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Abstract

Graphene aerogel (GA) as one of the innovative carbon nanostructured materials is
superior with flexibility, strong mechanical strength, lightweight, high porosity and
excellent durability, which attracted wide research interests and fulfill the require-
ments for various novel applications in energy conversion and storage, sensor, ther-
mal management, and environment areas, etc. The thermal property among other
important properties of GA is important for its novel applications. In this work, we
first introduce the synthesis and microstructure control method for GA, including
pore size control, anisotropic pore structure control, and heterostructure control.
The methods for measuring the thermal conductivity of bulk GAs in air (apparent
k) and the k of solid matrix of GAs are introduced in detail, respectively. Finally, we
review the thermal transport models for GAs, including the air—solid coupling mod-
els, models for calculating the intrinsic thermal properties of graphene nanoflakes,
as well as the thermal reffusivity model and dominating thermal contact resistance
model. Challenges and opportunities in the study of thermal transport in 3D GAs are
discussed. Considering the remarkable complexity of physical/chemical structure of
GA:s, there is still a large room in understanding fundamentals of energy transport
in these three-dimensional graphene networks, which will pave the way toward their
novel applications in the near future.
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1 Introduction

In recent years, stimulated by the increasing demands of novel applications, dif-
ferent innovative carbon nanostructured materials have been synthesized and
extensively studied [1-3]. Three dimensional graphene aerogel (GA) is superior
with flexible shape, strong mechanical strength, lightweight, high porosity and
excellent durability. Extensive work has been done for the applications of GA
in electrochemical devices [4, 5], pollution treatment [6-9], energy conversion
[10], sensors [3], and energy storage [11], etc. The thermal property among other
important properties of GA becomes increasingly important for their applications
[12-17]. Thermal conductivity (k) and diffusivity (a) of GA depend on their inner
micro-structures, which includes the porosity, chemical doping, structural domain
size, defects densities, and strength of interconnection among nanoparts, etc. For
example, in the fields of super thermal insulation materials [12], thermoelectric-
ity [13], solar water desalination [14], Joule-heating assisted water—oil separation
[15], etc. By reducing the density, reducing the pore structure, or chemical dop-
ing of the GA, k of GA can be greatly lowered down. The ultra-low £ significantly
improved the overall energy utilization efficiency of the device and effectively
reduced the weight of the system. On the other hand, in the fields of thermal man-
agement [16] and phase change materials [17] by improving the crystallinity and
structural order, GA can be used as a fast heat transfer channel, thereby improv-
ing the heat dissipation performance of the composite materials. Therefore, it
is of great significance to efficiently characterize the thermal properties of GA,
study the heat transfer performance and mechanism, so as to promote its wide
applications.

As a synthetic highly porous material, aerogel is derived from a gel by replac-
ing the liquid inside it with air. Although graphene has a high intrinsic k, three-
dimensional aerogels with graphene as the building elements have ultra-low k
[18, 19]. Combined with its high porosity, strong mechanical elasticity and con-
trollable functional groups at the surfaces, GA is expected to be an outstanding
thermal insulating material. The development of thermal measurement tech-
nology facilitates the study on the thermal properties of carbon nanostructured
materials. Laser reflectance (pump probe) technique [20], Raman technique [21,
22], microbridge method [23], 3w technique [24], laser flash technique [25], and
photothermal technique [26] have been used for thermal characterization of car-
bon materials. However, the unique structure of GA generates new challenges for
effective macro-scale thermal characterization due to its rough surfaces, three-
dimensional, self-assembling internal nanostructures, high porosity, and struc-
tural softness. For measuring the thermal conductivity of bulk GAs in air (appar-
ent k), hot disk method and the infrared microscopy technique have been used.
To further avoid the significant measurement uncertainty resulted from the rough
surfaces and the large thermal contact resistance due to the structural softness, the
new differential laser heating and infrared imaging (DLI) technique is developed.
For measuring k of the solid matrix of GAs, the transient electrothermal (TET)
technique and steady-state electrothermal (SET) technique have been developed.
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The heat transfer inside GAs is mainly from the coupling of the solid heat trans-
fer, air heat transfer, and radiant heat transfer. In the analysis of the thermal conduc-
tion, the strong thermal radiation effect needs to be carefully subtracted. Consider-
ing the conduction of air, the size, shape and direction of the internal pores affect the
heat transfer of GAs. When the size of the pores is less than a certain threshold, k of
the air in the pores is inhibited (Knudsen effect), thereby greatly reducing k of GAs.
The coupling relationship between solid and air thermal conduction and their con-
tribution to effective k are related to the solid k, porosity, pore size and morphology.
To study the heat transfer inside GAs, various models have been developed. Further-
more, from the perspective of solid heat conduction of the graphene matrix, pho-
nons are the main heat carriers. Structural defects provide a large number of scat-
tering opportunities for the propagation of phonons, thereby inhibiting the thermal
conduction. However, the phonon scattering mechanism caused by the defects (den-
sity, type, chemical-doping) and crystal structure (crystal size, amorphous structure,
grain boundary bonding, etc.) of GAs is very complicated, and it is difficult to be
quantitatively measured. GAs are composed of self-assembled graphene or reduced
graphene oxide nanoflakes, where the interconnection is through mainly Van der
Waals interactions. When the bondings of the neighboring nano-flakes are weak, the
strong thermal contact resistant among nano-flakes play a dominating role in the
thermal transport process.

In this work, we review the studies about the synthesis, microstructure control,
thermal characterization, and thermal transport models of GAs to uncover chal-
lenges, address technical issues in thermal characterization, and provide guidance
on the applicability of current models in studying the coupled energy transport in
the three dimensional GAs. In Sect. 2, we introduce the synthesis and microstruc-
ture controlling method for GAs, including the pore size control, anisotropic pore
structure control, and heterostructure design. In Sect. 3, for measuring k of bulk
GAs in air (apparent k), hot disk method and the infrared microscopy technique, as
well as the new differential laser heating and infrared imaging (DLI) technique will
be introduced. In Sect. 4, for measuring k of the solid matrix of GAs, the transient
electrothermal (TET) technique and the steady-state electrothermal (SET) technique
will be introduced in detail. The method for subtracting the strong thermal radiation
effect is further illustrated. In Sect. 5, the thermal transport models for GAs, includ-
ing the air—solid coupling models, the models for the intrinsic thermal diffusivity/
conductivity of GA from empirical formulas and heat transfer path method, the ther-
mal reffusivity model for analyzing the effect of structure defects on phonon scat-
tering, and the interface-mediated thermal conduction model in GAs with weakly
interconnected structure will be illustrated and the relating works will be systemati-
cally reviewed.

2 Synthesis and Micro-structure Control
In order to meet the specific requirements of the novel applications, graphene aero-

gels are often designed to have different microstructures. Chemical doping (O, N,
S, P, B and other single element doping and co-doping of two elements) [27-29],
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density [30] and pore structure adjustment [31] are widely used in the design of GA.
In this section, the synthesis and micro-structure control methods of GAs will be
reviewed.

2.1 Synthesis Method

In 2000s, a three-dimensional (3D) carbon foam was first reported based on the
nanostructure of graphite [32]. After that, with the deepening of research on gra-
phene materials in recent years, the controllable preparation technology of 3D gra-
phene materials has been rapidly developed. As a synthetic highly porous material,
aerogel is derived from a gel by replacing the liquid inside it with air. The main prep-
aration methods of GAs include the template method [33-35], self-assembly [36,
37], 3D printing method [38, 39] and so on. In recent years, 3D printing technology
has been used to construct three-dimensional GAs [40, 41]. 3D printing is a rapid
prototyping technology based on digital models, which constructs three-dimensional
entities through layered processing and iterative forming [38, 39]. However, it is still
difficult to use the 3D printing technology to adjust the pore diameters and morphol-
ogy of GAs. Also the production process is complicated and expensive. Therefore,
the most common methods for synthesizing GAs are self-assembly and ice template
method, which are our focus in this work.

