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ABSTRACT

Graphene foam (GF)—a three-dimensional network of hollow graphene branches—is a highly attractive material for diverse
applications. However, to date, the heat dissipation characteristics of GFs have not been characterized. To fill this gap, we synthesized
GF devices, subjected them to high temperatures, and investigated their thermal behavior by using infrared microthermography.
We find that while the convective area of GF devices is comparable to that of bulk materials (such as metals), the coefficient of
convection of these devices is several orders of magnitude higher than that of metals. In addition, the GF devices showed a
reproducible thermal behavior, which we attribute to negligible temperature-induced morphological changes (as confirmed by
Raman analysis). Taken together, our findings suggest GF as a promising candidate material for advanced cooling applications

where efficient heat dissipation is needed, e.g., in electrical circuits.
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1 Introduction

The miniaturization of electrically operated devices dramatically
promotes their functionality and applicative potential; however,
it also substantially increases their power density and subjects
them to high electrical heat fluxes [1-5], requiring that
they are constantly and effectively cooled [6]. While classical
cooling methods [7-9], including convective cooling fins
[1, 10-13], are still being used to cool miniaturized electrically
operated devices, advanced nano-scale materials offer new
frontiers for the thermal management of electrical components
and other miniaturized systems, as they provide improved
heat dissipation capacities. In this study, we investigate the
possible use of one of the most promising nano-materials known
today—graphene foam (GF)—as a high-end heat-dissipating
material.

GF is a relatively new three-dimensional configuration of
graphene, arranged as a network of hollow branches [14, 15].
Synthesizing the graphene in a three-dimensional formation
yields new properties, such as high mechanical compliance [16]
and a unique electromechanical signature [17]. As a result,
GF has been integrated into various applications, including
reinforcement for composites [18, 19], piezoresistive sensors
[20], energy conversion devices [21], and resonators [22].
Thermally, GF composites show enhanced thermal conduction
[19, 23] and an excellent ability to store thermal energy [24],
while maintaining high mechanical flexibility [19]. Importantly,
GF has also demonstrated low interface thermal resistance
[25]—a property that strongly encourages its use in cooling
applications.

However, despite the promising potential of using GF for
thermal management, its heat dissipation characteristics have
not been investigated. Here, we characterize, for the first time,
the heat-convective properties of GF devices subjected to high

temperature loading. We find that, while the convective area
of GF is comparable to that of bulk materials, its coefficient of
convection is high in comparison to its coefficient of conduction,
indicating that it can operate as an excellent heat-dissipating
component in advanced functional systems.

2 Methods

The GF devices (Fig. 1) were grown by chemical vapor
deposition (CVD) on a commercially available porous nickel
scaffold (95% porosity). The scaffold was inserted into a high-
temperature tube furnace with a flow of ethylene gas (20 sccm
for 15 min under 860 °C). During this process, the graphene
was grown such that it covered the nickel and created the
three-dimensional branches of the graphene. Then, the nickel
was etched in HCI for 7 h, after which the devices were cleaned
and dried. Energy dispersive X-ray spectroscopy (EDS) detected
only negligible amounts of residual nickel in the devices (data
are shown in the Electronic Supplementary Material (ESM)).

The devices were thermally characterized by infrared
microthermography imaging, from which the temperature
distribution was acquired along the height of the sample
(Fig. 2(a)). Typically, in infrared measurements of bulk samples,
the samples surface is perpendicular to the camera. In our
system, due to the porous structure of the GF, only a small
fraction of the surface is perpendicular, while most of the
surface is tilted. As a result, the temperature readings are
lower than their actual values. To overcome this challenge, we
processed the temperature measurements to extract readings
from parts of the surface that are perpendicular to the infrared
camera, as explained below.

