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ABSTRACT

Due to the high-porosity structure, the low thermal transport property of graphene foam (GF) is expected. However, the interconnected skel-
eton can still act as excellent thermal conductor branches if phonon scattering is not severely affected in the structure of graphene flakes.
Such a property has not been validated experimentally due to the difficulty in sample manipulation and the fragility of the structure. In this
work, we report the characterization results of thermal properties of the free-standing skeleton in GF. Three individual skeleton samples
from one GF piece are prepared under the same condition. The thermal diffusivity of GF skeletons is characterized in the range of
3.26-3.48 x 10~* m?/s, and the thermal conductivity is determined to be 520-555 W/(m K), which is two orders of magnitude larger than the
value of bulk GF. These high thermal conductivity values originate from the intrinsic thermal property of graphene, while the contact interfa-
ces, wrinkled structures, and defects induced in the synthesis process do not affect the phonon transport property significantly, which proves
that the three-dimensional hierarchical graphene structure can still be implemented in energy-intensive applications.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0032408

Graphene foam (GF) is a three-dimensional (3D) bulk architec-
ture interconnected by a graphene flake network."” The superior ther-
mal properties and surface-to-volume ratio enable the integration of
GF into various nanocomposite materials to improve the thermal con-
ductivity of the base matrix, including thermal interface materials’ and
phase change materials.* For example, it is found that the thermal con-
ductivity of a GF-polymer composite is threefold of the pure polymer,
which is also 20% higher than that of the graphene-polymer compos-
ite with the same load.” However, the porous structure of GF is assem-
bled by the interconnection of graphene flakes with random skeleton
alignment. The evaluation of intrinsic thermal transport behavior in
GF is beneficial for application in industrial equipment.

A flexible 3D thermal circuit network is established in describing
the thermal transport in porous GF, indicating several orders of mag-
nitude reduction in effective thermal properties compared to those of
suspended monolayer graphene.” Pettes et al.” applied a steady-state
electrical heating method to characterize the thermal properties of
GF. The thermal conductivity of porous GF is calculated to be
0.26-1.7 W/(m K). The thermal conductivity experiences a decreasing
trend upon elevating the temperature above 200K, which reveals

that the phonon-phonon scattering mode dominates the phonon
scattering process. However, the free-standing GF skeleton could serve
as an efficient heat dissipation network despite the diminution of effec-
tive thermal transport behavior in bulk GE.” The model from the study
by Schuetz and Glicksman” presents a correlation between the thermal
conductivity of the skeleton and bulk material by assuming a uniform
assembly in geometry and the structure, which is demonstrated as
valid in open-cell metal foams with porosity in the range of
0.88-0.98."" Li et al.'" extended the model for calculating the thermal
conductivity of the skeleton from the measurement results of bulk GF.
The thermal conductivity of the skeleton in estimation is one order of
magnitude lower than that of monolayer graphene due to the intense
phonon scattering at the contact interfaces and defect points. Xie
et al'” decoupled the defect level in bulk GF to obtain the ideal
thermal conductivity and thermal diffusivity of the skeleton from
the model in the temperature range of 33-299K. The estimated
thermal conductivity of the skeleton decreases from ~10° W/(mK) to
300 W/(mK) upon increasing the temperature from 80K to room
temperature. However, due to the fragility of the GF structure, there is
no direct experimental characterization of the thermal properties of
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the individual skeleton yet."” The heat transfer of graphene flakes in
GF is anisotropic, which is different from the homogeneous hypothesis
in metal foam. Large uncertainty could be induced into the theoretical
prediction about the thermal properties of the skeleton from bulk GF.

In this work, we report the experimental study of the intrinsic
thermal properties of the free-standing GF skeleton. Three individual
skeleton samples are separated from the same GF piece for thermal
characterization. Thermal diffusivity and thermal conductivity of the
skeleton are determined at room temperature, which demonstrate
the effective heat dissipation network of the skeleton in porous
GF. The results are compared with those monolayer graphene to
uncover the mechanism of thermal transport in the GF skeleton.

