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ABSTRACT

In recent decades, graphene has become a very promising thermal management
material due to its excellent thermal performance and flexibility. The interaction
between adjacent graphene nanosheets, on the other hand, is Van der Waals,
limiting the improvement of thermal performance and flexibility of graphene-
based heat-conducting films. In this work, a poly(ethylenimine) (PEI)/graphene
oxide (GO) /carbon nanotubes (CNTs) heat-conducting film was fabricated, in
which PEI acts as a cross-linking agent to form cross-links between GO
nanosheets, followed by carbonization and graphitization. Further investiga-
tions illustrate that the graphitized PEI/GO/CNTs film has excellent mechan-
ical properties with a tensile strength of 198.3 & 15.6 MPa and excellent thermal
performance with an in-plane thermal conductivity of
1038.4 4+ 25.07 Wm ' K" and a through-plane thermal conductivity of
7.14 £ 025 Wm ' K" The graphene-based thermal conducting films have
great potential in various fields, such as electronics, aerospace, 5G, etc.
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Introduction

The rapid expansion of electronic equipment, aero-
space, 5G, and other technologies has raised the
requirements for thermal interfacial materials (TIMs),
necessitating not only higher thermal conductivity
but also outstanding flexibility [1, 2]. There is a “10 °C
Law” for thermal management, which states that
every 10 °C increase in temperature reduces the
performance of electronic equipment by half [3].
Previous research indicates that the current rate of
electronic equipment failure due to heat dissipation
difficulties is as high as 55% [3]. Among various
TIMs, graphene has great potential in thermal man-
agement because of its excellent thermal performance
(in-plane thermal conductivity of 5300 W m~' K™
[4, 5] and mechanical property (tensile strength of 125
GPa) [6]. Heat conduction along graphene’s (a hon-
eycomb-like two-dimensional planar structure cre-
ated by carbon atoms via sp” hybridization) surface,
for example, can be transported efficiently via lattice
vibrations. As a result, graphene is designed to have
extremely high in-plane thermal conductivity (k) [7].
The C atoms in graphene are connected to three

adjacent C atoms by strong covalent bonds, resulting
in graphene with excellent mechanical properties [8].
However, the mechanical properties and thermal
conductivity of graphene films are significantly lower
than it's theoretical values in practical applications
[9-11]. This is because graphene thermally conduc-
tive films are usually made by a large quantity of
graphene nanosheets between which the interfacial
interaction is weak, a large amount of phonon scat-
terings will be induced [12].Therefore, the in-plane
thermal conductivity and mechanical property are
significantly reduced. In addition, graphene is typi-
cally stacked, with graphene layers connected by van
der Waals forces and no phonon transmission chan-
nels. Therefore, the through-plane thermal conduc-
tivity (k) of graphene is confined within 0.1-
2W m ' K™ [7]. Chen et al. fabricated a graphene
film through annealing, of which the x| could achieve
1043.5 W W m~! K}, however, the k, was only 0.09
W m~' K™' [13]. To address the anisotropy of gra-
phene, Jia et al. obtained a composite membrane of
rGO and CNTs by vacuum filtrating, in which CNTs
were inserted into rGO layers to work as heat-trans-
ferring channel along through-plane direction and
the ultimate x, reached 6.27 W m~! K~! [14].
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Although prior studies have made considerable
progress in improving the thermal properties of car-
bon-based TIMs, as electronics evolve, the x and
flexibility of TIMs are necessary for further
improvement, which is influenced by the interfacial
interaction between adjacent GO nanosheets. There
are numerous contact sites between adjacent GO
nanosheets during the self-assembly process, which
are linked by weak interfacial interactions [12]. In this
case, the as-produced thermal conductive films lack
flexibility, and further thermal conductivity devel-
opment of GO-based materials is hampered by the
poor connection between GO nanosheets [15-18]. As
a result, a correct approach for connecting adjacent
GO nanosheets should be used for higher k and more
good flexibility. Salavagione et al. successfully
crosslinked GO nanosheets by esterifying the
hydroxyl groups of poly(vinyl alcohol) and the car-
boxyl groups of GO nanosheets, increasing the
mechanical property of the resulting GO film by 70%
[19]. Even though GO contains many epoxy groups in
addition to carboxyl groups, the esterification reac-
tion cannot fully utilize the oxygen-containing
groups on GO nanosheets to form adequate interac-
tions. Li et al. successfully grafted octadecylamine
molecules onto GO by covalent bond using the
reaction between the amino groups at the end of
octadecylamine and the oxygen-containing groups on
GO. The resulting films’ flexibility, conductivity, and
thermal conductivity were enhanced [20]. Nonethe-
less, because octadecylamine is difficult to dissolve in
water, the difficulty and cost of preparing thermal
conductivity films are surely increased. Poly-
ethyleneimine (PEI), on the other hand, dissolves
well in water and contains sufficient primary and
secondary amines that can undertake nucleophilic
substitution reactions with epoxy groups and ami-
dation reactions with carboxyl groups [21, 22],
thereby connecting adjacent GO nanosheets [23, 24].
Furthermore, after heat treatment, PEI can be car-
bonized, providing stable linkages and a heat trans-
mission channel between adjacent nanoplates [25]. As
a result, PEI is an excellent crosslinker for enhancing
the interaction of GO nanosheets.

