip-like GF is suspended between two electrodes (aluminum blocks) which have large volume, high electrical
conductivity and thermal conductivity to dissipate heat and
make samples stay at the room temperature. Three samples
were cut from the same GF piece with different sizes of
10.5 × 1.35 × 1.4 mm3 (sample 1), 6.1 × 1.26 × 0.66 mm3
(sample 2) and 4.5 × 1.18 × 0.74 mm3 (sample 3), ensuring
that one-dimensional thermal transport model is applicable.
Two ends of the GF were attached on the electrodes with high
conductive silver paste to minimize the electrical/thermal
contact resistance. The sample stage is placed in a vacuum
chamber where the atmosphere pressure is reduced to below
10−3 Torr to eliminate convective heat loss. The step current is
supplied by a current source (KEITHLEY 6220) and the
analog signals of the voltage of the GF is recorded at a time
interval of 0.1 μs with a data acquisition card (NI USB-6009).
An example of the curve is demonstrated in ﬁgure 1(b). There
is instant voltage signal as the step current is supplied, and it
gradually decreased upon reaching steady-state. Carbon based
conductive materials usually has a negative temperature
constant with resistance, for example, the CNT bundle/ﬁbers
[16, 21]. Otherwise, it would show a gradually increase curve
rather than this decrease curve. The transient process is closely related to the thermal diffusivity of the material as analyzed in the physical model. To minimize random noise of the
voltage signal, each data is averaged by surrounding ten
points in the time interval of 1 μs. Furthermore, to reduce
measurement uncertainty, each curve is repeated and averaged 12 times. Noticing the linear relationship between
temperature and resistance of GF, the normalized temperature
rise
can
be
directly
derived
as
as
shown
in
T * = ( U (t ) − U0 ) ( U (t → ∞) − U0 )
ﬁgure 1(c). The inset ﬁgure in ﬁgure 1(c) shows the linear
ﬁtting of electrical resistance with temperature ranges from 20
to 65 °C with a slope of −0.016 35 Ω K−1. This slope can be
used for temperature calibration of all samples since they are
from the same bulk material. Each sample has different
resistance as the cutting dimensions are different. In order to
make this calibration result applicable, the temperature coefﬁcient of the electrical resistance is normalized as
p = −7.23 ± 0.88 × 10−4 K−1 with conﬁdence interval of 95%.
The GF sample used in this work was purchased from
Advanced Chemicals Suppliers Material Company. Using
chemical vapor deposition method, the graphene was deposited on a porous nickel scaffold with the pore size varying
from 20 to 500 μm, which was removed afterwards by chemical etching. More relevant details can be referenced in
literatures[2, 15]. Figure 2 shows the scanning electron
microscopy (SEM) images of our GF samples. Despite the
pore size of hundreds micrometers we observed, the SEM
images illustrate the existence of smaller pores of tens
micrometers. The SEM images show that our GF consists of

3. Results and discussions
3.1. Thermal characterization result of GF

Figure 3 gives an example of characterization curve of
Sample 1. A small step current of 10 mA is applied and the
voltage is recorded as shown in ﬁgure 3(a). The electrical
resistance difference of GF between initio moment and steady
state is ΔR = ΔU I = 0.7193 Ω , indicating the average
1.64
K.
temperature rise of GF is ΔT = ΔR (R0 ⋅ p) = 11.85−+1.29
According to the measurement principle as described above,
the thermal conductivity (k) of GF at 312 K can be obtained as
0.0451
0.3255−+0.0353
W m−1 K−1. The uncertainty of k is from the
uncertainty in temperature coefﬁcient calculation. Our measured low value is close to measurement result of Pettes et al
as 0.26 W m−1 K−1 at room temperature [15]. The morphology of our sample shows obvious discrete distribution of
ﬂakes, meaning that the thermal contact resistance is signiﬁcant. The high porosity of the material as shown in
ﬁgure 2 combined with large thermal contacts inside the foam
could be the main reason for the reduced thermal conductivity. Thermal diffusivity of Sample 1 is determined as
0.01
3.34−+0.01
× 10−5 m2 s−1, where the uncertainty is from the
data ﬁtting based on a conﬁdence interval of 95%. Our result
is also closed to the value measured by Wang’s group
(3.86 × 10−5 m2 s−1) [16], the slight difference can be caused
by the difference in sample porosity and experimental
conditions.
3.2. Temperature dependence of thermal property of GF