The GF sample is purchased from the Nanjing JCNANO
Technology Corporation, which is synthesized by a conventional
chemical vapor deposition method.'*'” Figure 1(a) presents the scan-
ning electron microscopy (SEM) image of the bulk GF. The three-
dimensional interconnection architects a complex porous structure.
The pore size of the GF is determined to be around 200 yum as shown
in Fig. 1(b). In Fig. 1(c), it is found that the GF skeleton consists of
large amounts of graphene flakes. The wrinkled structures and contact
interfaces construct a fluctuating surface upon the GF skeleton as illus-
trated in Fig. 1(d). Raman characterization is implemented on the GF
skeleton with an excitation laser of 532 nm. As shown in Fig. 1(e), the
intensity of the D peak (1352cm™") is around 6.8% of that of the G
peak (1581 em ™ Y. Ip/lg determines an average crystallite size of
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FIG. 1. SEM image of the (a) bulk GF, (b) network structure of a pore, (c) morphol-
ogy upon single skeleton, (d) microscopic constituents. (e) Raman spectrum of the
GF skeleton. (f) XPS spectrum of GF.
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283nm in the GF skeleton by using the formula L,(nm) = (2.4
x10719)2(nm)*(Ip/Ig) ", where L, is the average crystallite size and
/. is the excitation laser wavelength in the Raman measurement.'® The
2D peak consists of only one Lorentzian component, indicating a typi-
cal out-of-plane staking mode of the graphene layer as that in turbos-
tratic graphite.'” L/l is close to the value of five-layer graphene.'’
Our GF sample is assembled by elements of carbon (81.54%), oxygen
(12.95%), Nitrogen (0.66%), silicon (3.09%), and phosphorus (1.76%),
as demonstrated in the X-ray photoelectron spectroscopy (XPS)
spectrum in Fig. 1(f). A peak at 284 eV shows the presence of C=C
bonding in the GF specimen.

The transient electro-thermal technique (TET) is an effective
method for characterizing the thermal properties of various materi-
als.'” Figure 2(a) illustrates the schematic setup of the thermal mea-
surement of the GF skeleton. The sample is suspended between two
aluminum electrodes in a vacuum chamber under 1 mTorr. The mean
free path of the gas molecule is determined to exceed 0.05 m, which is
much larger than the characteristic length of the GF skeleton to elimi-
nate the effect of air conduction. A DC step current (from 18.0 to
29.5mA) is applied by a current source (KEITHLEY 6220) to intro-
duce Joule heating, which is generated inside the sample and dissipates
to electrodes through heat conduction. During the heating process, the
temperature rise along the sample is below 5K so that the radiative
heat loss is in a small proportion. The one-dimensional heat conduc-
tion equation with a uniform heat source is obtained as d(pc, T)/0t
= kd? T/ ox? + qo» where p, s and k are the density, specific heat
capacity, and thermal conductivity, respectively, and g, represents the
electrical heating power per unit volume. The average temperature of
sample is determined by solving the partial differential equation and is
obtained as™

8qoL? 21 — exp [—(2m — 1)*ntat /L2
I(t) = To+ =15 ploGmo1fwa/l]
7[ m=1 (21’1’! - 1)
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FIG. 2. (a) Schematic setup of thermal characterization of the GF skeleton. (b)
Separation of the skeleton in an optical microscope view. (c) Linear fitting of the
resistance of the GF skeleton with respect to temperature. (d) Transient state of
voltage evolution to determine the thermal diffusivity.
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where T(t) is the temperature at time ¢, T is the room temperature, L
is the sample length, and o is the thermal diffusivity. The normalized
temperature rise is defined in the form of T* = [T(t)— To]/
[T(t — o0) — To] and is given as

96 ~1—exp [—(2m — 1)’ 2?at/L1?]
U (2m—1)* '

m=1

T*

(@)