In this work, PEI/GO/CNTs (PGC) films with high
thermal conductivity and flexibility are fabricated
through a simple vacuum filtration process. GO is
selected to act as an in-plane heat-transferring chan-
nel due to its ultrahigh in-plane thermal conductivity.
CNTs are inserted into GO layers for through-
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thickness heat conduction because of their extreme
axial thermal performance. PEI works as a cross-
linking agent to enhance the interfacial interaction
between GO nanosheets. Infrared spectroscopy and
X-ray diffraction patterns (XRD) indicated the suc-
cessful bridging of PEI between GO and CNTs. XRD
and Raman’s spectroscopy revealed that PGC was
flawless and highly crystalline after carbonization at
900 °C (PGC-900) and graphitization at 2800 °C
(PGC-2800). The PGC-2800’s final in-plane thermal
conductivity and through-plane thermal conductivity
were 10384 +25.07 and 7.14 £025Wm 'K},
respectively. PGC-2800 also has a tensile strength of
198.3 + 15.6 MPa. The newly obtained flexible PGC-
2800 film with high thermal conductivity has a
promising future in the field of thermal management.

Experimental section
Materials

GO aqueous dispersion (2 wt%) produced by the
modified Hummers method is purchased from Ketan
New Materials Co., Ltd. (Xiamen, China). CNTs
(purity > 98 wt%, diameter 5-15nm, length
10-30 pm) are provided by Aladdin Biochemical
Technology Co., Ltd. (Shanghai, China). PEI (MW600,
purity > 99%) is supplied by McLean Biochemical
Technology Co., Ltd. (Shanghai, China). Deionized
water is produced by the ultra-pure water machine
(UPT-I-10 T, ULUPURE, Sichuan, China). All the
chemicals have not been further processed.

Fabrication of PGC film

The PGC film was prepared by the self-assembly
method during vacuum filtration. The detailed
preparation steps are as follows (Fig. 1): Firstly, the
GO and CNT powders were mixed into 80 ml of
deionized water with a mass ratio of 4:1, and the GO/
CNT mixed aqueous dispersion was obtained after
ultrasonification (500 W) for 30 min. Secondly, the as-
prepared mixed aqueous dispersion was poured onto
a filtration paper (Nylon-66, 0.45 um in pore size) for
fabricating a GO/CNT hybrid film (GC) by vacuum
self-assembly. Following that, a 0.02 g/ml PEI aque-
ous solution was decanted into the suction cup to
connect the GO and CNTs. The filter cake was
transferred to a baking oven for drying at 65 °C for
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Figure 1 Preparation diagram of PGC-2800 films.