Temperature dependence of thermal properties of GF from
300 K to 450 K was studied. The thermal conductivity with
respect to the temperature is shown in ﬁgure 4. Figure 4(a)
illustrates that thermal conductivity of three GF samples
increases from ∼0.3 W m−1 K−1 at around room temperature
to 1.5 W m−1 K−1 at the highest temperature about 450 K. The
measured low thermal conductivities of freestanding GF in
this work is attributed to two main reasons: ﬁrst, the bulk
volume of GF consists of huge number of thermal contacts of
graphene ﬂakes as validated from the SEM images as shown
in ﬁgures 2(a)–(d). These thermal contacts act as the narrow
bridges for thermal energy transport. In other words, the large
thermal conductance inside graphene has minor inﬂuence on
the thermal transport of bulk material compared with the large
thermal contact resistance. Second, high porosity of GF limits
the efﬁciency of energy transmission inside the sample in
terms of reducing cross-section area of thermal transport. In
the experiment, the high vacuum condition (around 10−3 Torr)
further reduced the air molecules in the small pores, which let
only phonon transport through graphene contacts and photon
energy exchange between one side of semicircle of the pore
and the other side applicable. For our experiment with
3
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Figure 2. SEM images of the GF studied in our experiments. (a), (b) show the microscopic structure; (c), (d) show the morphology of

graphene and ultra-thin graphite constituents.

temperature increase no higher than 450 K, radiation effect is
not that signiﬁcant to exceed the energy transport through
heat conduction. Hereby, the thermal conductivity measured
in our experiment is a macroscopic (or say apparent) value of
the whole GF sample rather than describing the thermal
conductance of its inner structures. Noting that there is rare
scenario that GF will be used in high vacuum conditions, for
example, it can be in contact with electrolyte if being used in
Li-ion batteries, the thermal performance of GF would be
improved in these applications.
It is noticed that there is an increasing trend of thermal
conductivity with temperature for all three samples with
temperature increase from 310 K to 440 K. Their percentage
improvements of thermal conductivity are similar (as shown
in ﬁgure 4(b)). The thermal conductivity at the highest temperature is almost ﬁve times that at room temperature. Thermal conductivity of carbon-based materials, such as diamond,
graphene, graphite [14, 24] and single-wall CNT [20] have a
well-described behavior related to temperature (within a large
temperature range): ﬁrstly increase and then drop in a 1/T
relation due to the Umklapp phonon–phonon scattering
[13, 20]. The transition temperature is often below 300 K
[14, 25]. But for GF which can be regarded as the composite
with high porosity rather than a good crystalline material, this
abnormal temperature dependence of thermal property cannot
be solely explained with Umklapp scattering theory. Again,
the intrinsic thermal contacts and small amount of radiation
effect could be the reason for this discrepancy of this

Figure 3. The characterization curve of thermal conductivity and

thermal diffusivity of sample 1: (a) the voltage curve to determine
thermal conductivity and (b) the normalized temperature rise curve
for ﬁtting thermal diffusivity of GF.
4
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Figure 4. (a) Temperature dependence of thermal conductivity of

three GF samples. Thermal conductivity increases signiﬁcantly for
all samples. (b) The improvement percentage shows that thermal
conductivity improvement is similar for three samples.