Since the sample resistance is sensitive to temperature, the normalized
temperature rise can be calculated from voltage variation, which is
described as [U(t) — Up)/(U; — Uy), where U(t), Uy, and U, are the
voltage at time ¢, initial, and steady-state voltages, respectively. The
thermal diffusivity can be calculated using Eq. (2) as the normalized
temperature rise is obtained. The fluctuating morphology of the
surface on the GF skeleton indicates that the local cross-sectional area
is inconsistent along the length direction of the GF skeleton. Even if
there does exist a difference in the local cross-sectional area, the sur-
face roughness is much smaller than the skeleton width. The thermal
properties in thermal characterization represent the overall thermal
behavior in the GF skeleton.

In order to characterize the thermal properties of a single free-
standing GF skeleton, it is necessary to separate it from the bulk foam
structure. Figure 2(b) displays an optical microscope view of the sepa-
rated GF skeletons and the to-be-separated structures. Due to the frag-
ile structure of the GF skeleton, it is easy to damage the sample during
the separation process from the bulk foam materials. Under careful
implementation, the individual GF skeleton is separated with tungsten
needles and further used in thermal characterization. The skeleton
ends are glued to the electrodes with silver paste to minimize the elec-
trical and thermal contact resistance. The experimental equipment
was also verified and calibrated by measuring the thermal diffusivity
and thermal conductivity of a platinum wire. The overall resistance of
the platinum wire is 3.7 Q, and the contact resistance introduced from
silver paste is 0.3 Q. The difference between the measured results and
standard parameters is less than 5%. The amount of silver paste is pre-
cisely controlled by a stepper motor integrated with an injector.
During this process, the surface tension from silver paste could lift up
the GF skeleton and break the suspended bridge structure. To elimi-
nate the surface tension effect from silver paste, anhydrous alcohol is
sprayed onto the sample in an atomized manner. The surface tension
from anhydrous alcohol facilitates the attachment between the skele-
ton ends. Under the combined effects of surface tension from anhy-
drous alcohol and silver paste, the silver paste can be smeared on the
skeleton ends without lifting up the skeleton. After the natural evapo-
ration of anhydrous alcohol, a bridge structure of the GF skeleton
between the electrodes is established. In the same bulk GF piece, the
skeletons share a similar interconnected structure and length. Three
individual GF skeletons separated from the same piece have lengths of
244 um, 275 um, and 339 um, respectively. The voltage variation is
recorded at a time interval of 10 us with a data acquisition card (NI
USB-6003). The temperature effect on resistance of the GF skeleton is
calibrated as shown in Fig. 2(c). The electrical resistance of the skele-
ton increases in the controlled temperature range of 290-332K.
The calibrated temperature dependence of the resistance of the GF
skeleton reveals a temperature coefficient of electrical resistance of
3.86701% x 1073 /K. The calculated coefficient (R-square) is 0.9890,
which demonstrates a good linear correlation between electrical resis-
tance and temperature. The skeleton itself could act as a remarkable

scitation.org/journal/apl

1.1_ T T v T T T T T T T T T T

a=3.37"%10"" m%/s .

0.7 N -0.60

0.3}
[/ o Sample 1
Fitting curve

+— 51 ) :ac, 5
L4 “0 o |
9 @ 9o 1

o i
0=3.267) %107 m?/s ]

20 ©

0.7 f

0.3}
[/ e Sample?2

Normalized temperature rise

0 Fitting curve
— —+— ——
[ (©) oo, >
I .9 o ot042 -4
07 0=3.48""x10

-0.42

03}

o Sample 3

0 Fitting curve
0 10 20 30
Time (x107s)

FIG. 3. Determination of thermal diffusivity from the normalized temperature rise of
the GF skeleton under Joule current heating for (a) sample 1, (b) sample 2, and (c)
sample 3.

sensor for measuring the thermal properties. In Fig. 1(d), a typical
voltage evolution is recorded during the heating process and beneficial
for establishing the normalized temperature rise. Thermal diffusivity
of the GF skeleton is then available from the normalized temperature
rise based on Eq. (2).