3 h. And finally, a PGC film was obtained after
detaching the filter membrane.

Carbonization, graphitization, and reduction were
performed to improve the thermal conductivity of
PGC films. Firstly, vacuum hot pressing was oper-
ated at 900 °C and 50 MPa for 2 h to obtain car-
bonized and partly reduced PGC films (PGC-900), in
which rGO nanosheets were obtained because most
oxygen-containing groups were eliminated and PEI
was carbonized to nitrogenous carbon [26, 27].
Afterwards, the as-obtained PGC-900 film was
graphited in Ar at 2800 °C for 4 h, during which
structural defects were decreased because of the
rearrangement of carbon atoms. Finally, the hot-
pressing process was repeated to eliminate the voids
caused by CO, and CO escaping, and the graphitized
PGC films (PGC-2800) were obtained. For compar-
ison, the GC film without PEI modification and pure
GO film were prepared with the same procedure as
the PGC film, followed by graphitization at 2800 °C
(GC-2800 and rGO-2800, respectively).

Characterization methods

The scanning electronic microscope (SEM, JSM-
6700F, JEOL, Japan) with an acceleration voltage of
5 kV was used to investigate the morphologies and
cross-sectional images of various heat-conducting
films. The thickness of GO nanosheets was recorded
using an atomic force microscope (AFM, MultiMode
8, Bruker, Germany). X-ray diffraction (XRD, Rigaku
SmartLab 9Kw, RIGAKU, Japan) was used in con-
junction with Cu K radiation (4 = 0.154 nm) to char-
acterize the crystallinity of heat-conducting films at

PGC-900
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various stages of processing. The defects of the films
before and after annealing were compared via Raman
spectroscopy (Raman, inVia, Renishaw, UK) with a
laser wavelength of 523 nm. FTIR spectrum (Tensor
27, Bruker, Germany) was utilized to study the vari-
ation of the chemical bonds of PGC, PGC-900, and
PGC-2800 films. The chemical composition of PGC
and PGC-900 films was recorded using X-ray photo-
electron spectroscopy (XPS, K-Alpha, Thermo Scien-
tificc, US) with bandspot, operating voltage and
filament current of 400 um, 12 kV and 6 mA,
respectively. The spectrum decomposition was per-
formed using the Avantage program with Gaussian
functions after subtraction of a Shirley background.
The tensile strengths of PGC-2800 and GC-2800 films
were tested by a dynamic thermomechanical ana-
lyzer (DMA, Q800, TA instruments, US). The thermal
conductivity of different heat-conducting films was
measured using a thermal conductivity analyzer
(TPS2500S, Hot Disk, Germany).

Results and discussion
Morphology characterization

The macroscopic images of various PGC, PGC-900
and PGC-2800 are presented in Fig. 2. The films are
flattened rounds and appear black before heat treat-
ment, whereas they are silvery gray with a metallic
luster after annealing. Figure 2b and d show that the
films modified by PEI exhibit excellent flexibility
before and after heat treatment. Fig. S1 is the AFM
image of GO with a thickness of 1.01 nm, which
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Figure 2 Exterior image

(a) and flexibility
demonstration (b) of PGC
film. Digital images of PGC-
900 films (c). Flexibility
demonstration of PGC-2800
film (d).

