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Due to the ultra-high thermal conductivity («) of graphene, graphene-based materials are expected to be
good thermal conductors. Here, however, we uncovered extremely low « of ultralight graphene aerogels
(GAs). Although our GA (~4 mg cm~3) is about two times heavier than air (~1.2 mg cm~3), the «
(47 x 1073259 x 1073 W m~! K~') at room temperature (RT) is about 80% lower than that of air
(00257 W m~! K1 at 20 °C). At low temperatures, the GA's k reaches a lower level of
2 x 10744 x 1004 W m~! K. This is the lowest  ever measured to our best knowledge. The mech-
anism of this extremely low « is explored by studying the temperature variation of GA's k, thermal
diffusivity («) and specific heat (cp) from RT to as low as 10.4 K. The uncovered small, yet positive da/0T
reveals the dominant interface thermal contact resistance in thermal transport. For normal materials
with thermal transport sustained by phonon—phonon scattering, d«/dT always remains negative. The
study of ¢, suggests highly disordered and amorphous structure of GAs, which also contributes to the
ultralow «. This makes the GA a very promising thermal insulation material, especially under vacuum

conditions (e.g. astronautics areas).

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

To facilitate graphene's wide applications, three-dimensional
graphene-based aerogels (GAs) with self-assembled microstruc-
tures has become one of the most distinctive and promising forms.
Compared to two-dimensional graphene sheets or one-
dimensional carbon nanotubes, 3-D graphene aerogel is superior
with flexible shape, strong mechanical strength, lightweight, high
porosity and excellent durability. These advantages fulfill the re-
quirements of industrial applications and are expected to pave the
way for novel applications of graphene. Extensive work has been
done and remarkable progress has been made for its applications in
electrochemical devices [1,2], environmental treatment [3,4] and
energy storage [5], etc. Li et al. demonstrated that their GA syn-
thesized by chemical reduction with ethylenediamine (EDA) is a
highly efficient and recyclable absorbent for organic liquids [6]; Xu
et al. measured the reversible magnetic field-induced strain and
strain-dependent electrical resistance of GA decorated with Fe304
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nanoparticles, proving it has potential applications as an
ultralight magnetic elastomer [7]. Zhang et al. presents the fabri-
cation and characterization of three-dimensional (3D)
GA—polydimethylsiloxane (PDMS) composites. Their outstanding
electrical, thermal and mechanical properties propose potential
applications in stretchable electronic devices, ultralarge strain
sensors, thermal interface materials, hydrophobic anti-icing films,
and energy absorption and viscoelastic damping devices [8].

As a synthetic highly porous material, aerogel is derived from a
gel by replacing the liquid inside it with air. Due to the high porosity
and randomly oriented microstructure, aerogels have always been
highly insulating materials with a thermal conductivity lower than
still air [9]. Before GA, the most typical aerogel is silica aerogel,
which is known as the best insulator so far. Since 2004, large
amount of aerogels are produced and utilized as building insulation
materials [10]. The thermal conductivity of silica aerogel has been
reported as low as 0.02—0.036 W m~! K~! in atmospheric pressure
[11,12] to 0.004 W m~! K~! in moderate vacuum (0.003 atm) [13].
For other kinds of inorganic aerogels, such as metal oxide aerogels,
the thermal insulating ability is comparatively poor. For example,
the thermal conductivity of alumina aerogel was measured to be
29,98 and 298 m W m~! K~ ! at temperatures of 30 °C, 400 °C and
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800 °C respectively [14]. Compared to its peers, GAs is expected to
be a more outstanding thermal insulating material considering its
high porosity, flexible and strong mechanical properties and the
controllable functional groups at the surfaces. Fan et al. investigated
the impact of thermal annealing on the thermal conductivity of
GAs. Their GAs with a density of 141-52.4 mg cm— was synthe-
sized by a chemical reduction method and dried with supercritical
CO,. The value for the measured thermal conductivity at RT was
0.12—0.36 Wm~' K~![15], which is remarkably low compared with
the ultrahigh thermal conductivity of graphene [16]. Another
research group studied the effect of different reducing agents and
thermal annealing on the properties of GAs. Their GAs with a
density of 16—41 kg m—> has a thermal conductivity of about
01 W m~! K~! [17]. However, these numbers still show little
advantage over other aerogels reviewed above in terms of insu-
lation. Wicklein et al. synthesized a strong anisotropic foam by
freeze-casting suspensions of cellulose nanofibers, graphene oxide
and sepiolite nanorods. The material is lightweight (7.5 kg m~—3),
super-insulating (with a thermal conductivity of 15 mW m~' K™ 1),
and fire retardant, which is very promising as an advanced high-
performance thermally insulating material [18].