Figure 5. (a) Temperature dependence of thermal diffusivity of three
samples. Thermal diffusivity improves signiﬁcantly with temperature. (b) The improvement percentage shows a similar trend for all
samples.

temperature dependence effect. Besides, this phenomenon has
been discovered in other carbon-based materials, such as
CNT buckypapers, CNT sheets and CNT ﬁbers [21, 22, 26].
Especially in CNT sheets, the improvement of thermal conductivity from 100 K to 300 K can be as high as several tens’
times for long CNT sheets. The common feature of longlength CNT aggregates and GF is the countless interconnect
points, which produce large ITR in the thermal transport
of GF.
Pettes et al have conducted the study for the temperature
dependence of similar GF. They found that the temperature
dependence followed the 1/T relation and they argued that the
thermal transport of GF could be explained by the Umklapp
phonon scattering theory. The discrepancy of our measurement result can be explained by the difference in sample
structures. SEM images show that the surface of their samples
is much smoother and the size of their graphene ﬂakes much
larger. Thus, it is the in-plane thermal resistance of graphene
and UG constituents dominates thermal transport in their
samples rather than the ITR between graphene ﬂakes for our
samples. That is why they found that the temperature
dependence of their samples was the same with that of pure
graphene. Therefore, the difference in sample structure (even
with the same constituents) might lead to different thermal

transport mechanism, and cannot be explained by a sole
theory.
Thermal diffusivities of these samples are obtained as
shown in ﬁgure 5(a). The value ranges from ∼4 × 10−5 to
∼2 × 10−4 m2 s−1 at the same temperature range, which are
relatively larger values compared with other semiconductive
materials such as silicon. Considering the measured low
thermal conductivity, it proves that there is high porosity
inside GF (α = k ρc ). It is also observed that there is a little
difference for thermal diffusivity of different samples. It
might come from the structural modiﬁcation during the
sample preparation while cutting from the same batch. In
addition, as analyzed by Lin et al the sample lengths could
impact the radiation loss, thus introduce some errors to the
ﬁnal result [16]. Since the temperature dependence of thermal
properties is our interest, the difference between each sample
due to radiation heat loss is ignored here. Detailed analysis
about the radiation induced uncertainty will be provided in the
following section. As observed in ﬁgure 5(b), similar as
thermal conductivity, there is an increasing trend for thermal
diffusivity with respect to the temperature, and the highest
value is almost ﬁve times the lowest, which is an important
evidence for this signiﬁcant temperature dependence of
thermal property of GF.
5
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thickness of constituent graphene is in the order of 1 nm (set
as 1 nm as an example), and the TEC along out-of-plane
direction is found as 3 × 10−5 K−1 at our temperature range
[34], the thickness of one graphene ﬂake had an expansion of
3 × 10−3 nm with temperature rise of 100 K, which is 3% in
thickness improvement. This would greatly improve the
contact strength between two graphene ﬂakes. As both of the
overlapped graphene ﬂakes had expansion, the interfacial
distance between them should be reduced from 0.335 nm
(distance at equilibrium under van der Waals interaction) [8]
to 0.329 nm. Therefore, as the temperature goes higher, the
thermal expansion effect become stronger, squeezing the
graphene ﬂakes together with larger pressure.
Similar phenomenon has been observed in CNTs packed
bed with reduced thermal conductivity. It is found that k of
CNTs packed bed is around 0.1–0.2 W m−1 K−1 [35]. The ITR
between CNTs is considered as the main reason. From the
SEM images, we can estimate the size of graphene ﬂakes as
around 10 μm. Assuming the thermal conductivity of graphene ﬂakes is 1000 W m−1 K−1 [14], the thermal resistance
of a single graphene ﬂake is approximated as ~1 × 10−8
K m2 W−1. This value is at the same order of the ITR of
tightly bonded interface [18]. The thermal resistance of solid
phase in GF is composed of the thermal resistance of graphene ﬂakes and their ITR, which can be expressed as:
Rsolid = RG + RC , where the terms represent the thermal
resistance of the solid phase, graphene ﬂakes and contacts
respectively. Since thermal conductivity of inner graphene
ﬂakes can hardly be determined, we estimate it as between
that of single-layer graphene (highest value) and graphite
(lowest value). Thermal conductivities of single-layer graphene [30] and pyrolytic graphite [25], as shown in ﬁgure 6,
are adopted to calculate the corresponding thermal resistance
of a single graphene ﬂake with the size of 10 μm. The thermal
contact resistance can also be calculated accordingly. ﬁgure 7
lists the temperature dependence of thermal resistance of solid
phase, thermal contact resistance and thermal resistance of
graphene. It shows that the thermal resistance of graphene is
much less than thermal contact resistance for temperature
below 400 K. When temperature rises above 400 K, the effect
of thermal resistance from interfacial contact and graphene
ﬂakes are close. Thermal contact resistance signiﬁcantly
decreases from 6 × 10−8 to 4 × 10−9 K m2 W−1 while the
thermal resistance of graphene increases slightly. Therefore,
the temperature dependence of thermal resistance of the solid
phase is determined mostly by the thermal contact resistance
between graphene ﬂakes [17]. The signiﬁcant reduction in
thermal contact resistance can be only explained by the tighter
binding interface due to thermal expansion.
As temperature increases, the radiation heat exchange
within the pore inside GF should be considered. The energy
exchange through radiation can be computed according to the
Stefan-Boltzmann
law,
Er = εr σ (T 4 − T04 ) ≈ 4εr σT03 (T − T0 ), where Er is the heat
radiation power per area of material, εr the emissivity of
material, σ the Stefan-Boltzmann constant, T0 the room temperature. The effective thermal conductivity due to radiation