The ice template method is to use ice crystals formed during the freezing pro-
cess as a template to prepare porous aerogels. Considering the hydrophobic nature
of graphene, the hydrophilic graphene oxide (GO) is usually used as the precursor.
To obtain a stable inter-connecting structure among GO nanoflakes during freeze
casting, various binders could be used such as poly vinyl alcohol (PVA) [42, 43],
cellulose [44, 45], ethanol [46], etc. After freeze drying or supercritical drying to
replace the ice template by air, GAs can be prepared. In 2004, Wicklein et al. syn-
thesized a novel three-dimensional foam structure with anisotropic pore structure
through freeze casting. This three-dimensional structure had low k, strong mechani-
cal hardness and flame retardant properties [45]. By controlling the freezing rate
[47, 48] and direction [33, 46], GAs with difference pore size and pore morphology
can be obtained.

The self-assembly method is a method by reducing GO nanoflakes in a solution.
As the reduction process goes on, the hydrophilic GO nanoflakes become more and
more hydrophobic, which induces a self-assembling process of the nanoflakes. Then
GAs can be obtained by following freeze-drying or supercritical drying treatment
[36, 37, 49]. The self-assembly method can be divided into in situ assembly and
reduction assembly method. The in situ assembly means that when the graphene
oxide solution reaches a certain concentration, these sheets can form a stable three-
dimensional structure by overlapping with each other in the process [36, 37]. Xu
et al. took the lead in synthesizing self-assembled graphene hydrogel by using a one-
step hydrothermal method [36]. They found that when the concentration of the gra-
phene solution reached 1 mg-ml~!, after hydrothermal treatment, the graphene nano-
sheets would be assembled in situ to form a continuous three-dimensional structure.
The stability of GO in the solution was closely related to the pH of the solution. Bi
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et al. [50] used acid and alkali to adjust the pH of the GO dispersion. As shown in
the Fig. 1, when an appropriate amount of ammonia was added to the dispersion
to adjust the pH of the dispersion system to about 10, the GO nanosheets formed a
three-dimensional structure through self-assembling. Followed by freeze-drying and
thermal annealing treatment, GAs with good elasticity were obtained.

The self-assembling process can also be promoted by the chemical reduc-
tion using reduction agents. In 2013, Gao et al. prepared an ultra-flyweight of GA
by freeze-drying a solution of carbon nanotubes and large sheets of graphene. Its
density was 0.16 mg~cm™>, which was lower than that of air (1.29 mg-cm™ under
standard conditions) [51]. This made GA the lowest density solid material known in
the world. Hu et al. realized a highly elastic GA by using ethylenediamine as reduc-
tion agent and following freeze-drying [49]. The k of the resulting elastic GA was
further studied by Xie et al. and was reported to be as low as 0.2-0.4 mW-m~'.K~!
[19]. It was found that the aerogel pore structure could be designed by changing the
shape of the reaction vessel and adding media. By adding other reducing agents or
metal nanoparticles during the self-assembly process, the researchers could further
tune the properties of the as-synthesized GA, including the electrical conductivity,
mechanical flexibility, or hydrophobic properties, so as to meet various application
requirements [52—54].
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Fig. 1 Process of GA formation with the addition of different quantities of ammonia [50]. By adding
appropriate amount of ammonia to adjust the PH and followed by high temperature reaction, the self-
assembling process can be facilitated. (Reproduced from Ref. [50] with permission from the Wiley—
VCH)
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2.2 Pores Size Control Methods

The size of the pores is one of the most critical factors determining the thermal
properties of GAs. It is generally found that the smaller pores size leads to a lower
k by reducing the effect of air thermal conduction. There are many factors influ-
encing the pore size of the resulting GA, such as the concentration of GO [55],
viscosity of the solution [56], freezing rate [45, 48], etc. The common method
of controlling the pore size is to control the ice crystal formation by changing
the freezing temperature and rate [57]. Pot et al. [48] used the directional freez-
ing method to prepare adjustable pore size and morphology collagen scaffold
with unidirectional pores by changing the freezing temperature during the freez-
ing casting process. With the freezing temperature increasing, the number of ice
crystal nucleation increased and the pore size decreased. Wicklein et al. [45] pre-
pared CNF-GO-BA-SEP nanocomposite foam. The cooling rate of the mixture
was controlled by changing the thermocouple and the electric heating element
inserted into the copper rod. When the freezing speed was increased from 1 to
15 K-min~', the pore size was found to be from ~ 100 to 20 pm.

In addition, the pore size can also be reduced by using supercritical drying
technology [18, 58, 59]. The principle of supercritical drying technology is to
adjust the temperature and pressure during drying process, so as to make the sol-
vent in the gel reaches its own critical point, thus realizing the transition from
liquid phase to gas. Supercritical drying does not damage the structure of the
aerogel, thus it is able to maintain the original structure of the gel to the greatest
extent. Yue et al. [18] prepared nitrogen-doped GAs using the CO, supercritical
drying method. Their experiments showed that the pore size of GAs prepared by
this method was much smaller than from freeze-drying, mostly in the order of
tens of nanometers. It was worth noting that the lowest k of the prepared nitro-
gen-doped GAs was reported to be only 0.023 W-m~"-k~!, which was lower than
that of static air and showed a good thermal insulation performance.

Furthermore, the size and morphology of pores can also be controlled by add-
ing extra templates [30, 57, 60, 61] during freeze-casting. Peng et al. [30] used
modified polystyrene (PS) spheres as sacrificial template to generate reduced gra-
phene oxide/polyimide (r-GO/PI) nanocomposites with a hollow spherical pores
structure (Fig. 2), which could further impedes heat transfer of air and leads to
ultra-low k of 9 mW-m~"-K~!. Inspired by polar bear hair structure, Cui et al. [57]
prepared a biomimetic carbon aerogel fiber with a hollow structure by freeze-
casting and freeze-spinning technique. This biomimetic structure showed excel-
lent heat insulation performance and a strong tensile strength. Zhan et al. [61]
were also inspired by the same structure to prepare a carbon aerogel composed of
fibers with a hollow structure. The carbon nanotubes were wrapped on the surface
of Te through a hydrothermal process to form a hydrogel, which was then freeze-
dried to form aerogel. After that, Te was removed by calcination to form a hollow
structure. Since the pore size was smaller than the air free path, the air flow was
greatly inhibited, resulting in an ultralow k (23 W m~'.K!).
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Fig.2 Microstructures of thermally insulating reduced graphene oxide/polyimide nanocomposite foams
by adding PS micro-spheres as extra template [30]. (Reproduced from Ref. [30] with permission from
the American Chemical Society)

2.3 Anisotropic Structure Design

For applications where the anisotropic thermal properties are required, the pore
direction of GAs can be controlled. The common method to control the pore direc-
tion is by using the directional freezing casting method [33-35, 46, 59, 62-67],
whose principle is to control the direction of ice crystal formation by building ani-
sotropic temperature gradients. When the temperature of the cold substrate is below
the freezing point of the suspension, the solvent first crystallizes and nucleates near
the cold surface, and then grows along the direction of the temperature gradient to
form ordered ice crystals. At the same time, the solute is repelled by the ice crystals,
and then compressed between the ice crystals [67]. Subsequently, the ice crystals
are removed by freeze-drying, resulting in a porous GA material with an ordered
structure.

The oriented pores and wall structure lead to a strong anisotropic thermal
behavior of GA. This is a consequence of a combination of orientation-depend-
ent solid conduction in the walls and thermal radiation as well as possibly natu-
ral convection in the oriented direction. The apparent k in the oriented direction
(along the pores) is expected to be significantly higher than in the other direction.
Wicklein et al. [45] prepared CNF-GO-BA-SEP nanocomposite foam with ani-
sotropic pore structure by using the freeze casting method. The k of this nano-
composite was 170 mW-m~"-K~! in the axial direction (along the pores) and 15
mW-m~".K~! in the radial direction, respectively. In Peng et al. [30] ’s work, for
the reduced graphene oxide/polyimide (r-GO/PI) nanocomposites, the k in the
radial direction reached as low as 9 mW-m~"-K~!, while in axial direction was

@ Springer



155 Page 8 of 35 International Journal of Thermophysics (2020) 41:155

58 mW-m~.K~!. Therefore, the oriented porous structure synthesized by freeze-
casting method can be used for achieving highly anisotropic thermal performance.
The anisotropic graphene porous structure has been widely used as thermal filler
to develop graphene-polymer nanocomposite for the application of thermal inter-
face materials in recent years [68—70]. The aligned and interconnected graphene/
reduced graphene oxide chains provide thermally conductive pathway array
throughout the composites for achieving high k along the alignment direction.

