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Abstract: The integration of electronic components and the popularity of flexible devices have come up with higher
expectations for the heat dissipation capability and comprehensive mechanical performance of thermal management
materials. In this work, after the modification of polyimide (PI) fibers through oxidation and amination, the obtained
PDA@OPI fibers (polydopamine (PDA)-modified pre-oxidized PI fibers) with abundant amino groups were mixed into
graphene oxide (GO) to form uniform GO-PDA@OPI composites. Followed by evaporation, carbonization,
graphitization and mechanical compaction, the G-gPDA@OPI films with a stable three-dimensional (3D) long-range
interconnected covalent structure were built. In particular, due to the rich covalent bonds between GO layers and
PDI@OPI fibers, the enhanced synergistic graphitization promotes an ordered graphitized structure with less interlayer
distance between adjacent graphene sheets in composite film. As a result, the optimized G-gPDA@OPI film displays an
improved tensile strength of 78.5 MPa, tensile strain of 19.4% and thermal conductivity of 1028 W/(m-K).
Simultaneously, it also shows superior flexibility and high resilience. This work provides an easily-controlled and
relatively low-cost route for fabricating multifunctional graphene heat dissipation films.
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components [1-5]. Notably, the popularity of

1 Introduction wearable flexible devices has put forward higher
requirements for the mechanical properties of heat

With the advancement of electronic equipment  dissipation materials [6—8]. For instance, their high

and ~ communication  technology,  thermal  tensile strength and superior folding resistance can
management  materials  with  excellent heat  ensure their processability and compatibility with
dissipation capacity are required to remove the heat flexible substrates [9—12]. In addition, the heat
in time during the operation of electronic dissipation materials with remarkable resilience are
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able to tightly adhere to the thermal interface
materials when subjected to a certain packaging
pressure, so that the interface thermal resistance can
be effectively reduced [13 —16]. Therefore, to meet
the needs of the next-generation smart devices, it is
urgent to find a type of material with both excellent
heat dissipation and comprehensive mechanical
properties.

Graphene, a two-dimensional (2D) carbon
nano-material composed of sp’-hybridized carbon
atoms, is considered as the most ideal material for
heat dissipation owing to its outstanding thermal
conductivity and mechanical properties [17-18]. As
the graphene-based macroscopic components,
graphene films (GFs) are usually obtained by
carbonization or graphitization of graphene oxide
films (GOFs), which can be fabricated through
simple vacuum filtration,
evaporation of self-assembled graphene oxide (GO)
suspension [19-20].

wetting coating, or

Through high-temperature
treatment, oxygen-containing functional groups of
GO sheets can be removed and their defects can be
repaired, which would boost the transport of
phonons [21-23]. However, after annealing, due to
the weak linkage between graphene platelets, the
GFs generally show the limited thermal
conductivity and tensile properties [24-26].

To strengthen the interaction between graphene
platelets, strategies such as

polymerization or recombination with one-

some in-situ
dimensional (1D) nanomaterials have been adopted
in recent studies [27-29]. For instance, WANG et al
[30] introduced polyacrylonitrile to weld adjacent
GO sheets, with thermal conductivity of
1629 W/(m-K) and tensile strength of 46 MPa.
ZOU et al [31] prepared a covalently crosslinked
graphene/carbon nanotube composite film with
thermal conductivity of 1597 W/(m-K) and tensile
strength of 67.5 MPa. Although the thermal
performance has been obviously improved through
the bridging between graphene sheets, the tensile
strength is still limited because of the intrinsic
brittleness of the carbonized reinforcement and the
weak connection between the 1D short-range
materials.

The flexibility and resilience of thermal
management materials take important roles in the
application of the packaging conditions. Whereas,

the weak interaction between graphene layers is
disadvantageous for the uniform stress distribution
during bending the GFs, which will lead to poor
flexibility [32 — 33]. Moreover, the GFs typically
show low resilience ratio due to the enhanced van
der Waals forces between graphene sheets after
mechanically pressing [34]. Up to date, some
studies pointed out that these problems could be
tackled through the
dimensional (3D) hybrid network to some extent
[35-37]. For instance, KONG et al [38] prepared an
ultra-flexible graphite-carbon fiber composite paper,
which could be bent 6000 times without fracture.
FENG et al [39] obtained a 3D hierarchy with a
rebound rate of 78% by growing carbon nanotubes

construction of three-

among layers of graphite sheets, which was
attributed to the fact that the adhesion effect
originating from van der Waals force can be
inhibited owing to the support of 1D carbon
nanotubes in the normal direction. However, GFs
with both fine flexibility and high resilience were
rarely reported so far. Hence, it is still a great
challenge to fabricate a multifunctional heat
dissipation film with excellent comprehensive
performance due to their various enhancement

mechanisms  of these  properties (thermal
conductivity, tensile strength, flexibility and
resilience).