Among the various developed methods for synthesizing GAs,
self-assembling by chemical reduction from GO aqueous suspen-
sions attracts wide attentions [19,20]. Compared to other method
for synthesizing graphene aerogel, the chemical reduction process
is comparatively simple and effective. Different functional groups
are introduced onto the surface of the GO flakes during chemical
reduction. By carefully controlling the various functional groups,
different desired properties of the resulting GAs can be achieved
and thus facilitate GAs' application in different areas. Sun et al. [21]
synthesized GA with a density as low as 0.16 mg cm~>, which
crowns GA as the lightest material in the world. They employed
direct lyophilization to remove the solvent first and then fed hy-
drazine vapor for chemical reduction, followed by vacuum drying.
However, the synthesis process is dangerous and difficult to oper-
ate considering the use of hydrazine vapor, which is highly toxic.
Another reduction agent-EDA was also reported for GA assembling
[6,22]. From their study, EDA is efficient in preventing volume
shrinkage and improving the mechanical compressibility of the
hydrogel. The resulting GA produced from chemical reduction and
freeze—drying is electrically conductive and mechanically strong.

In this work, based on Hu et al.’s method [22], we present a
modified synthesizing method of GAs. We report a record-low
thermal conductivity («) for our ultralight GAs (~4 mg/cm?®) under
vacuum. The  of our GAs is down to 2 x 107%4—4 x 107*W m 1 K"!
at low temperatures (~40 K) and 4.7 x 10359 x 10 >Wm 1K'
at room temperature (RT), which makes it a very promising ma-
terial for extreme thermal insulation. The thermal diffusivity and
electrical resistivity of GAs are reported and discussed in detail to
understand the underlying physical principles for the ultralow
thermal conductivity.

2. Sample synthesizing method and characterization

The graphene oxide dispersion in water (purchased from Gra-
phene Supermarket) has the concentration of 5 g/L and C/O ratio of
about 4. Ethylenediamine (EDA) anhydrous (99.9%) was obtained
from Fisher Scientific, and used as received. 4uL reducing agent
ethylenediamine (EDA) is diluted with deionized (DI) water (2 mL)
under magnetic stirring. In this work, the GO solution (5 mg/
mL x 3 mL) is added into the EDA solution drop by drop during the
magnetic stirring. After 30 min of medium—high speed magnetic
stirring, the GO solution is partly reduced and the GO-EDA mixture
becomes uniform. Then the mixture is sealed and heated in an oven
at 95 °C for 6 h. The dispersion of GO first becomes brown colloidal

and finally transforms into a black hydrogel. During this process,
the GO flakes assemble into a macroscopic hydrogel with little
stacking. EDA as a reduction agent leads to ring—opening reaction
of epoxy groups and functionalization on the surface of graphene
oxide. Meanwhile, the graphene oxide is partly reduced by
restoring part of the sp® regions [22]. The resulting hydrogel ex-
hibits no volume shrinkage during the heating. After that, the
hydrogel is subjected to freeze—drying for 48 h, so as to completely
remove the solvent inside the sample. During the freezing process,
cells are made with the formation of ice crystals pushing the r-GO
sheets together into cell walls. After freeze—drying, a black aerogel
sample is formed. Then the sample is put at the bottom of a long
quartz tube, and then flushed with Argon gas for 2 h to remove air
inside the sample completely. After that, the tube is sealed and a
microwave heating process (1—5 min) is employed. The microwave
heating removes a large number of residual functional groups. The
conjugation of sp® and the m— interaction are restored [22].

The final graphene aerogel sample has metal gray color and
good mechanical strength. The GOJ/EDA ratio and microwave
heating time can be varied to make GAs samples with different
density and mechanical properties. The volume of the hydrogel is
mainly determined by the GO/EDA ratio. Too small or too large ratio
will lead to a volume shrinkage after the heating. If the EDA amount
is not sufficient to functionalize all of the graphene oxide flakes, the
graphene oxide cannot assemble into an integrated hydrogel. If the
EDA amount is too large, the pH value of the suspension will be too
high to keep the GO colloids stable, which results in a shrinkage of
the resulting hydrogel [22]. If we increase the GO and EDA amount
but keep a suitable pH value (around 11.5), the resulting GA will be
much denser and the mechanical strength improves accordingly.
We found that when the GO concentration is less than 1.7 mg/mL,
the sample presented some volume shrinkage. Thus the obtained
minimum density of the GAs sample is about 2 mg cm~>. Improved
mechanical strength of the resulting samples can be achieved by
increasing the GO concentration and EDA amount.

The structure of the GAs is characterized by scanning electron
microscope (SEM). The SEM images were taken by using an FEI
Quanta 250 field emission SEM with a voltage of 8.00 kV. Under
SEM, the self-assembled foam-like network can be seen clearly
(Fig. 1(a—b)). The cells walls of GAs are made up of reduced GO (r-
GO) sheets. The thin r-GO sheets fold, curve, twist, and interconnect
with adjacent sheets, constituting the framework with pores of
tens to hundreds of pm. The Raman Spectra of GAs (Fig. 1(c)) ex-
hibits two pronounced peaks at about 1348 and 1585 cm™!, cor-
responding to the D band and G band. The G band reflects the sp?
carbon. Its intensity can be used to analyze the level of graphiti-
zation in GAs. The D band sources from the defects and disorder
structure in the sp? domains [23]. Our GAs show an Ip/I; ratio of
1.14, which is higher than the Ip/I¢ = 1.06 for GO. Increased Ip/I; is
commonly reported for GA synthesized from chemical reduction
[23—25]. Although the microwave heating removes most of the
residual functional groups from GA, the chemical reduction by EDA
brings in a large number of disorder in the sp® domains. As the
residual functional groups are removed during chemical reduction,
some in-plane C=C bonds crack and a large number of defects are
generated. This is the main reason for the increase of Ip/I¢. Besides,
it has been reported that the increased Ip/I is related to the average
size of the sp? domains [26]. During the microwave reduction,
numerous new graphitic domains with smaller size might be
created, which makes the averaged sp® domain size decrease [24]. It
is possible that the microwave heating reduction contributes to a
small decrease of Ip/I;, but the overall reduction process still shows
an increase of Ip/I;. This phenomenon has also been reported in Hu
et al.'s work [22]. The Raman spectrum of GA is obtained using
Olympus BX51 universal research Microscopy under 4x lens, with