Figure 6. The intrinsic thermal conductivity of solid phase in GF

with respect to temperature for three samples. The experimental data
of thermal conductivity of single-layer graphene, diamond and
pyrolytic graphite (in-plane) from [7] and [2] is listed as a
comparison, and is ﬁtted as k = 8.14 × 108 T−2.12, k = 4.86 × 106 T−1.34
and k = 1.08 × 106 T−1.11 for the temperature relationship.

3.3. Physical interpretation of experimental observations

To understand the mechanism underlying this phenomenon,
the intrinsic thermal conductivity of the solid phase is analyzed. The model for heat conduction in porous solid media
presented by Schuetz et al [27] shows that the intrinsic
thermal conductivity can be computed as ksolid = 3 kGF where
kGF is the thermal conductivity of GF, φ the volume fraction
of the solid phase in the foam. According to the deﬁnition of
thermal diffusivity of αGF = k GF ρGF cGF , the mass density of
1.6
our samples ( ρGF ) can be estimated as 10.5−+1.6
kg m−3 by
assuming the speciﬁc heat per mass of GF equivalent to that
of graphite as 709 J kg−1 K−1 [28]. Noting the mass density of
the solid phase ( ρsolid ) equivalent to that of graphite [28], the
volume fraction of GF is calculated from ϕ = ρGF ρsolid as
0.07
0.48−+0.07
%. Inspired from 16 that αsolid = k solid ρsolid csolid ,
αGF = k GF ρGF cGF and ρsolid csolid = ρGF cGF ϕ, we can readily get the intrinsic thermal conductivity of the solid phase as
k solid = 3αGF ρsolid csolid . Substituting the mass density of
2210 kg m−3 and speciﬁc heat of graphite as 709 J kg−1 K−1,
intrinsic thermal conductivity of solid phase of GF is obtained
as from 200 to 800 W m−1 K−1 as shown in ﬁgure 6. The
results obviously is much lower than the high thermal conductivity of individual graphene [29, 30] and diamond [25]
while close to that of graphite [14, 25]. Therefore, the more
frequent phonon–phonon and phonon-boundary scattering,
which are attributed to the defects, rough edges, surface
contamination and complex morphology should dominate
thermal transport in the solid phase of GF. In other words, the
ITR across graphene ﬂakes is responsible for the reduced
thermal property of GF. It could be the main reason for this
signiﬁcant temperature-dependence trend and the larger
thermal conductivity at higher temperature is as a result of
reduced thermal contact resistance. Considering the main
constituents of GF are FLG and UG, it should exhibit thermal
expansion like graphite [31] other than thermal contraction
that single-layer graphene does [32, 33]. Assuming the
6
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Figure 8. (a) The comparison of thermal conductivity computed
Figure 7. The summary of thermal resistance of solid phase (ﬁlled

through heat conduction model with (ﬁlled geometry) and without
(open geometry) heat radiation. (b) The ratio of radiation heat loss to
the surroundings to the total power of Joule heating.

square), graphene (open square), and contact resistance between
graphene ﬂakes (star) of all samples. The thermal contact resistance
is calculated by assuming the thermal conductivity of the graphene
ﬂakes is the same as (a) the single-layer graphene (largest value in
literature) and (b) the pyrolytic graphite. It is obvious that thermal
contact resistance dominates the thermal transport of GF and is
responsible for temperature dependence trend obtained in our
experiment.