In addition to the unidirectional freezing, bidirectional [65, 66] and radial
pores structure [33, 34] have also attracted wide attention. Researchers achieved
a bidirectional freezing by using thermally insulating medium such as PDMS in
the container to adjust the temperature gradient [65, 66]. For example, Bai et al.
[65] controlled the inclination angle of the polydimethylsiloxane (PDMS) wedge
and the cooling rate simultaneously, which generated two temperature gradients
in both the vertical and horizontal direction. As is shown in the Fig. 3, the slurry
froze starting from the bottom to the top of the wedge resulted from the tempera-
ture gradient, which made the ice crystals grew vertically and horizontally along
the PDMS wedge. As a result, a porous structure with bidirectional pores was
obtained. Additionally, Wang et al. [33] used the temperature difference between
the container and the surroundings to achieve radial pore. After freezing, the ice
crystals grew along radial direction. The channel size gradually decreased from
the edge to the core position. The GA of mimetic turbine blades was obtained
after freeze-drying. The aerogel with this structure exhibited excellent adsorption
capacity in handling organic dyes besides super compressibility.

Fig.3 Schemes of unidirectional and bidirectional freeze-casting techniques which adjusted the ice
growing directions as template for synthesizing anisotropic GAs [65]. (Reproduced from Ref. [65] by Bai
et al. is licensed under CC BY)
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2.4 Heterostructure Design

In order to meet the specific requirements of novel applications, GAs have been
designed to have heterostructures. There are mainly two kinds of heterostructure
design. One is chemical doping, and another is introducing new 1D or 2D struc-
tures. The chemical modification of graphene-based materials are mainly based on
the active oxygen-containing groups on the surface of the material [39]. Common
modification methods can be divided into non-metal doping [28, 71-73], metal dop-
ing [74-76], co-doping [77, 78] and so on. Non-metal doping include N-doping [71,
72, 79, 80], S-doping [28, 73] and co-doping with multiple elements [77, 78, 81,
82]. Deng et al. [72] prepared GAs with different nitrogen-doped structures by using
EDA as nitrogen source and following thermal annealing at different temperatures
(Fig. 4). The N-doped GA showed an apparent k of 0.17-0.20 W-m~"-K~! in room
temperature in air. Sulfur has similar electronegativity characteristics to carbon
[28]. Chen et al. [28] prepared S-doped graphene foam by one-step solvent-thermal
method, which used Na,S as sulfur source. In their experiment, Na,S was added to
GO suspension in oil bath, which acted as a reducing agent for preparing S-doped
graphene foam. The resultant S-doped graphene foam showed superior electrocata-
lytic activity and stability.

In addition, the heterostructures can also be achieved by introducing other 1D (such
as carbon nanotubes [51, 83, 84], metals nano-wires [3, 85], etc.) or 2D materials (such
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Fig.4 Schematic of the fabrication and structural characterization of N-doped GAs by using EDA as
nitrogen source and following thermal annealing at different temperatures [72]. (Adapted from Ref. [72]
with permission from the American Chemical Society)
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as MoS, [75, 86], BN [68], etc.) into the structure of GAs. Since CNT and graphene
have similar mechanical strength, good electrical and k, aerogels composed of CNTs
and graphene have been widely studied [51]. Gao et al. prepared ultra-flyweight aero-
gels (UFAs) by freeze-drying the mixture of CNT and GO, which had ultralow density
(p>0.16 mg-cm ™) and high porosity (99.9%) [51]. Given their unique structure, UFAs
showed an ultrahigh absorption capacity of oil and organic liquids. MoS, is a typical
transition metal sulfide, which structure is like graphene. It consists of 3 atoms (S-Mo-
S) stacked together through van der Waals interaction [87]. Feng et al. [74] prepared
graphene hybrid beads with onion-like structure by combining the r-GO and MoS,,
which achieved 74% evaporation efficiency under the illumination of power density of
only 0.5 kW-m™2. Hu et al. [75] used GA as a support to prepare MoS,/GA. The pre-
pared GA was immersed in solution of ammonium thiomolybdate (ATM), freeze-dried
and annealed at 450 °C under 2%H,/Ar to preparing MoS,/graphene hybrid aerogel.
This composite structure combined the high specific surface area, high electrical con-
ductivity, and k of GA, as well as the high sensitivity and selectivity for N,, CO and H,.

3 Characterization of the Apparent Thermal Conductivity

To study the thermal performance of GAs, it is of great significance to characterize the
thermal properties of GA accurately. The apparent k is the thermal conductivity of bulk
GAs in air, which includes the effect of solid conduction, air conduction, and thermal
radiation. In the following section, the infrared imaging method and hot disk technique
is reviewed in detail. A new technique named differential laser heating and infrared
imaging (DLI) technique is also introduced for measuring the bulk k of GAs in air.

3.1 Hot Disk Method

The hot disk transient plane source (TPS) method has been widely used for measuring
k and «a of solid materials [88—90]. Briefly, when measuring k of aerogel, the probe is
sandwiched between two identical samples. Then a constant current is applied to the
probe to induce a constant joule heating power. As the temperature is increased, the
resistance of the probe will be changed correspondingly. During the whole test, the
voltage drop generated at both ends of the probe is recorded. Since the temperature of
the probe is proportional to the voltage, the evolution of temperature with time can be
built, so as to calculate k of the sample. The following assumptions are made: the probe
thickness and heat capacity can be neglected; the probe is heated evenly and the power
remains stable; compared with the probe, the sample is uniform and infinite; k of the
sample is constant during the test. As a result, k of the sample can be expressed by the
following formulas:

AW(r) = (7) ey

0
—— D
(m3/2ak)
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Among them, AV(7) is the average temperature rise of the probe surface, a is the
radius of the outermost heat ring of the annular heat source group; 7 is the dimen-
sionless characteristic time 1=\/E/ a, t is the measuring time, a is the thermal diffu-
sivity of the material to be measured; ¢ is the integral variable and o?>=a(t — ') /a,
m is the number of heat source rings; P, is the heating power of the probe, I is the
first kind of zero-order modified Bessel function. Then k of the sample can be calcu-
lated by the slope Py/(z*/?ak) [88].

Yue et al. prepared a batch of nitrogen-doped aerogel samples with different GO
contents, and measured k of the samples by using the hot disk method. The meas-
ured k is in the range of 0.023-0.026 W-m~K~! at room temperature and under
standard atmospheric pressure [18]. The hot disk method is a commercialized tech-
nique which is easy to use. However, due to the rough, soft, and porous structure
of GA, the contact method resulted in significant contact thermal resistance, which
brings in large measurement uncertainties. Thus, the non-contact thermal characteri-
zation methods based on infrared imaging have been developed.

3.2 Infrared Microscopy Technique

Infrared microscopy technique as a non-contact thermal characterization method is
used for measuring the apparent k of the bulk materials. The experimental set-up
is shown in Fig. 5a. During the measurement, the sample is sandwiched between
two glass wafers. An appropriate amount of silver paste is applied between the sam-
ple and the glass wafers, which can reduce the thermal contact resistance to a great
extent. Then they are placed between a heat sink and a heater of constant tempera-
ture. Assuming one dimensional heat transfer model, based on the Fourier’s law, the
heat flux passing through the cross section of the sample is equal to that of the refer-
ence glass wafers. Thus, the energy balance equation can be expressed as:

- _kGlass : (dT/dx)Glam = _kSample ' (dT/dx)Sample 3)

where g is the heat flux; kg, 1s the thermal conductivity of glass wafers, kg, is
the thermal conductivity of sample; (d7 /dx)g;,ss and (dT /dx) gy, are the tempera-
ture gradient of glass wafers and sample, respectively. Thus, the apparent k of the
to-be-measured sample can be calculated according to the following formula:

k — kGlasS ) (dT/dx)Glass 4
Sample ( dT / dx)Samp/e ' ( )

As the temperature reaches quasi-steady state, the temperature distribution of the
side surface of the sample and the glass wafers are collected by using an infrared
camera. To reduce the measurement errors from the unknown surface emissivity of
the sample and the glass wafers, the side surface should be precoated with a thin
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Fig.5 (a) Schematic of the thermal conductivity measurement set-up using the infrared microscopy tech-
nique. (b) Temperature curve of the glass and sample. (c) The relationship between the heat flux and
temperature gradient. (Adapted from Ref. [29] with permission from Elsevier)

layer of graphite or black paint whose emissivity is known to reduce the error from
the temperature measurement.