Y. Xie et al. / Carbon 98 (2016) 381390 383

5 L) L L} L) 10
(c)
-~ D ——GAs
24 G Go 18
< o~
- —GF 3
= ©
a0 [ 182
S2F 44 %
@) 2D <
o) =
& o2
Z1 125
&}
0 0
500 1000 1500 2000 2500 3000
Raman shift (cm™)
12 T T T T
.(e')
10 F -
8} J
36 i
°
4k o
2+ J

1 Il L '}
1000 800 600 400 200 0
Binding Energy (¢V)

900 LEN R | L) L) L) L) T L} L) L) | 5000
soo [ ()
700 14000
2 - )
S 600 L L 5
;) e GAs 43000 3
2 500 s 2
2 o i o —GF 5
400 | @
o ‘M f T @ 42000 2
2300} Wﬂ 1‘{‘ < @
2 W 8
o
2 200} ' di000 £
100 f MWWMNWWWMW;
Y I PR W PN
5 10 15 20 25 30 35 40 45 50 55 60 65
26 (deg)
4 ¥ T T T
(U]
3k p
(=) Raw data
K ——cC
% —C-0
B co0 1
2 —— )01
E
1k o

O L 1 L
280 285 290 205 300
Binding Energy (eV)

Fig. 1. (a) and (b): SEM images of GAs cellular and wall structure. (c): Raman spectrum. (d): XRD spectrum. (e) X-ray photoelectron spectra of GA. (f) The XPS Cls spectrum,
indicating different bonds for carbon atoms in the sample. (g) The XPS N1s spectrum, suggesting the presence of the pyridinic (N1), pyrrolic nitrogen (N2), and oxidized nitrogen
(N3) at the sample surface. (h) A GA on a dandelion. (i) The compressing test with a 10 g weight. (A color version of this figure can be viewed online.)

8 mW laser power, and 5 min integration. For comparison, the
Raman spectrum of GO flakes (100x lens, 3.0 mW laser power and
60s integration) and the Raman spectrum of GF (100x lens, 0.8 mW
laser power and 10s integration) are also presented.

The x-ray diffraction (XRD) is conducted with a Siemens D500 x-
ray diffractometer using Cu x-ray tube operated at 45 kV and
30 mA. XRD patterns of GAs (Fig. 1(d)) shows three major peaks at
about 17.590°, 21.345° and 26.376°, yielding an interlayer spacing of
3.395-5.065 A based on the fitting, which is a little larger than the
3.36 A from graphite's (002) plane while much smaller than the
8.32 A from GO's 10.6° 20 peak [27]. The decreased interlayer
spacing from GO to GA demonstrates the removal of large amount
of the oxygen-containing functional groups of GO. The larger
interlayer spacing of GAs than that of graphite indicates the exis-
tence of residual functional groups at the surface of GAs, which
makes the r-GO sheets inside GAs different from graphene. As the
reduction going on, the peak of GA is expected to shift from the
peak of graphene oxide at 10.27° to that of graphite at 26.7° [28,29].
Therefore, the peak at 21.345° is due to the presence of partly

reduced graphene oxide. The peak at 21.345° is sharp, indicating
that there is a short-range order. The XRD result of graphene foam
material is also plotted in Fig. 1(d) for comparison. The peaks of GF
are very sharp and have high intensity, which is a typical XRD
pattern of well-crystalline graphene; while the peaks of GA are
wide and the base line is irregular with large noises. This indicates
the large percent of amorphous structure in the GA.