The values after corrections are only slightly smaller than the
original values. Figure 8(b) shows the ratio of radiation heat
loss to the surroundings to the total Joule heating power,
which indicates that only in sample 1 has obvious radiation
heat loss and the effect of heat radiation is less at higher
temperatures. Although higher temperature of GF would lead
to larger heat loss to the environment, the radiation inside GF
at high temperature could contribute more to thermal conductivity of GF. Therefore, it could be possible that at high
Joule heating power, the ratio of radiation heat loss to the
environment could decrease due to larger thermal conductance effect. In fact the effect of radiation heat transfer on
thermal conductivity measurement is smaller than the effect
caused by samples difference and can be totally neglected.
The exclusion of radiation effect on the thermal diffusivity
ﬁtting is studied by Lin et al [16] and their theoretic analysis
gave
the
following
solution
as
4 ∞
2 2
2⎤
⎡
T * = 96/π ∑m = 1 1 − exp ⎣ − (2m − 1) π αeff t L ⎦

can be expressed as 4εr σAs T03 when temperature rise is not
high, where As is the pore surface. It is obvious that the third
order of temperature can greatly improve the effective (or say
apparent) thermal conductivity at high temperature. This
radiation heat exchange could be another reason for the
improved thermal conductivity at high temperatures.
3.4. Error analysis of experimental results

The measurement result could be somewhat overestimated
due to the radiation heat loss from the sample surface to the
surroundings. The governing equation can be modiﬁed as
[15]: kAd2T dx 2 − 4εr σT03 P ( T − T0 ) A + q0 = 0, where A
and P is the area and perimeter of the cross-section. The
solution is k = − q0 [2 tanh(mL 2) mL − 1] m2ΔT , and
m2 = 4εr σT03 P kA. The effective emissivity of GF is chosen
as 0.97 according to the previous research conducted by
Pettes et al [15]. Figure 8(a) compares the thermal conductivity calculated from the heat conduction model with
(ﬁlled geometry) and without (open geometry) heat radiation.

{

4

}

/(2m − 1) , almost the same with the solution without considering radiation except that α is replaced by αeff . The
expression for αeff is αeff = α + 8εr σT03 L 2 ρc p Dπ 2, where D
is the thickness of GF. We can estimate the value of radiation
part as 4.25 × 10−6 m2 s−1 by assuming the mass density of
10 kg m−3, length of 5 mm, thickness of 1 mm, which is more
7
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than one magnitude smaller than our measured values. In our
experiment, an aluminum foil is used to fold the sample stage
to eliminate the radiation effect. Therefore, the effect of
radiation heat loss can be ignored.

[7]

[8]

4. Conclusion
In summary, a strong temperature dependence of thermal
properties of GF is revealed in this work. Thermal conductivity and thermal diffusivity of GF are improved signiﬁcantly from ∼0.3 to 1.5 W m−1 K−1 and from ∼4 × 10−5 to
∼2 × 10−4 m2 s−1 respectively with respect to temperature
from 310 K to 440 K, which is an abnormal phenomenon
cannot be explained through Umklapp scattering theory for
single crystal structures of carbon materials. The measured
low thermal conductivity is attributed to the high porosity and
numerous thermal contacts inside sample. Our quantitative
analysis shows the thermal contact resistance of graphene
ﬂakes is much larger than intrinsic thermal resistance inside
graphene for temperature below 450 K. The improved thermal
property of GF at higher temperatures can be explained
through the reduction in thermal contact resistance due to the
tighter contact induced by thermal expansion effect and partly
the improved radiation heat exchange inside the pore of GF.
The ﬁnding of temperature dependence of thermal transport
of GF is beneﬁcial for thermal design of GF based thermal
energy applications such as Li-ion batteries working in such
temperature range.

[9]
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