Fan et al. measured the k of GAs using infrared microscopy technique and inves-
tigated the effect of graphene volume fractions and thermal annealing on k. Figure 5
(b) shows a typical temperature and linear fitting curves of the glass and sample in
their measurement. The k of the glass wafers used was 1.3 W-m~!.K~!. After obtain-
ing an average gradient of two glass wafers layers, the rate between the gradient of
sample and glass can be used to calculate k£ of sample based on Eq. 4. To improve
the reliability, the relationship between the heat flux (g) and temperature gradient
(dT /dx) in the sample area at different heating powers was further measured. As
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is shown in Fig. 5c, the temperature distribution diagram of the sandwich structure
were obtained under different heat flux. The temperature gradient was extracted from
the least squares slope that was most suitable for the curve [29]. After the relation-
ship between heat flux and (g) and temperature gradient (d7 /dx) in the sample area
was obtained, k of the sample was calculated based on Eq. 3 [91]. In Fan’s work,
the gradient of hot and cold glass wafers were 1.14 and 1.06, respectively, while
the gradient of sample was 3.86. The k of this GA sample was then determined to
be 0.36 + 0.015 W-m~1.K~!. Ghasemi et al. also characterized k of a double-layer
structure (DLS) composed of carbon foam layer and exfoliated graphene layer using
the infrared microscopy method [91]. The corresponding k for the double-layered
carbon structure was determined to be 0.309 and 0.117 W-m™'.K~! for exfoliated
graphene layer and carbon foam layer, respectively. The k of these two layers was
increased to 0.959 and 0.426 W-m~'-K~!, respectively, when this double-layer struc-
ture was filled with water.

3.3 Differential Laser Heating and Infrared Imaging (DLI) Technique

Although the infrared microscopy technique is a non-contact method, it still requires
an accurate temperature scanning of the highly porous GA surface [29]. Likewise,
laser flash technique has also been used to measure the apparent a of carbon foams
at room temperature [92]. However, considering the highly rough and porous sur-
face of GA, there is also a certain error in directly using infrared scanning method
to measure the temperature distribution of the surface of GA. Therefore, it can be
further improved to adapt to the unique structure of GA.

The DLI technique is a new method for characterizing the apparent k of GAs
by measuring the difference of the thermal resistance between the test and refer-
ence group. The experimental set-up is shown in Fig. 6a. The figure on the left is
the reference group, where two glass wafers are stacked together on an aluminum

(b) 0.3
~0.2

0. N

£

Glass. r Silver- —;/Salﬁplc. 3
b E— = 0.1

paste.
Aluminum- Aluminum-
block. block.-

«—T, 7y 0.0

<
]

NGA-200
NGA-400
NGA-600
NGA-800
NGA-1000

Fig.6 (a) Schematic diagram of the experimental setup for measuring k using the DLI method. The
upper insets show the steady-state IR images of GA and NGA-600. (b) Measurement result of GA and
NGAs. (Adapted from Ref. [72] with permission from the American Chemical Society)
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block (heat sink). An appropriate amount of silver paste is applied between the
interfaces to reduce the effect of thermal contact resistance. The surface of the
upper glass wafer is coated with black paint (emissivity =0.97) before the experi-
ment. The right figure shows the test group, where the bottom glass wafer in the
reference group is replaced by the to-be-measured sample. During the measure-
ment, a laser of uniform power density is used to irradiate the upper surface of
the glass wafer as heating source where the laser spot completely covers the sand-
wiched structure. The incident laser power is denoted as Q. An infrared camera
is used to record the temperature of the upper surface. When the temperature col-
lected by the infrared camera no longer changes (reaching quasi-steady state), the
corresponding surface temperature is recorded as T for the reference group and
T, for the test group, respectively. During both experiments, the power density
of the laser is controlled to be equal as Q. Since the upper surface of the glass
wafers are coated with the same black paint, the laser absorption coefficient of the
two groups can be regarded as equal, which makes sure that the absorbed laser
power is the same for both groups.

Assuming one-dimensional thermal conduction model, according to the Fou-
rier law, for the reference group: Rg, + Reuss = (T1 — T)/Q; while for test
group: Reuss + Rygmpie = (Tr — 1)/ Q, where R, and Ry, are thermal resist-
ance of the glass wafers and sample, respectively; 7, is the temperature of the alu-
minum bock, which stays constant during the measurement. Since the heat flux
passing through the sandwiched structure of the two experiments can be assumed
equal, the above heat transfer equations can be combined as:

Tl - TO _ T2 B TO
2RGlass RGlass + RSample

)

By measuring the temperature of the aluminum block 7, the quasi-steady-
state temperatures 7, and 7T, of the upper glass of the reference group and the test

group, respectively, Ry, can be calculated by the following formula:

RSample = WRGMH (6)

Since R is related to the thickness (d) and k as R=d/k, the corresponding k
value of the to-be measured sample can be determined subsequently.

Deng et al. used ethylenediamine as a nitrogen source and hydrothermal reduc-
tion to synthesizing N-doped GAs. By subsequent thermal annealing at different
temperatures from 200 to 1000 °C in Ar atmosphere, GAs with different forms of
nitrogen doping structure were obtained. k of these GA samples were measured
by using the DLI technique. The insets in Fig. 6a shows the recorded infrared
image of the top glass wafers surface for measuring GA and NGA-600 at quasi-
steady state. Figure 6b shows the result of k. In Deng et al.” work, k of glass was
0.723 W-m~L.K~!. k of the group of samples was determined to be in the range
of 0.17-0.21 W-m~'.K~!, indicating that thermal annealing did not significantly
affect the apparent k of GA when the pores size was in the range of dozens of
micrometers [72].
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4 Thermal Characterization of Solid Matrix

When the pore size is smaller or comparable to the mean free path (A) of air mol-
ecules (~70 nm), the heat conduction of air within GA is sufficiently suppressed
according to the Knudsen effect. Under this circumstance, the solid heat conduc-
tion of the graphene matrix plays a dominating role in the thermal transport of GA.
Two-dimensional graphene nano-sheets are the basic unit of solids that constitute
the three-dimensional GA, which are electrically conductive. In order to investigate
the solid £ of GA, and to more intuitively study the mechanism of internal phonon
energy transport, the self-heating and self-sensing electrothermal technologies have
been developed. Herein, the TET and SET technique for characterizing the solid
thermal properties, including the effective @, k and ¢, of GAs will be illustrated in
Sects. 4.1 and 4.2, respectively. Then the method for subtracting the strong thermal
radiation effect will be introduced in Sect. 4.3.

4.1 Transient Electro-Thermal (TET) Technique for Effective a

The transient electrothermal (TET) technology is a cutting-edge thermal meas-
urement technology with a wide range of applications. It has been applied to the
measurement of a of conductors, semiconductors and insulators, including carbon
nanomaterials [93], GF [94], metal wires [95], polymer fibers [96], biological DNA
fibers [97], etc. If the to-be-measured fiber/film is nonconductive, a thin film of
metal should be coated on the upper surface of the sample to making it electrically
conductive [95, 98]. GAs is electrical conductive [49], which means the coating is
not required. In addition, GA has stable structure but porous and rough surface [72].
Thus, compared with other technologies (thermal plane source method [99], 3w
method [100], micro bridge method [101], etc.) which require either contact, metal
coating, or direct infrared scanning, the TET technique has the following advantages
in measuring the thermal properties of GAs: easy to operate, fast, no additional coat-
ing treatment required; low requirements on the surface temperature scanning.
Figure 7a shows the schematic of the experimental set-up of TET technique
[102]. First, the to-be-measured samples were cut into rectangular films, then sus-
pended between two silicon or copper or aluminium electrodes. For the soft GA,
the ends of sample are compressed tightly with another two silicon wafers or metal
clamps for the purpose of good contact between the sample and the electrode. The
electrodes are connected to a current source and an oscilloscope in parallel. Then
the whole device is built in a vacuum chamber where the air pressure is maintained
below 0.5 mTorr. At the beginning of the experiment, a step current is applied to
the sample by the current source, causing a transient Joule heating. Upon heating,
the temperature of the sample has a fast increase and then reaches quasi-steady
state through heat conduction to the electrode and heat radiation to the environ-
ment. Since the entire measurement process is carried out in a vacuum environment,
the heat convection by air can be neglected. Within the small temperature range,
the temperature coefficient of resistance of the sample is assumed to be constant.