Chemical analysis of GAs is conducted by x-ray photoelectron
spectroscopy (XPS) on a PHI55000 XPS with an Al Ko source
(1486.6 eV). Specifically, the survey spectra (Fig. 1(e)) were
collected from 0 to 1100 eV with a pass energy of 187.85 eV and a
step size of 0.8 eV; high-resolution spectra for specific elements
were acquired with a pass energy of 58.70 eV and a step size of
0.25 eV. The resulting elemental composition of the GAs is C
(82.05%), N (6.99%), O (9.68%), Na (0.56%), and Si (0.71%). Fig. 1(f)
shows the C1s XPS spectrum, which has four obvious peaks by
deconvolution, corresponding to the C—C, C—0, and C=0 and C(0)
OH bond respectively. The C—C bond takes the majority, while other
bonds also exist. Fig. 1(g) presents the deconvoluted N1S spectrum
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Fig. 1. (continued).

of GAs. The fitting of the spectrum gives the following peaks: the
highest peak N1 at 398.5 eV represents the pyridinic nitrogen; N2
at 400.5 eV is attributed to the pyrrolic-type nitrogen; N3 at
403.7 eV corresponds to the oxidized nitrogen [6,30]. The high
porosity endows GAs with an ultralow density (2—6 mg cm >
depending on the microwave heating time as well as the ratio of GO
and EDA), which is comparable with that of air (1.28 kg/m?3).
Fig. 1(h) shows one ultralight GA sample standing on a dandelion.
The dandelion has very little deformation under the weight of the
sample. The GAs have good mechanical strength and elasticity.
Fig. 1(i) shows the compressibility test. After being removed with a
10 g weight, the GA sample (density 4 mg/cm—>) completely re-
covers from the deformation. This shows the good elasticity and
compressibility of our GA material.

3. Methods for thermal characterization
3.1. The transient electro-thermal technique

The thermal diffusivity of GAs samples at different temperatures
are measured using the transient electro-thermal (TET) technique
which is developed by our laboratory. The TET technique is an ac-
curate and reliable approach to measuring thermal diffusivity of
various solid materials. A Janis closed cycle refrigerator (CCR) sys-
tem is utilized to provide stable environmental temperatures from
295 K to 10 K. The GA sample is suspended between two gold-
coated silicon electrodes on a thin glass wafer. Two smooth sili-
con wafers of smaller size are carefully placed on the sample edges
and compressed tightly by clips and epoxy resin. In this way, the

thermal contact resistance can be reduced to a negligible level. The
sample is then placed on the stage of cold head. A small amount of
silver paste is applied to connect the electrodes to the wirings. The
whole stage is then shielded with a radiation shield and sealed with
a clamped vacuum chamber. For data collecting, a step current is
fed through the GAs sample by a current source. An oscilloscope is
used to record the resulting voltage-time (V—t) profile. Fig. 2 (a)
shows the schematic of the experiment set-up. The vacuum jacket
is pumped to a pressure lower than 0.5 mTorr during the whole
measurement to reduce the heat convection to a negligible level.

TET measurements are conducted every 25 K at environmental
temperature from 295 K to 100 K. Denser data points (every
5-20 K) are collected at low temperatures (<100 K) to have a
clearer view of low temperature effects. Details for the physical
model of TET can be found in our previous paper [31]. For the
suspended samples, the one dimensional heat transfer model in the
length direction is reasonable. Heat convection and gas conduction
are neglected considering the very low air pressure (<0.5 mTorr) in
the chamber. The average normalized temperature rise, which is
defined as T" = [T (t)-To]/[T (t— o0)-Tg], is given as:

00

>

m=1

_48
e

1—(=1)"™ 1—exp[ - m?n?ameasuret /L?]

.
T m?2 m?2

(1)

)

where meqsure = (1—f) a is the measured thermal diffusivity. « is the
real thermal diffusivity of GA. f is a type of Biot number which
represents the heat loss from the surfaces of the sample by radia-
tion. The temperature evolution of the sample results in the voltage
change of the sample: T = (Vsampie-V0)/(Ve—Vo), with Vg and V,, are
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Fig. 2. (a) The schematic of the experiment set up. (b) The normalized temperature profiles for sample 1—1 at different temperatures: 295 K, 95 K and 10 K. The symbols are
experimental data and the lines are the theoretical fittings. (c) The first derivative of electrical resistance against temperature profiles obtained by differentiating R-T curve. Some
errors are less than +2%, so they are not very visible. (d) The measured thermal conductivity of the five GA samples in this work. The inset shows one of the examples for the linear
fitting (for group 1 at real temperature of 298.6 K) to obtain its real thermal conductivity. (A color version of this figure can be viewed online.)

the voltage of the sample before and after the heating respectively.
Hence, by measuring the voltage evolution, we can obtain the
normalized temperature profile. Here fcan be defined as —8e,0TgL?/
Dn?k. Thus, the measured thermal diffusivity becomes:

1 8eroT 2
pCp D

(2)

Qmeasure = & 2

pcp is the volumetric specific heat; ¢, is the emissivity; ¢ is the
Stephen-Boltzmann constant; T is the average temperature during
the joule heating; L and D are the length and thickness of the
sample respectively. From this equation, if other parameters are
kept constant, the measured thermal diffusivity of a sample is lin-
early proportional to [2. TET experiments are repeated to the same
GA sample at two or three different lengths (Table 1). For each
group, a rectangular sample is cut from an equal-thickness film of
GA. For group 1, a sample is measured three times with different
lengths, denoted as sample 1—1, 1-2 and 1-3 respectively; for

group 2, another sample is measured twice, denoted as sample 2—1
and 2—2 respectively.