suggests that the GO nanosheets can be considered as
a single layer after adequate sonication [28]. The SEM
images of the cross-section of the PGC, PGC-900 and
PGC-2800 films are shown in Fig. 3. The PGC film has
a thickness of 140 ym and possesses an obvious
highly aligned layered lamellar structure (Fig. 3a).
Also, high-magnification SEM image of PGC film
(Fig. 3b) suggests that CNTs are inserted in GO lay-
ers, and part of the CNTs can connect the adjacent
GO layers, which can act as through-plane thermal
transfer channels to improve the through-plane
thermal conductivity. It is worth noting that some
large gaps (the red and blue squares in Fig. 3a)
appear in the layer structure of the PGC film. Fur-
thermore, there are numerous small holes in the PGC
film (Fig. 3c). These large gaps and small holes are
due to water evaporation during the drying process
and are harmful to the thermal performance of heat-
conducting films. Figure 3d, e show that the pores of
PGC-900 and PGC-2800 become smaller after hot
pressing and graphitization, especially the lamellae
in PGC-2800 are more tightly connected.
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Structural characterization

The chemical groups of PGC films and the interac-
tions of PEI with GO were evaluated by FTIR spec-
troscopy (Fig. 4). As shown in Fig. 4, the absorption
peaks at 3434, 1719, and 1622 cm™' are assigned to
the stretching vibrations of -OH, C = O, and C =C,
respectively. Also, the characteristic peak of the
epoxy group (C-O-C) appears at 1051 cm™'. In
comparison to the GO films, the PGC film’s FTIR
spectroscopy shows that the peak at 1719 cm™' of
C = O disappeared as the amino groups at the end of
PEI perform amidation reactions with the carboxyl
groups of GO nanosheets, while the peak intensity of
C-O-C at 1051 cm™ "' was reduced. Interestingly, two
new peaks for PGC films assigned to C-N and N-H
appear at 1451' and 1568 cm™' respectively, due to
the reaction between the amino groups of PEI and the
epoxy groups of GO nanosheets [29]. The peaks of
C-N and N-H reveal that PEI has been successfully
grated to GO nanosheets.
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Figure 3 SEM images of the
cross sections of PGC films at
low (a) and high magnification
(b, c), PGC-900 films (d),
PGC-2800 (e).

XPS was employed to further confirm the suc-
cessful grafting of PEI to GO and reveal the evolution
of oxygen-containing groups in PGC and PGC-900
films. The XPS spectrum (Fig. 5a) shows that there
are only carbon (Cls) and oxygen (O1s) peaks in GC
films. The peak of nitrogen (N1s) appears in PGC
films, and the ratio of carbon to oxygen (C/O) of PGC
films (5.38) is increased compared with GC films
(2.24), demonstrating that PEI successfully is inserted
to GO. It is worth noting that the C atom ratio

9507

dramatically increases from 76.80% for PGC film to
91.26% for PGC-900 film, the O atom ratio notably
decreases to 5.12% for PGC-900 film from 14.27% for
PGC film, and the N atom ratio has a reduction from
8.93% for PGC film to 3.62% for PGC-900 (Table 1).
This is due to the removal of oxygen functional
groups from GO as well as the escape of the N ele-
ment from PEI in the form of NH3;, HCN, and other
compounds during the carbonization process at
900 °C, respectively [26]. When annealing at a higher