@ Springer



155 Page 16 of 35 International Journal of Thermophysics (2020) 41:155

(a) Silicon clamp (c)

Au-coated Sili
Electrodes

Glass
i
Vacuum Jacket
—————— Current Source _
L Oscilloscope ————
(b) )
1.105 ———— T .
< N o
1.100 g " .- 4 é
= . 2
g . X 8
— -5 a <
> 5
g 1095 Temperature (K) | g
S =
: z
=
1.09 | £
o
Z
1085 1 1 1 1 1 1 3 00 1 1 1 1 1 1
0.26 028 0.30 0.32 034 0.36 0.38 0.40 0.42 0.44 0.00 002 004 006 008 010 012 0.14

Time (s) Time (s)

Fig.7 (a) The schematic for the TET technique. (b) The V-t curves measured at the temperatures of
195 K. The inset shows the linear fitting of the resistance change against temperature for GF sample
1 from 295 K to 10 K. (c) Microscopy image of sample 1 suspended between two silicon electrodes.
(d) The normalized V-t curves of GF samples measured at different environmental temperatures (295 K,
95 K and 10 K) [103]. (Reproduced from Ref. [103], with the permission of RSC Publishing)

Hence, the normalized temperature change curve of sample can be obtained by nor-
malizing the V-t curve collected by the oscilloscope. The normalized temperature
T (T* = [T@t) — T,yl/IT,, — T,]) can be obtained by integral of Green’s function as:
[19]

48 < 1= (=1y" 1 —exp [-m*n’a,,t/L?|

P m? m?
m=1

T*

)

where m is the normalized parameter, a,, is the thermal diffusivity of sample, ¢ is
time, and L is the length of the GA sample. From the equation, under the same con-
ditions, a larger « leads to a shorter time to reach steady state temperature. Based on
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the experimental data, different methods can be used to obtain « of the GA sample,
including the linear fitting at the initial state of Joule heating, characteristic point
method, and least square fitting method by using Matlab programming [95].

Xie et al. used the TET technique to characterize @ of GF [103]. Figure 7b shows
the raw experimental data of the transient voltage change recorded by the oscilloscope.
The inset reflects the linear fitting of electric resistance with temperature (from 295 K
to 10 K). The microscopy image of the measured sample is shown in Fig. 7c, where
the GF sample was suspended between two silicon electrodes. The corresponding nor-
malized V-T curve of the sample collected at different environmental temperatures are
presented in Fig. 7d. The normalized V of the GF sample followed a quick increasing
behavior to the quasi-steady state upon the joule heating. Additionally, it was found that
when the environmental temperature went down from 295 K to 10 K, the time for the
normalized V to reach quasi-steady state became shorter and shorter, which reflected
that the a of the sample was increased as the environmental temperature went down.

4.2 Steady-State Electro-Thermal (SET) Technique for Effective k and [

To characterize the effective k of GAs, the SET technique can be used [94]. The V-
t curve resulted from the TET joule heating includes both transient and steady-state
phases, as is shown in Fig. 7b. While the TET technique extracts a from the transient
state, the SET technique determines k based on the quasi-steady state. Therefore, the
experimental set up of the SET and TET technique are built in the same way [104].
When the temperature of the sample reaches quasi-steady state, a one-dimensional
energy balance equation can be expressed as: [105]

0*T(x)

k
0x2

+go=0 @®)

In which ¢, is the electrical heating power per unit volume, here g, = I’R, /AL
is assumed to be a constant, / is the constant DC current applied to the sample, R; is
electrical resistance when the temperature of sample becomes stable, A~ and L are the
cross-sectional area and suspended length of the sample, respectively. T(x) is the tem-
perature at x position along the length of the sample. By solving the above equation, we
can obtain the temperature distribution equation as [19] T(x) = —q(x> — L,)/2k + T,.
Then the average temperature rise AT = I’R,L/12kA, can be obtained by inte-
gral of T'(x) with the sample length L. Within a small temperature range, the rela-
tionship between the temperature rise and the electrical resistance can be written as:
AT = AR/(dR/dT), where AR is the electrical resistance change before and after the
joule heating, and dR/dT is the first derivative of electrical resistance against tempera-
ture. Thus, the effective k of sample at quasi- steady state can be calculated as below
[19]:

PPRIL 4R

"~ 12A.AR 4T ©)
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On the other hand, the relationship between k and a can be expressed as: [19]
k = a - pc,, in which p and ¢, are the density and heat capacity of the sample, respec-
tively. Therefore, once k and « are obtained, ¢, of the sample at different tempera-
tures can be calculated by this equation. ¢, contains significant information about
the structure of the materials [19]. The porous structure of GA is made up of -GO
sheets [106]. However, there is hardly any measurement about the ¢, of r-GO. When
it comes to the ¢, of GO, it is usually taken equal to the value of graphite or amor-
phous carbon (AC) [19]. The combination of TET and SET technique provides an
effective way for characterizing the ¢, of carbon materials.

Xie et al. characterized the effective k of GA by using the SET technique [19]. In
the experimental set-up, the GA sample was suspended between two silicon elec-
trodes. The (dR/dT) — T curve is presented in Fig. 8a. It can be seen that dR/dT of
the five GA samples followed a quick increasing behavior as the temperature went
down. Then k was calculated by using the dR/dT data based on Eq. 9. The result for
the measured k of the five GA samples is plotted in Fig. 8b, where the measured k
of GA sample decreased with decreasing temperature. ¢, of GA was further deter-
mined from the measured k and a result as ¢, = k,/(pa,), where k, and a, are the
measured effective k from the SET experiment and effective a from the TET experi-
ment, respectively. p was determined by measuring the mass and the volume of GA.
Figure 8c shows the average ¢, of the two groups of GAs in comparison with that of
high-purity Acheson graphite [34], diamond-like carbon films and amorphous car-
bon (AC) [35]. As temperature went down from RT to 45 K, ¢, of GA decreased
linearly, where the trends and slopes were similar to that of graphite [36].

4.3 Thermal Radiation Effect

GA has very large specific surface area due to its high porosity, meaning that the
thermal radiation effect could be so significant that it cannot be neglected. Hence,
it is necessary to subtract the effect of thermal radiation from the measurement
results for the purpose of reliable experimental results [103]. The o, from the
TET experiment is a combined effect of the real a (a,.,) and the radiation effect
®measure =Oreal T radiations Which was derived as: [19]
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Fig.8 (a) The (dR/dT) — T curve of GA samples characterized by Xie et al. (b) The effective k of the

five GA samples against temperature (c) The comparison of the average c, for the GAs samples, high-

purity Acheson graphite, diamond-like carbon films and AC. (Reproduced from Ref. [19], with the per-

mission of the Elsevier)

@ Springer



International Journal of Thermophysics (2020) 41:155 Page 190f35 155

Cg 4L BgeT’ 2 0
measure — “real ,DC[, D 2 ( )

a

In this equation, the first term is the real @ of GA, and the second term is
from the thermal radiation effect. €,, D, and T are the emissivity, cross-sectional
area, and the averaged temperature of the sample, respectively. €, of GA can be
assumed as equal to 1. From Eq. 10, @, is linearly related to L. Therefore,
the thermal radiation effect can be subtracted by linearly extrapolating the curve
of &,,,,5,re-L* to the point of L? = 0. The intercept corresponds to a,.,.