The electrical resistivity of GA is not linearly dependent on
temperature, as indicated in Fig. 4(b). But in our TET measurement,
the temperature increase of the sample induced by joule heating is
very small (AT < 6 K). In this very small temperature range, the
linear relationship between resistance and temperature rise can be
assumed justifiably. The decreasing resistance profile is linearly
reflected in the decreasing voltage during the step current. The
recorded experimental V-t data is theoretically fitted by using
different trial values of the thermal diffusivity. By using Equation
(1) and MATLAB programming, the experimental data is fitted by
comparing with the theoretical curve with different trial value of
measured thermal diffusivity (a¢measure). Applying the least square
fitting technique, the value giving the best fit of Ve is taken as
Qmeasure- ®measure Tepresents the thermal diffusivity during the joule
heating process. The corresponding real temperature (T) should be
the average temperature during the heating process. Fig. 2(b)

Table 1

Details of GA samples characterized.
Sample index 1-1 1-2
Group 1 1
Length [mm] 4.90 + 0.01 3.40 + 0.02
Width [mm] 1.70 = 0.11 1.70 + 0.09
Density [mg-cm 3] 420 +0.38 420 +0.38

1-3 2-1 2-2

1 2 2

2.60 + 0.05 4.90 + 0.02 2.80 +0.01
1.70 £ 0.12 2.02 + 0.07 2.20 + 0.05
4.20 + 0.38 3.90 + 0.36 3.90 + 0.36
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shows the normalized temperature profiles for sample 1-1 at
different environmental temperatures: 295 K, 95 K, and 10 K. The
experiment data agrees very well with the theoretical value
calculated from Equation (1). As the temperature decreases from
295 K to 10 K, the time to reach the steady state becomes longer and
longer, which indicates that the thermal diffusivity is decreasing
with the lowered temperature. The profile of the thermal diffusivity
against temperature is discussed in the last section of this work. To
determine the uncertainty of the fittings, different trail values are
used for the fitting. It is found that when the trial values are
changed by +10%, the fitting curve deviates obviously from the
experimental data. Thus the fitting uncertainty is estimated as 10%,
but the real error should be much smaller since we measure each
value of thermal diffusivity for more than 30 times and take the
average value as the final thermal diffusivity.

3.2. The steady-state electro-thermal technique

The thermal conductivity (kp) of GAs is measured using the
steady-state electro-thermal (SET) technique from RT to 10 K.
When temperature of the sample becomes stable, the governing
equation for energy balance can be expressed as:

82T(x)
ox2

+qo=0 (3)

in which « is the effective thermal conductivity which includes the

radiation effect, T(x) is the temperature at x position, and qg = I°R1/
AcL is the joule heating rate per unit volume. I is the current applied
to the sample, R; is the resistance at the steady state, Ac and L are
the cross-section area and the length of the sample respectively.
Solving the governing equation, the temperature distribution is
obtained as T(x) = —qo (x —D()/2K+T0 The average temperature
along the sample is T(x fx oT dx/L = Ty + qoL?/12«. Thus, the
average temperature rlse is AT =PF R1L/12kA.. The temperature
change reflects in the resistance change as AT = AR/(dR/dT), in
which AR is the resistance change before and after the heating. dR/
dT is obtained by differentiating the R-T curve. Fig. 2 (c) shows the
dR/dT profiles. Combing the two equations, we obtain the effective
thermal conductivity as:

__PRiL dR
“m = 12Ac-AR dT*

The k; should represents the thermal conductivity at steady
state, thus the real temperature corresponding to «kn is:
T1 = To+ AR/(dR/dT). Fig. 2 (d) shows the measured thermal con-
ductivity of the five samples (three in group 1 and two in group 2).
The error is calculated by using the error transfer theory.

To subtract the radiation effect, each sample is measured 2—3
times to obtain the thermal diffusivity in different lengths. The
sample details are summarized in Table 1. For each group of GA, the
thickness and width are the same; the emissivity, specific heat and
real thermal diffusivity can be taken equal. From Equation (2), the

(4)
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Fig. 4. (a) The thermal diffusivity of the two groups of GAs compared with that of
graphene foam (GF) and pyrolytic graphite. (b) The electrical resistivity against tem-
perature for the five GA samples. The linear p, — T data of graphene foam is also plotted
at the bottom panel for comparison. (A color version of this figure can be viewed
online.)

radiation effect in the measured thermal diffusivity is proportional
to I (L: sample length). By plotting the measured thermal diffu-
sivity (o) against I? at each temperature and linear fitting to L?> = 0,
we are able to subtract the radiation effect and identify the real
thermal diffusivity (areqr). This method has been demonstrated in
our previous work [32]. The same method is employed to subtract
the radiation effect to obtain the real thermal conductivity (k) of
GAs. The inset in Fig. 2 (d) shows one of the linear fitting processes
for obtaining the real thermal conductivity of GA (group 1 at real
temperature of 298.6 K).

