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ABSTRACT

In this work, in-plane thermal conductivity measurement was carried out on graphene-based papers. Graphene-based papers were
fabricated using various processing techniques such as chemical vapor deposition (CVD), hot pressing of graphene slurry, and evaporation
induced self-assembly. The prepared materials were characterized using scanning electron microscopy, Raman spectroscopy, and X-ray diffr-
action. In-plane thermal conductivity measurement was performed via a steady state thin film thermal conductivity apparatus. The in-plane
thermal conductivity measurements show that the CVD based sample has the highest thermal conductivity. COMSOL Multiphysics was
used to simulate the in-plane thermal conductivity of graphene-based papers.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5097000

INTRODUCTION

Efficient heat removal is a crucial issue for advancements in
information, communication, and energy storage technologies
because of increasing power densities in electronics."” Performance
and reliability of modern electronics, optoelectronics, photonic
devices, and systems strongly rely on effective thermal manage-
ment.” The most effective techniques used to dissipate the heat
generated in electronic devices are thermal interface materials
(TIMs) and lateral heat spreaders.™” Graphene has intensively been
used as novel carbon nanofillers to enhance the thermal conductiv-
ities of polymeric composites as TIMs.™ Lateral heat spreaders
function by removing local hot spots via transferring heat along the
basal plane of the material.” These heat spreaders are widely used in
various commercial portable electronic devices, such as smart
phones, touch panels, and LED lamps, with more condense packed
integrated circuits.'’ Graphitized polyamide paper and flexible graph-
ite paper are typical commercial paperlike lateral heat spreaders, and
their thermal conductivity is between 100 and 700 Wm™ K~'."
Recently, free-standing graphene papers have attracted much interest
in the thermal management field due to their high thermal conduc-
tivity, superior electrical conductivity, and excellent mechanical
properties.'””"* Compared with the metals commonly used for heat
dissipation, free-standing graphene paper possesses ultrahigh thermal
conductivity, a much lower density (<1 g/cm?), excellent flexibility,

and lower cost, signifying the potential for effective heat dissipation."
Numerous studies have been carried out to fabricate graphene papers
with high thermal conductivity. Nevertheless, it is noted that through
different synthesis methods, graphene papers achieve substantially
dissimilar thermal conductivity.'®

The techniques used to fabricate graphene papers are vacuum
filtration,'”~>° evaporation induced self-assembly (EISA),Z(”27 spin
coating,” drop-casting,”’ Langmuir-Blodgett (L-B),”’ spraying,’" dip
coating,”” Langmuir-Schaefer,” centrifugation,” mold-casting,”>*
inkjet printing,”’”® and pressing of graphene-containing suspen-
sion.”” Balandin et al. measured the in-plane thermal conductivity
of suspended single-layer graphene (4800-5300 Wm™ K™') using
the optothermal Raman technique.”’ Kargar et al. investigated the
effect of graphene fillers on electromagnetic interference shielding
and thermal management of epoxy-based composites. The thermal
conductivity of graphene fillers/epoxy composites was 8 Wm ™' k™!
calculated using the laser flash technique. They reported the optimi-
zation of proper lateral dimensions, thickness, and aspect ratio of
graphene fillers for enhancing the dual functionality of graphene
fillers/epoxy composites.”' Malekpour et al. investigated the thermal
conductivity of graphene laminate films deposited on polyethylene
terephthalate using the optothermal Raman technique. The thermal
conductivity measurements were in the range of 40-90 W m™" k™.
They stated that the average size and the alignment of graphene
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flakes affected the thermal conductivity of graphene laminate films."”
Xiang and Drzal utilized a thermally exfoliated graphite intercalation
compound, followed by filtration, annealing, and compression.
The resultant reduced graphene oxide (GO) paper showed an
electrical conductivity of 880 S cm™" and a thermal conductivity
of 200 W m™ K~".* Kong et al. synthesized a hierarchical graphene/
carbon fiber (CF) composite paper using the vacuum filtration
technique, and they reported a thermal conductivity value of
977 Wm™" K~1.** Xin et al. fabricated graphene papers by using
the direct electro-spray deposition (ESD) technique on an aluminum
foil followed by mechanical compaction and thermal annealing treat-
ment. They reported the influence of annealing temperature on the
thermal and electrical conductivity of graphene paper. At annealing
temperature 2200 °C the thermal conductivity was ~1238.3 Wm™" K"
and the electrical conductivity was ~1.57x 10°Sm™". At annealing
temperature 1800 °C, the thermal and electrical conductivity were
~809.5Wm ™' K" and ~848 x10* Sm™, respectively.”” Song et al.
studied the role of the thermal reduction at different annealing temper-
atures on the thermal conductivity and tensile strength of graphene
films. They showed that the highest in-plane thermal conductivity
obtained at 1200°C was 1043.5Wm™'K™"." In this work, we
prepared graphene-based papers by chemical vapor deposition
(CVD), hot pressing of graphene slurry, and EISA. In-plane thermal
conductivity measurement was carried out in order to determine
which process would be relevant for heat spreader applications of
electronic devices.