Xie et al. studied the thermal radiation effect in GF by measuring the GF
samples at different lengths. Figure 9 shows the comparison of the effective a
against temperature curve for the sample with different suspended lengths and
width (L;=5.14 mm, L,=3.74 mm, and L;=1.01 mm). Obviously, under the
same experimental conditions, the longer suspended length resulted in an larger
effective a. Then the «,., which had no radiation effect was determined by lin-
early extrapolating the curve of effective a-L? to the point of L2=0 for the three
GF samples, respectively. The inset shows the effective a against length square
(L% for the three GF samples at temperature of 54 K, to show one of the fitting
processes for determining a,., of the sample. It was found that the thermal radia-
tion had a very strong effect in the overall effective @ when the sample length was
long.
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Fig.9 The a,,,,,.. against temperature T for the three GF samples and the resulting real thermal diffusiv-
ity of GF (a,,,))- The inset shows the effective @ against length square (L?) for the three GF samples at

temperature of 54 K. (Reproduced from Ref. [103], with the permission of RSC Publishing)
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5 Thermal Transport Models
5.1 Air-Solid Coupling

The pore structure has a great influence on the apparent k of the three-dimensional
graphene-based materials since the air conduction inside the pores could play a sig-
nificant role when the pore size is not sufficiently reduced. As a result, the air—solid
coupling heat conduction has attracted wide research attentions. Sakai et al. studied
the variation of a of highly porous materials with the pore size [107]. Wicklein et al.
found that when the pore size changed from 150 pm to 20 pm, k of porous graphene
material did not change significantly [45]. Zhao et al. systematically studied the lig-
uid—solid two-phase heat transfer model for the open pore structure of metal foams
[108]. The models for computing k of two-phase materials based on k of the two
phases and their volume fraction have been systematically compared in Wang et al.’s
work [109]. These works paved the way for understanding the gas—solid coupled
heat transfer in the three-dimensional structure of GAs.

Among the models, the rule of mixtures [110] have been applied to predict the
range of k of the r GO nanosheets:

ko = fkg + (1 = kg, (11)

where f is the volume fraction of solid, & is the intrinsic k of the graphene nano-
sheets, and k,;, is k of the air within pores. This model neglects the interconnec-
tion among the graphene nanosheets and consider GA as a simple mixture of gra-
phene nano-sheets and air. It provides an estimate of k of the graphene portion of the
aerogel.

The well-known Maxwell’s effective medium approach has also been used for

calculating the effective k of the graphene nanosheet network: [111]

o = 3kyir + 2f (kg — ki)
A B kg + ket

(12)

Bernal et al. used the Maxwell effective media model to calculate k of gra-
phene matrix in reduced graphene oxide paper [111]. The in plane k values of the
dense nanoflakes networks were calculated according to this model, which were
95 W-m~'.K~! for the RGO nanopaper and 390 W-m~'.K~! for the RGO-1700 at
25 °C [111]. To take the thermal contact resistance between the graphene nanosheets
and air into consideration, a more detailed effective medium theory (EMT) [112]
has also been used by Shahil et al. for estimating the intrinsic k of the graphene
nanosheets:

3kuir + Zf(kG B kair)
Rpkok
(3 = fokg + kyyf + 22l

kon = ko (13)

where Ry is the thermal contact resistance between the graphene nanosheets and air,
and H is the thickness of the nanosheets. The graphene sheet-liquid octane interface
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thermal resistance was reported to be 3.7x10™° K-m*>W~! based on molecular
dynamics simulations [113]. Fan et al. used a mixed model and an effective medium
model to predict and analyze k of the two-phase system inside GA. They reported
that k& of chemically-derived graphene in their work is in the range of 12.2-30.2
W-m™ K™ [29].

It should be noted that these models still do not include the effect of interconnec-
tions among the graphene nano-sheets. In general, the Maxwell model is expected
to be valid at low volume fractions (¢ < 1, in the order of 0). Also it is assumed that
the domains are spatially separated where the interactions among domains are insig-
nificant [114]. However, the graphene nano-flakes inside GAs are interconnected
with neighboring nanoflakes through the Van der Waals force and the n—r interac-
tions. Thus, the solid network within GAs is not like randomly distributed particles
as that described in the Maxwell model [52], which makes the interface heat transfer
between the solids cannot be neglected.

Recently, Zhao et al. [115] took both the inter-fiber thermal contact resistance
and the intrinsic thermal resistance of nanofibers into consideration in their analyti-
cal model to predict k of nanofiber networks as a function of geometric and thermal
properties. By using the statistical theory and Fourier’s law of heat conduction, the
model was derived as:

k, Bi(N,)

ko “02(lcos O1)L/{H) + BiCN,)

{|cos 8]) (14)

where k, and k; are the apparent thermal conductivity of the 3D networks and the
intrinsic thermal conductivity of the nanofibers, respectively; L is the length of the
nanofibers; A is the cross-sectional area of a single nanofiber; Vfis the volume frac-
tion occupied by the nanofibers; @ is the polar angles and (|cos 8|) was derived to
be 2/z for 3D random networks; B;=hL/k,A, is Biot number, where £ is the thermal
conductance of the inter-fiber contact; The interface thermal contact resistance was
calculated to be 6.5x 1078 K-m*>W~! when the graphene sheets are in octane and
7.7% 1078 K-m>W~! when the graphene sheets are in vacuum [113]. N, is the aver-
age contact number among the nanofibers, whose value was derived as <NC>=4er/
(2+r:Vf) for 3D random network; n, is the areal number density, whose value was
derived as n, = V;/(2A,) for 3D random networks; “H is the average center to center
distance, whose value was derived as (H) = 0.1852L. In this model, B; represents
the ratio of intrinsic thermal resistance of the nanofiber and inter-fiber contact resist-
ance. Figure 10 shows the effective k normalized to the k of the nanofiber, & /k, in
the random nanofiber networks as a function of B; number for different volume frac-
tion. For very small B; number range, k, decreased following a power law with the
change of the thermal resistance of inter-fiber contacts. However, for very large B;
number, k, reached a constant, indicating that the effect of inter-fiber contact resist-
ance becomes insignificant compared to the thermal resistance of the nanofibers.
However, neither the rule of mixtures, the EMT approximations, or Zhao’s model
take the details of the microstructure of the GAs (pore size, shape, or the closed
pores, etc.) into consideration. Due to the existence of closed pores, k of the air in
the pores is greatly suppressed. In this case, k of the air differs greatly from that of
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Fig. 10 The effective k normalized to k of the nanofiber, k,/k, in the random nanofiber networks as a
function of B; according to Eq. 14 and numerical simulations, respectively. The input parameters are
r=500 and D=3 nm [115]. (Reproduced from Ref. [115], with the permission of AIP Publishing)

free air. Therefore, in order to further clarify the synergistic effect of solid and pore
structure on the effective thermal conductivity, further study is required to establish
a gas—solid coupled heat transfer model for the specific self-assembled microstruc-
ture of GAs.

5.2 The Intrinsic a and k of Graphene Nano-flakes

The k of GAs is significantly influenced by two factors. One factor is the assem-
bling pattern (pore size and morphology, porosity, etc.), and the other factor is the
intrinsic k of the nano-flakes within GAs. The intrinsic k and «a refer to the k and a
of the solid constituents in GAs. By taking the micro-structure into consideration,
the intrinsic k and a of the graphene nanoflakes can be determined. Pettes et al. used
the model of Schuetz et al. for calculating & of the few-layered graphene in the open-
celled GF materials [105]. From the Schuetz and Glicksman model, the intrinsic a
of the solid for porous media can be estimated as: [105, 116]

kg =3kga/ (15)

In this equation, kg, is the effective k of GA, ¢ = ps4/pg 18 the volume fraction
of solid r-GO framework in GAs. p, of the samples can be determined by measur-
ing the mass and the volume of the samples and p; can be assumed equal to that of
graphite in the literature [93] (p;=2230 mg-cm_3).

However, in Pettes et al.’s work, an uncertainty of about 10-20% existed in their
results, which was mainly due to the uncertainty from measuring @. To avoid the
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error from measuring @, Lin et al. further developed this model in the form of «
[94]. Based on Eq. 15, dividing both sides of equation by the ¢, of graphene trans-
forms Eq. 15 to be:

ag =3agr (16)

where a; and a are the solid @ of the graphene nano-flakes and the effective a of
GF, respectively. By using this model, without knowing the volume fraction (poros-
ity) of the GF sample, the intrinsic @ of graphene can be directly determined from
the effective a of the GF sample.