4. Extremely low thermal conductivity

The real thermal conductivity of GAs is plotted out in Fig. 3(a). As
is seen in the figure, k for the two groups are extremely low. At RT, «
is 47 x 1072 and 5.9 x 1073 W m~! K~ for group 2 and group 1
respectively, which is similar to the reported lowest value for silica
aerogel at moderate vacuum (0.004 W m~" K1), This value is much
lower than the disordered, layered WSe; crystals [33]

(0.05 W m~! K1 at RT); and microcrystalline [6,6]-phenyl C61-
butyric acid methyl ester (PCBM) thin films
(0.03 + 0.003 W m~! K~! at RT) [34]. They were reported as the
lowest thermal conductivity materials for a full dense solid and
have been used as a new insulating material in recent years. As
temperature goes down, k quickly decreases and is lower than
1073 W m~! K1 at temperatures below 86 K. At temperature of
46 K, the thermal conductivity of the two groups even decreases to
715 x 1074 and 2.20 x 10~ W m~! K~! respectively. The reason
that the thermal insulation performance in our report is better
compared to Wicklein et al.'s anisotropic foams [ 18] is due to the air
conduction effect. In our work, the thermal characterization is
conducted in vacuum environment (air pressure less than 5 mTorr).
Using Maxwell's model [35] for effective thermal conductivity of a
mixture, the thermal conductivity of our GA with air conduction
effect is estimated around 25.85 mW m~! K~ Due to the scattering
effect of the cell walls, the mean free path of air within pores could
be much smaller than that in free space (~200 nm). Thus, the real
thermal conductivity should be even lower since the thermal
conductivity of air within the pores of GA can be reduced
dramatically compared to that in free space. Compared to Fan et al.’
work [17], their GA material has a much higher density
(16—41 mg cm3) than our GA (4 mg cm>). This will make their
sample have a higher thermal conductivity than ours.

The trends of « are very similar for the two groups. From the k—T
evolution, k of group 1 decreases from 5.9 x 107> W m~' K~! at
299Kto 4.3 x 1074 W m~! K ! at 36 K;  of group 2 decreases from
47 x 102 Wm 'K 1at299Kto22 x 107*Wm ' K !at46 K.
This is an interesting phenomenon since it is completely contrary to
the thermal conductivity of graphite [36] and our previously re-
ported graphene foam (GF) [37]. The inset in Fig. 3(a) shows the
thermal conductivity of pyrolytic graphite [36] for comparison. As
seen in the inset, « of graphite generally increases from RT to the
peak temperature (normally 100 K), and then decreases after the
peak. The peak position is mainly determined by the defect level in
graphite samples. As the perfection and order of structure improve,
the peak shifts to a lower temperature [38]. For our GAs samples,
the thermal conductivity for the two groups decreases all the way
down to 40 K with some data fluctuation at very low temperatures.
This indicates the highly disordered structure in the GA samples.
The data at temperatures lower than 40 K should be used with less
confidence due to the large data fluctuations.  of group 2 is a little
smaller than that of group 1, which is reasonable considering the
lower density of group 2 (4.2 mg cm > and 3.9 mg cm > for group 1
and group 2 respectively).

Based on the model of Schuetz et al., [39] a correlation for the
thermal conductivity of porous media has been demonstrated
reliable as kg = 3kga/e. Using this equation, the intrinsic thermal
conductivity of GAs without the porosity effect (kg) can be esti-
mated. In this equation, kg4 is the thermal conductivity of porous
graphene aerogels, and ¢ = pga/pc is the volume fraction of the solid
phase in the GAs sample. For group 1 and group 2, the density is
measured as 42 mg cm™> and 3.9 mg cm~> respectively. Using
density of graphite p = 2200 mg cm 3, ¢ of two groups of GAs are
estimated as 0.0019 and 0.0018. The porosity of the two samples is
accordingly 99.81% and 99.82%. The result of k¢ is plotted in
Fig. 3(b). From our calculation, k¢ is 9.3 W m~' K~ ! at RT and de-
creases to 1.4 W m~! K~ at 10.4 K for group 1; ¢ is lower than
8.0 Wm ' K ! for group 2 at temperature from 46 K to 299 K. This
calculation proves the very low intrinsic thermal conductivity of
the r-GO framework. In addition to the contribution from the high
porosity, the low thermal conductivity of the r-GO framework is
also responsible for the ultralow thermal conductivity of GAs. The
intrinsic thermal conductivity of the solid phase inside the GAs is
two orders of magnitude lower than the ultra-high thermal
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conductivity of graphene (~5000 W m~! K~1). It has been reported
that substitution of just 1% of carbon atoms with nitrogen caused
59.2% reduction in thermal conductivity at 300 K. The N dopants
significantly increase the phonon scattering in GA and contribute to
the ultralow thermal conductivity. However, large residual nitrogen
content inside the GA would sacrifice the mechanical strength of
GA.