Due to the excellent thermal conduction of graphene sheets,
we noticed that the thermal distribution of the GF devices
depends only on their vertical coordinate, z. Namely, we used
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Figure1 (a) Optical image of a representative GF device. (b) SEM
micrograph of the GFE. Scale bar: 200 pum.
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Figure 2 (a) Microthermography image of a heated GF device (device

no. 2). Scale bar: 500 pm. (b) Measured (red markers) and calculated
(black markers) temperature along the height of the sample.

a one-dimensional heat transfer assumption. For each horizontal
line of pixels of the infrared image (namely, pixels with a fixed
value of z), we averaged the temperature reading of only a
small fraction of pixels (specifically, we chose 10% of the
pixels, see discussion in the ESM) that presented the highest
temperature readings. Indeed, this method yielded excellent
agreement with the theoretical estimation of the temperature
discussed below (Fig. 2(b)).
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For the sake of simplicity, we normalized the temperature into
a non-dimensional form, such that normalized temperature
is 0(z) =(T(z)—T_)/ (T, —T,), where T(z), T.., and T,
are the temperatures along the height of the devices, the
environment temperature and the applied temperature at
z =0, respectively. The heat balance on a differentially thin
cross-section yields the following differential equation

0)
dz2

where m = \/ hA, /kA,H . Note that / and k are the coefficients

of convection and conduction, respectively. In addition, 4,,
A, and H represent the convective and conductive areas and
the device height, respectively. The convective area is defined as
the area from which heat is dissipated to the environment, while
the conductive area is defined as the cross-section area from
which heat is conducted along the height of the GF devices. As
explained in our previous study [26], high A,/A, ratios indicate
a significant convection, while A,/A, — 0 indicates negligible
convection. Under boundary conditions of fixed temperature
at the bottom (z =0) and convective cooling from the top
(z = H ), namely Newton boundary condition, the solution of
Eq. (1) is given as

m?*0(z) (1)

mcosh(m(H — z)) + h/ksinh(m(H — z))

0(z) = mcosh(mH) + h/ksinh(mH)

)

The ratios A,/A, and h/k, were extracted by numerically
fitting the measured temperatures to Eq. (2). These values are
shown in Fig. 3 and are discussed below.
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Figure 3 Ratios between (a) the convective and conductive areas, A, /A,
(the dashed line corresponds to the ratio of a bulk material), and (b) the
coefficients of thermal convection and conduction, h/k , of device no. 2 as
a function of the applied temperature.
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The Raman spectra of some devices were investigated both
in room temperature and under high temperatures (devices were
placed on a hot plate). Their Raman spectra were acquired as
a function of the temperature.

3 Results and discussion

Several GF devices were synthesized and investigated, and all
showed similar trends (for brevity, we provide here only the
experimental data for device no. 2). Prior to heating—i.e., when
the device temperature was equal to room temperature—the
A,/A; ratio is zero (Fig. 3(a)), indicating that under ambient
conditions the thermal convection in the GF devices is
negligible. Heating the device increased the A,/A, ratio
because it increased the kinetic energy of the air molecules,
which increases the probability of thermally interacting with
the device.

Despite the porous structure and the extremely high surface
area of the GF devices, their A,/A, ratios, at high temperatures,
are similar to those of bulk materials with the same dimensions
(shown as a dashed line in Fig. 3(a); see also the ESM section).
These relatively low A, /A, ratios are attributed to the open-cell
foam structure of the GF-air molecules in interior pores of the
GF require a long time to diffuse outside and dissipate the heat.
Notably, carbon nanotube (CNT) forests also show a relatively
low A,/A, ratio, but this is due to their nanoscale fibrous
structure, which reduces the probability of air molecules
interacting with the CNTs [26].

The ratio between the coefficients of thermal convection and
thermal conduction (h/k), which expresses the relationship
between the convective and conductive thermal resistances of
the devices, decreased with increasing temperatures (Fig. 3(b)).
Both coefficients increase with increasing temperatures, but the
coefficient of conduction increases more significantly than the
coefficient of convection, such that the h/k ratio decreases.

We defined the efficiency of the GF devices as the ratio
between the heat that is transferred through the device and the
heat that is transferred through an ideal thermal conductor
(in which conductance is infinite). The efficiency of device
no. 2 was ~ 0.83 (Fig. 4), which is comparable to that of metals,
and indicates a low sensitivity to temperature.

The A,/A, ratio, the h/k ratio, and the efficiency of the
devices (Figs. 3 and 4) were similar during heating and cooling,
indicating that the thermal loading did not induce significant
morphological changes. Furthermore, we also applied several
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Figure 4 Efficiency of device no. 2 as a function of the applied temperature.
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thermal load cycles to a sample that demonstrated high
reproducibility over the sequential loading cycles (see the ESM).
In addition, Raman measurements (Fig. 5) acquired before
and during the heating process (namely, at 150 °C and 300 °C)
and again after the sample cooled to room temperature, revealed
that the thermal loading did not shift the G- and 2D-Raman
modes, which are highly sensitive to the morphological structure
of the GE Together with the reproducible results for the A,/A,
and h/k ratios, these findings suggest that thermal loading
does not induce morphological changes in the GF devices; this
is in contrast to CNT forests, whose alignment is increased
under thermal loads—resulting in significant morphological
changes [27]. Importantly, both the reproducible thermal
behavior of GF devices and their low morphological sensitivity
to thermal loading are highly desired characteristics for
functional thermal devices.