On the other hand, considering that the graphene nano-sheets inside GA are ran-
domly oriented, the suspended length L is not the length of the actual heat transfer
path of phonons inside the GA. In fact, the actual heat transfer path is a curved route
instead of a straight line. The actual heat transfer route can also be evaluated for
studying the intrinsic k and a of the graphene nanoflakes. Xie et al. evaluated the
actual route of heat transfer in CNT bundles [93]. As plotted in the Fig. 11a, the
CNT bundles were arranged along the axial direction, while the single CNT bundles
were not straight from the SEM image as shown in Fig. 11b. Thus, the heat transfer
path between points A and B should be along the curved red line, instead of along
the straight route between them (blue line). Therefore, the actual heat transfer paths
were much longer than the length of CNT bundle sample. The 3D ratio of the curva-
ture length of CNTs over the straight line length was estimated as 1.52. For one-
dimensional heat transfer model, the normalized temperature profile during TET
measurement is derived as that in Eq. 7. Based on Eq. 7, « is proportional to L.
Thus, the corresponding ratio of &, 0 ®pperive Was determined to be 2.31 for the
CNT bundles. Lin et al. also used this method for estimating the intrinsic a of gra-
phene flakes inside GF. The ratios of actual heat transfer route versus the straight
line distance was determined as /L2 + L§ +L? = 1.90 and 1.46 for GF samples 1

Fig. 11 Morphology and structure characterization of CNT bundles. (a), (b) SEM images of the CNT
bundles under X500 and X15 000 magnifications. The heat transfer path between points A and B should
be along the curved red line, instead of along the straight route between them (blue line) [93]. (Repro-
duced from Ref. [93], with the permission from Elsevier)
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and 2, respectively [94]. Thus, the corresponding ratio of a; to a;p was determined
to be 3.61 and 2.14 for the two GF samples, respectively, which agreed well with the
factor of 3 used in the Schuetz’s model in Eq. 16.

5.3 Effect of Structural Defects

For the intrinsic k and a of the graphene nanoflakes, structure defects play an impor-
tant role. Defects including charged impurities [117], functionalized groups [118],
Stone—Wales defects, vacancy defects, stains, etc. are very complex, which are
responsible for the large discrepancy existed among the experimental results of k of
graphene. To quantify the relation between structural defects and thermal properties,
the thermal reffusivity (@) model has been developed in recent years for directly
characterizing the underlying phonons scattering mechanisms [119]. From the ©
against temperature curves, the phonon scattering behavior, structure defects and
domain size of materials can be uncovered. In addition, the Debye temperature of
the material and the ideal a of single perfect crystals can also be evaluated.

According to Wiedemann—Franz law, the contribution of electrons only takes a
small portion about 0.2 %t03.6 % of effective k of graphene [105], which is negligi-
ble. Thus, phonons are the main heat carriers in GA. The phonon propagation in GA
is affected by several phonon scattering mechanisms, which includes the scattering
from other phonons and that from lattice defects, chemical impurities, grain bounda-
ries, and rough edges, etc. [93]. To characterize the phonon scattering mechanisms,
O of phonons was defined first by Xu et al. as:

0 =1/a. (17)

Based on the Matthiessen Rule, the total phonon scattering intensity can be
obtained by the linear superposition of all the scattering effects. Therefore, the total
phonon scattering intensity can be derived as [103]:

1_1,1
T 1 7, (18)
In this equation, 7, and 7, are the phonon relaxation time from the defects induced
phonon scattering and phonon to phonon scattering, respectively. The phonon relax-
ation time 7 is inversely proportional to the phonon scattering intensity. 7,, is related
to the lattice vibration, which is weakened as the temperature goes down [3, 103].
When the temperature approaches to near 0 K, the population of phonons involved
in the phonon—phonon scattering significantly reduces, which makes the (rp)‘1 term
reaches zero. On the other hand, for normal materials with continuous structure, the
defect can be regarded an inherent property of the material [96]. Thus, 7, can be
assumed to be a constant and independent of temperature for normal materials with
continuous structure. In this way, when the temperature is lowered down to near
0 K, the equation of the total phonon scattering intensity reduced to: (7)~! = (z,)~".
From kinetic theory of gases [19], k of graphene based materials can be
expressed as k = Cvl/3, where C is the energy carriers’ ¢, per unit volume, v is
the average particle velocity, and [ is the mean free path of the particles between
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two consecutive collisions. By dividing both sides of equation by ¢, the relation-
ship of the © and the phonon scattering intensity can be expressed as a = v>7/3,
which makes © = 1/a = 3/v?t [96]. Therefore, the thermal reffusivity model has
been deduced as:

o=3(LiLl)-g,+c.emrr (19)
vi\7, 1, 0

In this equation, T}, is the Debye temperature of the materials, C is a constant,
and O, is the residual @ of material [103], which can be obtained by fitting O to
the point of 7=0 K. The value of 6, quantitatively reflects the effect of structural
defects scattering inside the material. The value of @, of defect-free materials
was found to be close to zero [29].

Figure 12a, b present the calculated © against temperature for GF and three
pyrolytic graphite materials, respectively [103]. Obviously, these four fitting
curves showed a similar trend: as the temperature decreased from 299 K to 0 K.
O first decreased rapidly and then gradually became stable at temperatures below
100 K, corresponding to their ©,. As a result, the @, were determined to be
1878 sm~2, 43.3 ss-m~2, 84.7 ssm 2 and 112.1 s-m~2 for GF and three pyrolytic
graphite materials, respectively. This uncovered a 16—43-fold higher defect level
in GF than that in pyrolytic graphite. The Debye temperature of graphene was
determined to be 1813 K from the O-T curve fitting, which was very close to
the average theoretical Debye temperature (1911 K) of the three acoustic phonon
modes in graphene. By subtracting the defect effect, the ideal a and k of graphene
nano-flakes in the 3D GF was also reported in Xie et al’s work.

Fig. 12 The calculated © of 8 T T T
(a) GF and (b) three pyrolytic 7k i ) - J
graphite materials by Xie et al. P = Experimental data of GF ]
(Reproduced from Ref. [103], £ Thermal reffusivity model fitting
with the permission of RSC Lo5r 1
Publishing) E‘ 4l J
O] 3k 1
2F 4
] 0 1 1 1
5 » Ho et al. ]
< 6+ = Hookeretal. -
g = Slack et al.
v 4+ -
IS
s 2l ]
of (b
_2 1 1 1
0 80 160 240 320

Temperature/K
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5.4 Effect of Thermal Contact Resistance

As mentioned above, ® of normal carbon materials with continuous structures
show a decreasing trend as the temperature goes down, which reflects the effect of
temperature-dependent phonon—phonon scattering. However, © of weakly intercon-
nected GA could show different behaviors from that of the normal carbon materials.
Xie et al. studied the temperature dependent © of chemically derived GAs [119].
As shown in Fig. 13a, O of chemically derived GA clearly had an increasing behav-
ior with the decreasing temperature [119], which suggested that the thermal trans-
fer mechanism of GA is completely different from that of the normal carbon-based
materials. From the structure point of view, the self-assembled 3D interconnected
isotropic network of GA was made up of -GO nano-sheets. In this way, the thermal
contact resistance between two neighboring r-GO sheets was expected to be very

large. Based on this fact, a model for heat transfer in GA has been derived by Xie
et al. as: [19]

kg =ly/kc + R (20)

where lf is the average flake size, keﬁr is the effective k of GA, and k., is the k of
r-GO sheets. R is the interfacial thermal contact resistance between two neighbor-
ing r-GO sheets. When the R at interface is very large: R > [;/k, the equation can
be transformed to be App = Avlf, in which A is a constant, and the phonon velocity v
and /- is not dependent on temperature. As a result, ® of GAs can be assumed to be
independent of temperature. Thus, the key factor that controlled the thermal trans-
port mechanism in GAs was found to be the thermal contact resistance at interfaces
among the r-GO sheets.