The specific heat (cp) against temperature profile provides more
hints about the structure of the GA. ¢, at different temperatures is
obtained using the measured thermal diffusivity «;,; and measured
thermal conductivity kp as ¢y = km/pam, in which p is the density of
the GA sample. Fig. 3(c) shows the average specific heat from two
groups of GAs compared with that of high-purity Acheson graphite
[40], diamond-like carbon films (DLC) and amorphous carbon (AC)
[41]. As temperature goes down from RT to 45 K, ¢, of GA decreases
linearly in both cases. The trends and slopes are both very similar to
that of graphite. As temperature goes to zero, the specific heat
should go to zero. The pattern at very low temperature is similar to
that of organic materials [42]. The data below 45 K goes up a little,
which is due to the error resulting from large data fluctuation at
very low temperatures (see Fig. 2(b)). The ¢, of GAs is a little higher
than that of graphite. The difference between the value of GAs and
graphite are largely attributed to two factors: the error in the GAs'
density measurement and the difference between the structure of
r-GO and that of highly oriented graphite. The unavoidable error
when measuring the size of the GA films could result in errors of
the density, which makes the specific heat value overestimated.
Besides, the XPS result indicates there are many extra atoms
including oxygen and nitrogen and functional groups at the sur-
faces of GAs, which distort the atomic positions and increase the
structure disorder. Thus, the structure of the GAs is different from
that of graphite. There have not been any experimental measure-
ments about the specific heat of reduced graphite oxide to our best
knowledge. In literature, ¢, of GO has always been assumed similar
to that of graphite [43] or amorphous carbon [44]. Our ¢, for GAs is
very close to the value for DLC and AC. From the XRD spectra, the
peaks of GAs are wide and not obvious. This suggests that the GAs
are not well-crystallized graphitic material and contains large
quantity of amorphous structure. It has been reported that the
specific heat of amorphous materials exceeds that of the crystalline
form [45,46]. The much more amorphous structure of GAs than the
highly ordered Acheson graphite could also contribute to the higher
heat capacity of GAs. The different microwave heating time (2 min
for group 1 and 4 min for group 2) leaves the two groups of samples
with different amount of nitrogen-containing groups [22]. Micro-
wave heating removed more functional groups for group 2, which
results in a larger ¢, of group 1 than that of group 2.

5. The underlying mechanism and temperature-dependent
phonon scattering

Fig. 3(d) presents the schematic drawing of the heat transfer
mechanism inside the GA. Thermal transport inside GA is
controlled by phonons transport among r-GO sheets. During the
transport, phonons are not only scattered within single flake by
phonons, defects and grain boundaries, but also scattered at the
interfaces of neighboring r-GO flakes. The r-GO sheets are self-
assembled driven by the increasing hydrophobicity and the w—m
interaction among r-GO sheets during the chemical reduction. The
interface between the r-GO sheets is through w— interaction with
small bonding areas. The scattering intensity at interfaces can be
very high.

To better understand the underlying mechanism for the ultra-
low thermal conductivity, the thermal diffusivity of GAs at different
temperatures is measured and analyzed. Fig. 4(a) shows the real

thermal diffusivity of the two groups of GAs samples. From RT to
low temperatures, both « change with temperature very slowly in a
small scale. a of group 1 decreases from 8.46 x 10~/ m?/s at 297 K to
3.0 x 1077 m?/s at 10 K; « of group 2 ranges from 1.62 x 10~® m?/s
at 297 K to 8.3 x 10~ m?/s at 45 K. The decrease of a is relatively
trivial compared to the previously reported thermal diffusivity
change of graphene foam (GF) [37] and pyrolytic graphite [36]
(Fig. 4(a)). As shown at the bottom panel of Fig. 4(a), « of GF and
graphite follows a quick increasing behavior as temperature goes
down, and finally becomes stable. In contrast, both « of our GAs stay
almost constant with a small decrease in the low temperature
range. This result uncovers a completely different dominant ther-
mal transport mechanism, distinguishing our GAs from other
graphene-based materials.

We speculate that the main effect controlling the thermal
transport is the thermal contact resistance, rather than the pho-
non—phonon scattering. From single relaxation time approxima-
tion, a classical model for phonon thermal conductivity can be
expressed as: Kk = 1/3pcpv2‘r. Here, v is the effective and averaged
phonon velocity. 7 is an averaged relaxation time for phonon
scatterings, inversely proportional to phonon scattering intensity.
This equation can be expressed in terms of thermal reffusivity
(inverse of thermal diffusivity) as: o' = 3/v*r = @g+ 3/v?y, in
which @y is the residual thermal reffusivity (induced by defects),
and 1, is the relaxation time from Umklapp scattering. As tem-
perature goes down, the phonon population participating in the
Umklapp scattering drops with the decreasing temperature,
resulting in an increased 7, correspondingly. As temperature ap-
proaches absolute zero, the Umklapp scattering term vanishes, and
o~ ! reaches a constant value @, which is controlled by the residual
defect and boundary scattering. For GF and graphite, the thermal
contact resistance at interfaces is relatively small due to their
continuous and covalently bonded structure. Umklapp scattering of
phonons mainly controls the thermal transport. Thus, their « first
increases and then becomes stable when temperature goes down to
the O K limit. This phenomenon was also observed in other bulk
materials, such as DNA, silicon, germanium, NaCl and NaF [47]. In
contrast, for GAs, the r-GO sheets are self-assembled during the
chemical reduction. The contacting areas of one flake with both the
medium and neighboring flakes are small. In addition, the con-
necting mechanism among the neighboring self-assembled r-GO
sheets is mainly mw—m interaction, which is a weak electrostatic
interaction between aromatic rings. Therefore, the thermal contact
resistance at the interfaces between flakes is much larger.