Figures 3(a)-3(c) show the normalized temperature rise with
respect to time for different samples. The experimental data present a
similar trend in which the normalized temperature rise experiences an
initial increase to a steady state. The thermal equilibrium time in the
measurement takes about 1 x 10~ s, which is extended to a longer
time for a longer sample. The fitting curve is employed to determine
the thermal diffusivity of the GF skeleton by using the least squares
method. It is found that the thermal diffusivity varies slightly from
3.26 x 10~ * to 3.48 x 10~* m*/s for different samples. The uncertainty
of data is from the fitting method with a confident interval of 95%. Lin
et al”' carried out an experimental study to calculate the thermal
properties of GF. They estimated a theoretical thermal diffusivity of
the GF skeleton to be 1.16-2.22 x 10~ * m*/s from the measured values
of bulk GF, which is in the same order of magnitude as our results.

In the TET technique, thermal conductivity can be obtained if
the temperature rise and the cross-sectional area of the sample are
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calculated. However, the cross section of the GF skeleton is irregular as
shown in the inset of Fig. 1(b), which hinders the accurate calculation
of thermal conductivity and causes large uncertainty. Due to the
porosity in the bulk foam structure, there is a decrease in density in
bulk GF compared to the skeleton. The intrinsic density and specific
heat capacity of the GF skeleton are only sensitive to the composition
materials of graphene flakes in the skeleton, but not to the porosity in
bulk foam. Besides, the SEM images in Figs. 1(b) and 1(c) demonstrate
the interconnected graphene network in an individual GF skeleton.
Based on the thermal diffusivity and the specific heat capacity of
graphene, the thermal conductivity of the GF skeleton can be deter-
mined from k = apc,. At room temperature, the values of p and ¢,
for graphene and graphite are identical,”” which are confirmed to be
2250 kg/m® and 709 J/(kg K), respectively.”””* Figure 4 presents the
thermal diffusivity and thermal conductivity for different samples of
the GF skeleton. It is found that the thermal conductivity of the skele-
ton is in the range of 520-550 W/(m K), which demonstrates our spec-
ulation that the skeleton establishes an effective heat dissipation
network despite the low thermal conductivity in bulk GF. Yang et al.””
analyzed the effective thermal conductivity of open-cell foams with
different geometrical structures. Effective thermal conductivity of the
foam structure is decreased as the porosity and ratio between the node
and the skeleton diameter are increased. Qiu et al.”® indicated that the
effective thermal conductivity of the foam structure is not only sensi-
tive to porosity but also sensitive to the inhomogeneity in the pore
size. Compared to the homogeneous foam structure, the effective
thermal conductivity in the foam with an inhomogeneous pore size
distribution is decreased by 13.5%. Wei et al.”” employed machine
learning to calculate the effective thermal conductivity of the foam
structure. Different from that in periodic nanoporous graphene, an
unexpected enhancement of effective thermal conductivity is observed
in disordered nanoporous graphene, which is attributed to the effect of
the shape factor and channel factor.

Our results are smaller than the suspended monolayer graphene
synthesized by the CVD method [1689-1813 W/(mK)]** and
mechanical exfoliation [~3000 W/(m K)],”* but are closed to the five-
layer graphene [~580 W/(m K)]"’ and regular bulk graphite materials
[~520 W/(mK)]."' Thermal transport in the GF skeleton is attributed

6 . . . 1800
' e Rk
I 1 T T 4600
24t = N | —
SN N A
= | =
e Z -:200«
ol % :o

Sample 1 Sample 2 Sample 3

FIG. 4. Thermal diffusivity and thermal conductivity for different samples of the GF
skeleton in the measurement.