@ Springer



J Mater Sci (2023) 58:9502-9514

9508
Table 1 Parameter summary of XPS spectrum of films
_ Sample GC PGC  PGC-900 PGC-1600 PGC-2800
3
= 7 C% 69.15  76.80 91.26 95.19 96.51
g e 2920 1719 ith1 0% 3085 1427 5.2 1.46 0.63
e 1622 N% - 8.93 3.62 3.35 2.86
g C/O 2.24 5.38 17.82 65.20 153.19
€
e
©
=
Ees Al temperature, the O and N content both have a further
' . . ' . . reduction.
3500 3000 2500 2000 1500 1000 To investigate the connection between PEI and GO,
Wavenumber (cm) the Cls spectrum of GC was fitted into four peaks
Figure 4 FTIR spectra of GO, GC, and PGC films. with different bonding energies [14]: C-C (284.8 eV),
(a) Cls (b)
; 0l Nls ,;
8 PGC-2800 s = 5
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Figure 5 a XPS spectrum of the GC, PGC, PGC-900, PGC-1600 and PGC-2800 films. Cls XPS spectrum in b GC films, ¢ PGC films
and d PGC-2800 films.
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C-O (286.4eV), C=0 (2881¢eV), and O =C-O
(289.2 eV) (Fig. 5b), and four different peaks were
fitted from the Cls spectrum of the PGC film: C-C
(284.8 eV), C-N (285.3eV), C-O (286.4 eV), and
O =C-N (2879 eV) (Fig. 5¢c). Also, the C-O peak
intensity of PGC films (Fig. 5c) decreases when
compared to GC films (Fig. 5b), and two new peaks
(C-N and O = C-N) appear after PEI grafting. This is
due to the reaction of carboxyl and epoxy groups in
GO with the amine groups in PEI, which is consistent
with the results of FTIR spectroscopy. As shown in
Fig. 5d, there are C-C (284.5 eV), C-O (286.4 eV) and
C-N (285.3 eV) in the Cls spectrum of PGC-2800, the
peak intensity of C-O (286.4 eV) and C-N (285.3 eV)
is weak, illustrating that the low content of impurity
elements in PGC-2800 after graphitization, which is
beneficial to the thermal conductivity of PGC-2800.
XRD was utilized to reveal the changes in the
crystal structure of GO, GC, and PGC films (Fig. 6). A
typical peak at 20 = 9.48° corresponds to the (001)
plane of GO. The interlayer d-spacing (dgo;) was
calculated using Bragg’s Law (Equation S1) [30]. The
dgo1 of GO is 0.93 nm (Table 2). Furthermore, the
peaks of the (001) plane for GC and PGC film move to
7.08° and 7.74°, respectively, whereas the corre-
sponding dgg; increases to 1.24 and 1.14 nm. This
illustrates that the insertion of CNTs increases the
doo1 of GO, but the crossing-linking of PEI reduces
the dgg; of GO to a certain extent, erevealing the
bridging role of PEI between adjacent GO layers [31].
Compared with GC films, the peak for the (001) plane
of PGC films broadens, indicating that the addition of

PGC-2800 Qo1
— GC-2800
— PGC-900
—PGC 002
—GC
—GO

PGC

N\

GO

Intensity (a.u.)

m 3 20
2-Theta (degreey 004

Intensity (a.u.)

_____________ T : T n T

20 40 60
2-Theta (degree)

Figure 6 XRD patterns of GO, GC, PGC, PGC-900 and PGC-
2800 films.
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PEI reduces crystallinity. In Fig. 6b, the peak inten-
sity for the (002) plane of graphite (20 = 26.5°) rises
with the increasing annealing temperature. The
interlayer d-spacing of the (002) plane (dgp,) decrea-
ses from 0.338 nm of PGC films to 0.333 nm of PGC-
2800 films (Table 2). It is worth noting that the dgo, of
PGC-2800 films is less than that of natural graphite
(0.335 nm), which further demonstrates that the
eaddition of PEI can help to shorten the distance of
adjacent GO layers for higher through-plane thermal
conductivity. The crystallite dimension along the
vertical crystal plane direction (Lc) of PGC-2800 and
GC-2800 were calculated through the Scherrer
Equation (Equation S2) [32]. The result displays that
the Lc of PGC-2800 is 25.24 £+ 3.3 nm, higher than
that of GC-2800 (18.56 &+ 2.1 nm), illustrating the
connection of PEI between rGO layers.