A model for heat transfer in GA can be expressed as: If/key = I/
ke + R, where Iris the average flake size, k.fis the effective thermal
conductivity of GA, and «. is the thermal conductivity within r-Go
flake, which includes the grain boundary thermal resistance. R is
the interfacial thermal contact resistance between neighboring
flakes. Multiplying the specific heat pc, of GAs at both sides, we can
express the equation in terms of thermal diffusivity as aef
~1'= Rocp/ls+ ac’ !, where agfris the effective thermal diffusivity and
ac is the intrinsic thermal diffusivity of r-GO flake. Combining the
above thermal reffusivity equation, an expression can be deduced
for the thermal contact conductance at interfaces: R = A/pcpv,
where A is a constant. When the thermal contact resistance at
interface is very large: R » Ik, the equation can be simplified as
aeff = Avly, in which the phonon velocity v and I are weakly tem-
perature dependent. Thus, the thermal diffusivity of GAs stays
almost unchanged. The dominating mechanism controlling ther-
mal transport in GAs is the interfacial thermal contact resistance
among the flakes.

In spite of the above analysis, there is still a small decrease in the
thermal diffusivity of GA with decreased temperature. We ascribe
this decrease to the thermal expansion and thermal radiation
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among the r-GO sheets inside GAs. As shown at the bottom panel of
Fig. 4(b), pe of GF is inversely proportional to the temperature as
expected [37], which is the common behavior of graphene based
material. p. of GAs is very much different from the electrical re-
sistivity of GF. As plotted in Fig. 4(b), p. presents a nonlinear
increasing behavior and increases exponentially with reduced
temperature at low temperatures. The fast increasing electrical
resistivity of GAs at low temperatures indicates the worsened
contact among the r-GO sheets due to the temperature decrease.
The aggravated contact inevitably increases the thermal and elec-
trical contact resistance. The r-GO sheets are self-assembled during
the chemical reduction. The connection among sheets is randomly
oriented and stress-balanced. While as temperature goes down, the
thermal expansion of the r-GO sheets results in thermal strains
inside the samples. The expansion deteriorates the contact among
r-GO sheets and contributes to the decreasing thermal diffusivity
consequently. In addition, the radiation effect inside the pores
could also contribute to the decreasing thermal diffusivity of GAs.
Pores from tens to hundreds of micrometers are formed within the
r-GO framework. Within these pores, thermal radiation occurs
among the neighboring r-GO sheets. The radiation irradiance fol-
lows a behavior of j* = ¢6T*. As temperature goes down, the radi-
ation energy flux decreases by ~T# so the thermal conductivity
contribution from radiation decreases by ~T%, which is faster than
the specific heat of GAs (linear relation with T). This results in that
part of effective thermal diffusivity decreases by ~T?. The evident
separation of the two groups' data further proves the structure
difference for the two groups of GAs. p, for samples of group 1 is
obviously larger than that of group 2, further indicating the more
defected structure of group 1 GAs. Besides, the variation of p, for
group 2 at low temperatures is relatively small, which proposes
that the contact deterioration has smaller effect to group 2 than
group 1. This further demonstrates the different defect levels be-
tween the two groups of samples, which we also observe in the
thermal conductivity profile.

6. Conclusion

In summary, we synthesized graphene aerogels material with an
extremely low thermal conductivity using an improved chemical
reduction method. The resulting GAs has a very low density
(2—6 mg cm~3) and good elasticity. By employing the SET tech-
nique, we measured the thermal conductivity from RT to as low as
10.4 K for the two groups of GAs (density of 4.2 and 3.9 mg cm >
respectively). The thermal conductivity of our GA is extremely low
(downto2 x 1074 — 4 x 107* W m~' K~ ! at low temperatures and
47 x 107359 x 103> W m~! K~! at RT), which makes it a very
promising material for thermal insulation. The thermal diffusivity
is further characterized using the TET technique. The thermal
diffusivity stays almost constant with a little decrease with the
decreased temperature, revealing the dominating effect of thermal
contact resistance for sustaining the thermal transport in GAs. The
exponentially increasing electrical resistivity (against decreased
temperature) indicates the contact among r-GO sheets is worsened
as temperature goes down. The specific heat calculated from the
experimental data shows a very similar pattern as that of graphite.
The value is close to that of amorphous carbon. The results strongly
demonstrate the amorphous structure within the GAs, which is also
revealed by XRD characterization. The extremely low thermal
conductivity uncovered in this work is for GAs of a density around
4 mg cm . We predict when the density of GAs is reduced to the
level of 0.16 mg cm 3 (lightest reported density for GAs to date), the
thermal conductivity of GAs could be significantly reduced down to
the order of 107# W m~! K~ at RT, and 1075~107> W m~! K1 at
temperatures around 10 K. This will make the graphene aerogel an

unprecedented insulating material for thermal protection, espe-
cially under vacuum conditions (e.g. astronautics areas).
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