scitation.org/journal/apl

to the combined effects of electron and phonon migration. The total
thermal conductivity of the GF skeleton can be split into the contribu-
tion of electron migration and phonon propagation. According to the
Wiedemann-Franz law, the contribution of electron migration to ther-
mal conductivity can be calculated from L = k./o T, where L is the
Lorenz number, k. is the thermal conductivity of the electron contri-
bution, o is the electrical conductivity, and T is the temperature. The &
value is demonstrated to be sensitive to the number of graphene layers,
which could vary from 3 x 10° S/m (Ref. 32) for single-layer graphene
to 1.69 x 10° S/m for graphite.”’ The maximum value of k, can be esti-
mated to be 22W/(mK) with a ¢ value of 3 x10° S/m at 300K.
Therefore, the electronic contribution to thermal conductivity is deter-
mined to be less than ~4% in the GF skeleton, revealing that the pho-
non propagation dominates the thermal transport in the GF skeleton.

As shown in the SEM image [in Fig. 1(d)], large amounts of con-
tact interfaces between graphene flakes exist in the GF skeleton. The
phonon leakage at the mismatch contact interface shortens the pho-
non mean free path and, thus, impedes the thermal transport in the
skeleton.” It has been demonstrated that the thermal conductivity of
polycrystalline graphene could evolve a decrease by 90% as the grain
size decreases from 1000nm to 2nm.” Thermal transport is more
sensitive to the phonon vibration at the contact interface in polycrys-
talline graphene with smaller grain sizes. Fan et al.” presented a corre-
lation of normalized thermal conductivity at 300 K under different
grain sizes with quantum correction. The normalized thermal conduc-
tivity of polycrystalline graphene (thermal conductivity ratio of poly-
crystalline graphene to pristine graphene) increases as the grain size is
increased. When considering the average crystallite size of 283 nm in
the GF skeleton as calculated from the Raman spectrum in Fig. 1(e),
the normalized thermal conductivity at 300 K is determined to be 0.28
by using Fan’s correlation. For a reference case of k=538 W/(m K) of
the GF skeleton, the thermal conductivity of pristine graphene is esti-
mated to be 1921 W/(mK), which is comparable to the reported
value.”® Furthermore, the wrinkled structures on the surface of the GF
skeleton could lead to strong phonon scattering. In our previous study
of thermal transport in graphene paper,” a reduction of 30% in sur-
face roughness modifies the overall thermal conductivity of graphene
paper. The phonon scattering in the wrinkled structure presents a sig-
nificant role in thermal transport. Besides, Fig. 2(c) shows that the
electrical resistance of the GF skeleton experiences an increasing trend
vs temperature within the measurement temperature range, which is
different from that of monolayer graphene and few-layer graphene.”
In all the temperature range, the electrical resistance of graphene is
found to present a semiconductor-like behavior and a decrease with
temperature.”’ However, when the impurity and doping phenomenon
occurs in the GF skeleton, the electrical resistance could present an
increasing trend as the temperature is increased.”’ The XPS spectrum
of the GF skeleton in Fig. 1(f) demonstrates the defect structures
induced by doped elements. The phonon density of state in doped gra-
phene is different from that of pristine graphene.’' Thermal conduc-
tivity of doped graphene could be decreased to 10% of pristine
graphene at 300 K with a defect ratio of 0.5%. The defects in graphene
reduce the relaxation time of the phonon group, leading to a suppres-
sion of thermal conductivity.

In summary, we implement an experimental study of thermal
properties of the free-standing GF skeleton. The individual skeleton is
separated from bulk GF for thermal characterization. Thermal
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diffusivity of the skeleton is calculated to be 3.26-3.48 x 10~* m%s,
and the thermal conductivity is determined in the range of
520-555 W/(m K). Different from the low thermal conductivity in
bulk GF, the skeleton is demonstrated to establish an effective heat dis-
sipation network. The results reveal that the GF skeleton experiences a
moderate reduction in thermal transport compared to the monolayer
graphene, which is ascribed to the presence of contact interfaces, wrin-
kled structures, and defects induced in the synthesis process. The
three-dimensional hierarchical graphene structure is promising for the
integration in energy-intensive applications.
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