SAMPLE FABRICATION METHODS

The electrochemical exfoliation technique was used to prepare
graphene oxide, which was utilized to fabricate a graphene oxide
paper via the EISA method. EISA involved the dispersion of exfoli-
ated graphene oxide suspension (6 mg/1 ml de-ionized water) by
using an ultrasonic bath (BRANSON 5100) for 1 h by pouring the
graphene oxide suspension in the drying tray then keeping it at
room temperature for evaporation of water and self-assembled gra-
phene oxide sheets. The thickness of the prepared graphene oxide
paper is based on the volume of the suspension used. The mecha-
nism of EISA involved the following stages: stage I: slow evapora-
tion of the graphene oxide suspension to remove water molecules;
stage II: during evaporation, the graphene oxide sheets bonded
with each other through van der Waals force; stage III: finally, the
bonded GO sheets connected along the drying tray to make the
GO paper. The thickness of the prepared graphene oxide paper
was 0.05mm. Graphene oxide paper was reduced via the thermal
annealing treatment approach to obtain the graphene paper.
Thermal annealing treatment was performed in a tube furnace that
involved heating the graphene oxide paper to 700 °C with a heating
rate of 5°C/min and then was held for 30 min under argon gas
with a flow rate of 20 mm/min. This treatment aimed to remove the
oxygen functional groups and recover sp” carbon-carbon bonds.
The chemical vapor deposition technique was utilized to prepare the
graphene-based paper.”” Pyrolytic graphite (PG) is grown on a
mandrel by chemical vapor deposition of hydrocarbon decomposi-
tion. The graphene layer is deposited by cracking methane and
hydrogen at 2000 °C at a reduced pressure of 3 Torr followed by a
subsequent annealing around 3000°C. Hot pressing of graphene
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slurry was used to prepare the graphene-based paper. Carbon paper
was prepared in the form of a thin foil made of 100% graphene.
A graphene foil is made into paperlike materials using three steps:
First, natural graphite was exfoliated using a traditional intercalation
process. Then, the graphene nanoplatelets were oxidized using both
acids and oxygen plasma. As a result, graphene oxide (GO) was
fabricated with edge oxygen functional groups. Second, the GO was
dispersed into water with 2% polyvinyl alcohol (PVA) and was both
mechanically and ultrasonically stirred for 2 h. Once the suspension
was homogenized, it was filtered using the vacuum filtration method
forming an even filtered cake. Third, the cake was hot pressed in
a silicon mold at a temperature of 60°C and a pressure of 80 psi
for a period of 30 min. Once the pressure is released, the material
appeared very glossy with a metal shiny look.

EXPERIMENTAL METHODS AND RESULTS

A graphene-based paper was characterized using scanning
electron microscopy (SEM) to determine the morphology of the
graphene-based paper via the different techniques used. X-ray diffr-
action is performed using Rigaku Smartlab, and the operating con-
ditions were 40 KV, 44 mA, and a scanning step of 0.04°. Raman
spectroscopy was conducted via an INVIA RENISHAW Raman
Microscope with laser excitation at 633 nm.