(a)sd — T (b)  Flike }ntcrfacc
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N/: Interface AKS &
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—=— Group 2 GA Flake
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Phonon transport
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Fig. 13 (a) The profiles of @ against temperature of two GA samples [119]. (Reproduced from Ref.
[119], with the permission of Springer Nature.) (b) The schematic diagram of inter-connection between
two neighboring r-GO sheets and the phonon scattering mechanisms [19]. (Reproduced from Ref. [19],
with the permission from Elsevier)
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Figure 13b is the schematic diagram showing the connection between two neigh-
boring r-GO nano-sheets [19]. The r-GO sheets are combined by 7 — z bonds, which
were weak electrostatic attraction between atoms. As the temperature decrease,
the interface contact between contiguous r-GO sheets became worse due to ther-
mal expansion of the r-GO sheets, which led to stronger phonon scattering intensity
and shorter phonon relaxation time. All of factors contributed to the reduced @ and
increasing © with the lowering temperature. Zhang et al. also found a contrasting
behavior of oxidized graphene scaffolds and reduced graphene scaffolds, which was
resulted from the large differences in the intersheet contact resistance and varying
intrinsic k between the reduced and oxidized graphene nano-sheets [12]. Therefore,
for weakly interconnected GAs, the interface thermal contact resistance among
nanoflakes could play a dominating role affecting the overall thermal transport of
GAs.

6 Concluding Remarks and Outlook

Scaling-up of two-dimensional graphene towards industrial applications is one of
the ultimate goals of graphene materials research. Graphene aerogel (GA) as one of
the most promising candidates has attracted wide research attentions. Understand-
ing the underlying energy transport mechanisms is essential to the implementation
of these 3D structures into energy-based applications, thermal design of sensors, or
electronic devices. In this work, we systematically reviewed the synthesis, micro-
structure control, thermal characterization, and thermal transport models of GAs.

6.1 Challenges Confronted in Current Micro-structure Manipulation Techniques

In order to meet the specific requirements of the novel applications, different micro-
structures are often desired. Chemical doping, density and pore structure adjust-
ment, and heterostructure design are widely used in the structure engineering of
GAs, which could modify the heat transfer mechanisms inside GAs, leading to dif-
ferent thermal performances. With the deepening of research on graphene materi-
als in recent years, the controllable synthesizing technologies of GAs has been
developed rapidly. Among them, the freeze-casting and self-assembly method are
the most accessible ones. By controlling the process of replacing the liquid inside
hydrogel with gas, different pore structures can be achieved. To reduce the pore size,
increasing the freezing rate, decreasing the freezing temperature, or super-critical
drying can be used. Meanwhile, extra templates such as polymer spheres, metal
wires, or gas bubbles can also be added to introduce the second-level pores. How-
ever, achieving GAs with ultra-small pore size (in the range of dozens to hundreds
of nanometers) and good mechanical robustness is still challenging. The synthesis
requires either expensive supercritical drying facilities or complex chemical proce-
dures. Large scale production of GAs with small pore size, good thermal insulation
properties, and strong mechanical elasticity are still in great demand for the future
applications.
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For the pore morphology design, by controlling the freezing directions, aniso-
tropic pores can be obtained. Further studies are required for finer control so that the
size and direction distribution parameters of the pores can well meet the design tar-
gets. Besides the experimental approaches, simulations can be conducted in predict-
ing the ice crystals formation process under different temperature gradient scenarios
so as to provide theoretical guidance for optimizing the synthesizing procedures.
For the heterostructure design, chemical doping brings in more scattering sites for
phonons, which is expected to significantly affect the thermal properties of solid
matrix in GAs. Additionally, the band gap of the graphene nanoflakes is expected to
be changed by the chemical modification or heterostructures, which could improve
or alleviate the electron—phonon coupling and brings in new opportunities for the
applications of GAs in sensors and electronic devices. Simultaneous and fine control
of the density and type of chemical doping of GAs requires further investigation
considering the self-assembly process of GAs is very complex. Also the successful
introduction of other 1D or 2D heterostructures into GA with good structural control
of the density and morphology remains challenging.

6.2 Efficient Thermal Characterization

To study the relationship between the microstructures and the thermal performances,
experimentally characterizing the thermal properties of these 3D porous materials is
essential. For reliable thermal properties results, the effect of thermal radiation and
air conduction should be carefully taken into consideration. Although the hot disk
method has been used for characterization of the apparent k of GAs, it does not con-
sider the strong effect of thermal radiation. More importantly, the large thermal con-
tact resistance between the porous sample and the probe brings in significant meas-
urement uncertainty. Thus, the measurement error of apparent k of GAs by using
hot disk method is very high. To avoid the measurement errors from the contact
thermal resistance, the non-contact thermal characterization methods based on infra-
red imaging have been developed. Infrared microscopy technique as a non-contact
thermal characterization method has been used for measuring the apparent k of the
bulk GA materials. However, it still requires an accurate temperature scanning of
the highly porous GA surface. Likewise, laser flash technique has also been used to
measure the apparent a of carbon foams at room temperature. However, considering
the highly rough and porous surface of GA, there is also a certain error in directly
using infrared scanning method to measure the temperature distribution of the sur-
face of GA. Therefore, the DLI technique has been further developed to adapt to the
unique structure of GA, where only the upper surface temperature of glass wafers
needs to be acquired by using the infrared camera. This provides a more accurate
method for characterizing the apparent k of GAs.

Thermal characterization of the solid matrix in GA is also important for both
its applications and understanding of its thermal conduction mechanisms. The air
conduction effect becomes negligible under vacuum environments. When the pore
size is smaller or comparable to the mean free path (A) of air molecules (~70 nm),
the heat conduction of air within GA is sufficiently suppressed according to the
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Knudsen effect. Under this circumstance, the solid heat conduction of the graphene
matrix also plays a dominating role in the thermal transport of GA. Two-dimen-
sional graphene nano-sheets are the basic unit of solids that constitute the three-
dimensional GA, which are electrically conductive. Therefore, the self-heating and
self-sensing electrothermal technologies are applicable for thermal characterization
of solid matrix. Compared with other technologies (thermal plane source method,
3w method, micro bridge method, [101] etc.) which require either contact, metal
coating, or direct infrared scanning, the self-heating and self-sensing electrothermal
technologies have the following advantages in measuring the thermal properties of
GAs: easy to operate, fast, no additional coating treatment required; low require-
ments on the surface temperature scanning. The development of the self-heating and
self-sensing electrothermal technologies including TET and SET has paved the way
for more in-depth study of the thermal properties and heat conduction mechanisms
of three-dimensional GA with complex micro-structure design in the future.

6.3 Opportunities in Thermal Transport Physical Models

The heat transfer inside GAs is mainly from the coupling of the solid heat trans-
fer, air heat transfer, and radiant heat transfer. The coupling relationship between
solid and air thermal conduction and their contribution to effective k are related to
the solid k, porosity, interconnections, pore size and morphology. For the air—solid
coupling models, neither the rule of mixtures, the EMT approximations, or Zhao’s
model take the details of the microstructure of the GAs (pore size, shape, or the
closed pores, etc.) into consideration. Due to the existence of closed pores, when
the pore size is smaller or comparable to the mean free path (A) of air molecules
(~70 nm), k of the air in the pores is greatly suppressed. In this case, k of the air dif-
fers greatly from that of free air. The anisotropic pore structure also brings in differ-
ent thermal conduction behaviors in different directions of GA. Therefore, in order
to further clarify the synergistic effect of solid and pore structure on the effective
thermal conductivity, further study is required to establish an air—solid coupled heat
transfer model for the specific self-assembled microstructure of GAs.

The k of GAs is significantly influenced by two factors. One factor is the assem-
bling pattern (pore size and morphology, porosity, etc.), and the other factor is the
intrinsic k of the nano-flakes within GAs. Combined with the thermal characteriza-
tion of solid matrix, the models for the intrinsic thermal diffusivity/conductivity of
GA from the heat transfer path method provides a more detailed analysis for the
intrinsic thermal properties of the nanoflakes within GA. Structural defects provide
a large number of scattering opportunities for the transmission of phonons, thereby
inhibiting the thermal conduction. The thermal reffusivity model for analyzing the
effect of structure defects on phonon scattering provides some of the best physical
model to analyze such structure effects. Due to the unique self-assembling struc-
ture of GA, the thermal contact resistance could play a dominant role in the ther-
mal transport of GAs. The interface-mediated thermal conduction model could be
used to provide in-depth analysis of the interface effect on heat conduction in GAs.
For GAs of different microstructures, the temperature-dependent thermal reffusivity
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can be obtained for providing significant information and a clear physical picture
about the levels of defects density and interconnection strength within GAs, which is
indispensable for a good understanding of the effect of microstructures design on the
thermal transport of GA.
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