Raman spectroscopy was utilized to investigate the
crystal structure defects of PGC films. As displayed
in Fig. 7, the peaks at 1350, 1581, and 2698 cm ™'
correspond to the D band, G band, and 2D band,
respectively. The D band is connected with disor-
dered carbon structure, including defects and oxy-
gen-containing functional groups, while the G band
is associated with the degree of graphitization (sp”
hybridization), and the 2D band is related to the
existence of crystalline carbon in CNTs(Fig. S4)
[32, 33]. As the annealing temperature rises, the D
peak weakens dramatically; at 2800 °C, the D peak
almost disappears, and the ratio of Ip/Ig decreases
sharply (Table 3). The value of Ip/Ig for PGC-2800 is
reduced to 0.05, and the Ip/I; for PGC is 0.826,
demonstrating that defects in PGC have been
removed basically with annealing. Notably, there is a
new peak at 2442.3 cm™' corresponding to nitroge-
nous carbon originating from the carbonization of
PEI in the hot-pressing stage at 900 °C [26]. This
indicates that PEI exists in PGC film in the form of
nitrogenous carbon after carbonization, which is
consistent with the results of XPS. To study the
changes in crystallite size (La) with the annealing
temperature, the values of La (Table 4) are calculated
by Cangado Equation [34] (Equation S3). La increases
as the annealing temperature rises. For example, La
of PGC-2800 is raised to 384.40 & 15.84 nm, while it
is 23.27 £ 2.01 nm for PGC film, illustrating that
there is a highly crystallization along the in-plane
direction after eannealing at 2800 °C [14]. Compared
with GC-2800, the value of La in PGC-2800 rises from
305.10 £ 10.56 to 384.40 + 15.84 nm, suggesting that
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Table 2 The parameter of

XRD of GO, GC, PGC, PGC- Sample 20 (001) 20 (002) d001(nm) dooz(nm) Lc (nm)
900, and PGC-2800 films GO 9.48° B 0.93 B B
GC 7.08° - 1.24 - -
PGC 7.74° 26.29° 1.14 0.338 -
PGC-900 - 26.46° - 0.336 -
PGC-2800 - 26.7° - 0.333 2524 £33
GC-2800 - 26.50° - 0.336 18.56 £+ 2.1
Flexibility and thermal conductivity
G 2D
L /\ GC-2800 A DMA was utilized to investigate the mechanical
2442 3cm™ properties of PGC, PGC-900, PGC-2800, GC-2800 and
Pak-2600 ‘JL rGO-2800 films (Fig. 8). As the ramp force increased

Intensity (a.u.)

- NS\ e N

Il 1
10001200 1400 1600 1800 2000 2200 2400 2600 2800 3000
1

)

Raman Shift (cm”

Figure 7 Raman spectrum of PGC, PGC-900, PGC-1600, and
PGC-2800 films.

the addition of PEI can promote the assembly of
graphene after carbonization.

To further prove the connection of PEI to GO
nanosheets, PGC and GC films were immersed in
deionized water for a few days. As shown in Fig. S2,
the GC film had an apparent expansion in thickness
and started to disintegrate on the second day after
being placed in water. On the fifth day, the water
bath became turbid with a slight shaking. However,
the water bath of the PGC film was clear until the
fifth day. In the absence of effective cross-linking
between adjacent graphene sheets, GC films are
highly unstable, and PEI can indeed connect the
neighboring graphene nanoplates [31].

at a rate of 0.5 N/min, the films were gradually
stretched. The tensile strength of PGC film is
26.8 = 3.2 MPa (Table 4). After graphitization, the
tensile strength of PGC-2800 film rises sharply to
198.3 + 15.6 MPa. This is because the rearrangement
of C atoms during graphitization and more C atoms
to be covalently attached. With the influence of
CNTs, the tensile strength of GC-2800 film is
83.9 £ 7.5 MPa, higher than that of rGO-2800
(32.56 & 3.5 MPa). It is worth noting that the tensile
strength of PGC-2800 film is about 2.4 times higher
than that of GC-2800. Flexibility refers to the amount
of energy absorbed before destroyed. In DMA test,
the area of integration of the stress—strain curve cor-
responds to the amount of energy absorbed by the
material before damage [35]. As shown in Fig. 8,
PGC-2800 is apparently more flexible than GC-2800.
During the graphitization process, C atoms in PEI are
activated to participate in C-atom rearrangement,
promoting covalent linkage between adjacent rGO
nanosheets, resulting in a substantially stronger
connection between rGO nanosheets and leading to
excellent mechanical properties of PGC-2800 [14].
Using a thermal constant analyzer, the thermal
performance of as-obtained PGC films with varied
annealing temperatures was examined (Fig. 9). Fig-
ure 9a and b show that the in-plane thermal con-
ductivity of PGC film increases drastically with