Analysis methodology

An in-plane steady state thin film thermal conductivity device
was used to measure the thermal conductivity of the fabricated
graphene-based papers.*’ The home-built device consisted of a power
supply, a nickel film that worked as a heater and sensor, a mica film
placed between the heater and graphene paper, a digital thermometer,
and a vacuum chamber to avoid heat loss by convection. Figure 1
depicts the experimental setup for the in-plane thermal conductivity
device used to measure the thermal conductivity of graphene-based
papers. The device was calibrated using a copper film to ensure the
accuracy of thermal conductivity measurements. Thermal conductivity
can be calculated directly via Eq. (1) as

QLy

| P E— 1
T2 d Ty — Ty )

where Q is the power dissipated in the metallic heater per unit length;
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FIG. 1. Experimental setup for the in-plane thermal conductivity device.
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FIG. 2. SEM for graphene-based papers: (a) CVD, (b) hot pressing method, and (c) EISA method.

L2 is the distance from the heater to the heat sink, d is the thickness
of the graphene-based paper, Ty, is the thin film temperature right
underneath the heater/sensor, which is assumed to be the same tem-
perature as the heater/sensor, and Ty, is the temperature of the thin
film edge in contact with the substrate.

Electrical conductivity of the graphene-based paper was mea-
sured using MCP-T610 (Chemical AnalyTech) via the 4 pins method.

Thermal conductivity simulation

The simulation of in-plane thermal conductivity of the
graphene-based paper was studied using COMSOL Multiphysics
5.2a. The heat transfer in solid physics was used in this simulation
to show the temperature gradient through graphene-based papers.

Equations (2) and (3)* were used to solve this simulation,
dT
dzpcpa'i'v'q:dz Q+QO+dz Qted> (2)
q=—d, kVT, 3)

where d, is the thickness of the graphene-based paper, p is the
density (kg/m’), C, is the specific heat capacity at a constant pressure
[J/(kgk)], q is the heat flux (W/m?), Q is the heat source (W/m?),
Qreq is the thermoelastic damping (this parameter is ignored because
there is no thermal expansion in the simulation), k is the thermal
conductivity (W m™" k™) of the graphene-based paper, and VT is
the temperature gradient. The boundary conditions are represented
by the thermal insulation at the edge of the samples. Then, the
meshed model was solved numerically to simulate the temperature
distribution through the graphene-based paper.

Material microstructure characterization

The techniques used to fabricate the graphene-based paper’s
influence on the morphology and thermal conductivity of the pre-
pared graphene-based paper because of the preparation conditions.
Figure 2 shows the morphology of graphene-based papers.
Figure 2(a) indicates the morphology of graphene paper prepared
via the CVD technique, which showed a smooth and fine morphol-
ogy because of the conditions of fabrication that involved the depo-
sition of carbon atoms to create a thin layer of graphene and then

FIG. 3. SEM for cross-sectional graphene-based papers: (a) CVD, (b) hot pressing method, and (c) EISA method.
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FIG. 4. X-ray patterns of graphene-based papers for the different techniques
used.

subjected for annealing treatment at 3000 °C. Figures 2(b) and 2(c)
show the morphology of the graphene-based paper prepared using
the hot pressing and EISA methods, respectively. The structure is
corrugated because it consisted of bonding of exfoliated graphene
oxide. The cross section of graphene-based papers is shown in
Fig. 3. Figure 3(a) shows the multilayers of the graphene film
deposited by the CVD technique, which appeared very uniform.
On the other hand, Fig. 3(b) shows the structure of the graphene
paper, which consisted of the graphene slurry that was hot pressed
to form the paper. The graphene sheets are bonded to each other
to form a free-standing graphene paper as shown in Fig. 3(c).

As shown in Fig. 4, graphene-based papers have the same
X-ray profile. As indicated in this figure, they have a sharp peak
at 26.6° corresponding to the (002) plane with a d-interspacing of
3.36 A. The orientation of graphene-based papers was characterized

ARTICLE scitation.org/journalljap

utilizing Rigaku Oxford X-ray diffraction. Figure 5 shows the small
angle X-ray scattering (SAXS), which indicated that the CVD
method has the highest orientation for the prepared graphene-
based papers, while the EISA method led to a less oriented gra-
phene membrane due to the conditions of preparation that were
based on self-assembly of graphene sheets as illustrated in Fig. 5(c).
As shown in Fig. 5(a), a small arc was apparent. It seems very
clear that the graphene-based paper made via the CVD method
exhibits high orientation and crystallinity. However, only a ring
and a large arc (misorientation) indicated a partial orientation of
the graphene-based paper made via the hot pressing method as
shown in Fig. 5(b).