To demonstrate that the results of device 2 are not unique,
in Fig. 6 we present the measurements from all of the devices
examined in the framework of this study. We have chosen to
present the data for an applied temperature of 150 °C. Relative
to device no. 2 all devices exhibited similar A,/A, and h/k
ratios, and similar efficiencies during heating and cooling, and
were close to the average values recorded. The A,/A, ratio
of most devices was ~ 1 (Fig. 6(a)), which is lower than that of
bulk materials (e.g., metals) of the same dimensions (shown
as a dashed line in Fig. 6(a)). The efficiency of all examined
devices (Fig. 6(c)) was comparable to that of metals and CNT
forests [26]. However and most importantly, the h/k ratios

of GF are of the order of h/k|_, ~100m™" (Fig. 6(b)). This

value far exceeds that of bulk metals (h/k| ~0.1m™"', as

metal
demonstrated in the ESM where we compared the values of
h/k of several bulk metals to that of GF).

Notably, while the qualitative behavior of all devices was
similar, their A, /A, ratio, h/k ratio, and efficiency demonstrate
some numerical scattering (Fig. 6), which we attribute mostly
to morphological variance between the devices. The most
influential morphological parameters in GF devices are the
thickness of the graphene branches and the pore size and
direction; although all devices were grown under the same
conditions and from the same sheet of porous nickel scaffold,
some variance in these two parameters can be expected.
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Figure 5 Raman shift of device no. 2 under different temperatures.
Pre- and post-heating measurements were acquired at room temperature.
Inset: Raman shifts of the D-, G-, and 2D-bands as a function of the tem-
perature. Note that the pre- and post-heating shift measurements coincide.
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Figure 6 Results extracted from all investigated samples at 150 °C. (a) The ratios between the convective and conductive areas, A,/A, . The dashed line
represents the A,/A, ratio of a bulk material. (b) The ratios between the coefficients of thermal convection and conduction, h/k . (c) The efficiency of

the devices.

The coefficient of thermal conduction of GF devices was
previously found to be in the order of kg ~1 W/mK [23].
Therefore, based on our measurements (e.g., Fig. 6(b)), the
coefficient of thermal convection in these devices is in the order
of hg ~100 W/m’K , which is very high for natural convection.
We conducted finite-element analysis (FEA) simulations (using

ke =1 W/mK , while hg, ~100 W/m*K was estimated from

the calculation as detailed in the ESM) to simulate the thermal
behavior of our GF devices. Simulations showed excellent
agreement with the measured results, implying that the values
of kg and hg. can be reliably used to describe the thermal
behavior of GF devices (Fig. 2(b)). In functional systems, the
coefficient of thermal convection is often increased by adding
air flow (i.e., a forced heat convection), but this solution dictates
further complexity to the system because it requires large cooling
fins, a fan, additional wiring, etc. Conversely, GF devices
demonstrate a high coefficient of thermal convection under
conditions of natural convection, which makes them highly
attractive for use as cooling devices.

4 Conclusion

In this work, we have, for the first time, characterized the thermal
dissipative behavior of GF devices. We find that the A,/A,
ratio of these devices is low comparing to bulk material (due
to slow diffusion of hot air molecules from the interior parts
of the GF to the environment). In contrast, the h/k ratio is
significantly larger than that of other materials—such as bulk
metals—that are commonly used in cooling applications. An
additional advantage of GF devices is that they demonstrate
a highly reproducible thermal behavior due to negligible
morphological changes when exposed to high temperatures.

The efficient cooling of electronic components is one of
the greatest challenges toward their further minimization.
Our findings that demonstrate high coefficient of convection,
combined with the low thermal interface resistance of GE, make
these devices excellent candidates for heat dissipation and
pave the way to the development of GF-based cooling devices,
which could efficiently dissipate heat from electronic components
without requiring a forced coolant flow.
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