increasing annealing temperature, from
326 £015Wm 'K for PGC to
Table 3 The digital
information of Raman Sample PGC PGC-900 GC-2800 PGC-2800
spectroscopy In: Ig 0.83 0.76 0.063 0.050
La(nm) 23.27 £ 2.01 27.86 = 3.78 305.10 + 10.56 384.40 + 15.84
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1038.4 £ 25.07 W m ™' K™' for PGC-2800, and the
through-plane thermal conductivity increases to
714 +£025Wm "K' for PGC-2800  from
0.055 &+ 0.0032 Wm™' K™' for PGC films, respec-
tively. It is due to the annealing process’s elimination

Table 4 The digital information of DMA

Sample Stress (MPa) Strain (%)
GC-2800 839 £ 75 0.835
rG0O-2800 32.56 £ 3.5 0.344
PGC-2800 1983 £ 15.6 1.458
PGC-900 547 &+ 4.6 0.536
PGC 26.8 + 3.2 0.494
—— PGC-900
——rG0-2800
150 - ——PGC
= ——GC-2800
=
& 100 -
o
&
50
0 1 1 " 1 .n . 1 L 1 " 1 " 1 L 1 n
02 04 06 08 10 12 14 16

Strain (%)

Figure 8 Mechanical properties of GC-2800 and PGC-2800
films.

£ 1200 (a)

A\Y
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In-plane thermal conductivity (W m
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of oxygen-containing functional groups and restora-
tion of crystal structure [36]. Compared with the GC-
2800 films, PGC-2800 films exhibits higher x,, as a
result of the connection between adjacent rGO
nanosheets via carbonized PEI [12], and both PGC-
2800 and GC-2800 exhibit lower x| than that of pure
rGO films (rGO-2800). In the in-plane direction, the
addition of CNTs affects the GO alignment to some
extent and thus reduces the x| of GO films [37].

In addition, the mechanical and thermal perfor-
mance of PGC films were compared with various
studies (Table S1). The reported carbon-based ther-
mal conducting films have excellent in-plane thermal
conductivity. However, either the x; or mechanical
performance of the reported carbon-based thermal
conducting films has been always been limited,
which impedes their practical application in flexible
electronic equipment with increasing power density.
Herein, PEI was used as a bridge to cross-link adja-
cent GO nanosheets for improving x; and the
mechanical performance of PGC films based on
guaranteeing high in-plane thermal conductivity.

Conclusion

In conclusion, a simple self-assembly method was
used to fabricate a graphene-based thermal con-
ducting film (PEI/GO/CNTs) with superior thermal
performance (k= 1038.4 £ 25.07 W m 'K k=
714 + 025 Wm ' K™') and mechanical properties
(the tensile strength of 198.3 £ 15.6 MPa). rGO
guarantees ultrahigh in-plane thermal conductivity,
and the insertion of CNTs provides channels for

- (b)

P NWRAUO N

ANT

I

0.4
0.2+
0.0 0N

PGC  PGC-900 PGC-2800 GC-2800 rGO-2800

AN

Through-plane thermal conductivity (W m™ K™)

Figure 9 Thermal conductivities of PGC, PGC-900, PGC-1600, PGC-2800, GC-2800, and rGO-2800 films.
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through-plane heat conduction. Carbonized PEI
enhances the interfacial interaction between rGO
nanosheets, thus reducing the interfacial thermal
resistance and enhancing the mechanical perfor-
mance of graphitized PGC films. Compared with GC-
2800 films, the x| and x; of PGC-2800 films are

increased by 4.4 and 18.8%, respectively.
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