The quality of the graphene-based paper was determined via
Raman spectroscopy. The D peak originates from the breathing
mode of six-atom rings and requires a defect for activation; there-
fore, the intensity of the D peak depends on the disorder of the
graphene. The 2D peak is the second order of the D peak, and the
shape of the 2D peak varies with different thicknesses of several
layers of graphene sheets.”’ The G peak represents the E,, phonon
vibration mode in the center of the Brillouin zone of an sp* hybrid
carbon atom. Figure 6 shows the Raman spectra for the prepared
graphene-based papers via different techniques.

Graphene-based papers that were fabricated by using the CVD
and hot pressing techniques have higher quality due to the disap-
pearance of the D peak. As shown in Fig. 6, the D peak appeared
in the graphene-based paper prepared via the EISA technique due
to the exfoliated graphene oxide defects.

Thermal conductivity measurements

The thermal conductivity of prepared graphene-based paper is
entirely affected by the technique used and the presence of defects
that have an effect on the phonon dispersion. The thermal conduc-
tivity of the graphene-based paper prepared via the CVD tech-
nique, hot pressing , and the EISA method were 1293 W m™' k™,
983Wm k™!, 563Wm ™'k, respectively, as shown in Table L.
On a prior work, Renteria et al. measured the in-plane thermal
conductivity 61 Wm ™' k™! for reduced graphene film annealed at
1000 °C. They reported that the phonon thermal transport is

FIG. 5. SAXS images for graphene-based papers: (a) CVD, (b) hot pressing, and (c) EISA.
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FIG. 6. Raman spectra for graphene-based papers.

limited by the disorder and concentration of defects.”’ The highest
thermal conductivity of the graphene-based paper via CVD is
related to the high free mean path of phonons, which is dominated
for thermal conductivity of the graphene paper. The quality of the
graphene-based paper is controlled by the thermal conductivity
because of the defects that influence the phonon dispersion. The
alignment of graphene layers and the presence of defects have
affected the measurements of thermal conductivity of the graphene-
based papers. The electrical conductivity measurements of the
graphene-based paper indicated the highest value of 6.4 x 10°Sm™"
for the CVD technique. The hot pressing technique has an electri-
cal conductivity value of 2.3 x 10°Sm™", while the EISA method
has a value of 3.8 x 10 Sm™" as shown in Table I. The techniques
used played a key role on the electron mobility that affected the
electrical conductivity of the graphene-based paper. The simulation
of in-plane thermal conductivity for graphene-based papers
showed the temperature gradient through the graphene-based
paper as a function of thermal conductivity of graphene-based
paper as shown in Fig. 7. The temperature dropped from the
heating source toward the sink as indicated in Fig. 7. The simula-
tion of the temperature distribution through the graphene-based

TABLE I. Thermal conductivity and electrical conductivity for the graphene-based
papers.

Thermal Electrical
conductivity conductivity
Graphene-based papers (Wm™'k™ (Sm™)
CVD graphene-based paper 1293 6.4x10°
Hot pressing of graphene slurry 983 2.3x10°
EISA graphene-based paper 563 3.8x10*
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FIG. 7. Temperature gradient through the graphene-based paper prepared via
CVD.

paper showed the role of high thermal conductivity of the graphene
paper prepared via the CVD method.

CONCLUSION

In conclusion, in-plane thermal conductivity of graphene-
based papers was totally dependent on the fabrication technique
that affects their structure and quality. The EISA method is the
cheapest and simplest technique than the other used techniques.
However, graphene-based papers prepared via CVD and hot
pressing methods have higher quality than EISA because of the
presence of defects. Raman spectra showed that the D peak did not
appear for the graphene-based paper fabricated via CVD and hot
pressing techniques. Highest electrical conductivity was measured
for the graphene-based paper fabricated by the CVD method
because of its highest graphitizability and crystallite alignment.
In-plane thermal conductivity values of graphene-based paper were
in the order of Kcvp > Knotpressing > Keisa. The graphene-based
paper prepared via the CVD technique has ultrahigh in-plane
thermal conductivity, so it is more suitable for heat spreader appli-
cations. The simulation of the temperature gradient through
graphene-based papers showed the role of high thermal conductiv-
ity of the graphene paper prepared via the CVD method.
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