Aromatic polyimide (PI) fibers were usually
used to weave a reinforcing network inside the GFs
owing to the following advantages. On the one
hand, the long PI fibers with high modulus and
superior flexibility tend to be entangled with each
other so as to build a strong framework. On the
other hand, the considerable carbon residue rate and
high-quality graphite products will be achieved after
graphitization on account of the ordered structure of
PI molecules [40].

Based on the analysis above, in this work, at
first, PI fibers were modified by oxidation and
amination to obtain PDA@OPI fibers with excellent
dispersibility and surface activity. Afterwards, they
were complexed with GO sheets to construct a
3D interconnected graphene composite film
(G-gPDA@OPI) graphitization. The
superiorities of this ingenious structural design are
illustrated as follows: 1) The graphitized PDA@OPI
fibers stitch adjacent graphene sheets through

after
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covalent bond to facilitate load transfer and energy
dissipation, which is beneficial for heightening the
thermal conductivity and tensile strength of the
films. 2) The 3D
interconnected

composite long-range

structure can ensure smooth
absorption and release of energy, similar to elastic
mattress made of metal mesh and fabric, which
results in outstanding flexibility and resilience.
3) The synergistic effect between GO sheets and PI
fibers during the graphitization is conductive to
fully repair defects and form more intact crystal
structure. Importantly, this synergistic effect is
further
coupling via covalent interaction. As a result, the
G-gPDA@OPI film is expected to show a high

thermal conductivity and excellent mechanical

strengthened by enhanced interfacial

properties.
2 Experimental

2.1 Preparation of samples
Potassium permanganate (KMnO,),
sulfuric acid (H,SO,, 98%) and

hydrogen peroxide (H,O,, 30%) were obtained from

concentrated

Sinopharm Chemical Reagent Co. Ltd., China.
98%) and tris(hydroxymethyl)
aminomethane were acquired from Shanghai
Aladdin Biochemical Technology Co., Ltd., China.
Natural graphite flake (325 mesh) was obtained
from Sigma-Aldrich Trading Co., Ltd. PI fiber
(average length of 3 mm) was purchased from
SHINO New Materials Tech Co., Ltd., China.

1) Synthesis of GO. GO suspension was
synthesized by modified Hummer’s method as we
reported previously [41-43].

2) Preparation of PDA@OPI fibers. PI fibers
were calcined at 450 °C for 3 h in an air atmosphere
to enhance their surface activity to obtain OPI
fibers. 2 g of OPI fibers was dispersed in tris-HCI
buffer solution (500 mL, pH=8.5) with
ultrasonication for 5 min. 1 g of DA was added into

Dopamine (DA,

the OPI fiber dispersion solution and then the
mixture was vigorously stirred for 24 h at ambient
temperature to polymerize DA. The solution was
filtrated to remove the solvent, and the product
PDA@OPI fibers, were washed with deionized
water several times and dried at 80 °C.

3) Fabrication of G-gPDA@OPI films. At first,

the GO suspension (4 mg/mL) and the PDA@OPI
fibers with different mass fractions were evenly
mixed and reacted by agitation at 60 °C for 4 h to
acquire the GO-PDA@OPI dispersion. After the
GO-PDA@OPI
evaporation of solvent in a Petri dish at 45 °C for
several days, they were carbonized at 1000 °C for
2 h and graphitized at 3000 °C for 1 h in an Ar
atmosphere. Finally, through mechanical
compacting at 30 MPa for 2 h, the G-gPDA@OPI
films were fabricated. As comparison, the G-gPI
films and the G-gOPI films were prepared with the
same procedure.

films were synthesized by

2.2 Materials characterization

Fourier transform infrared spectroscopy (FTIR)
was conducted on Nicolet 6700 with a range of 400-
4000 cm™ at room temperature. The chemical
environment and composition of the composite
films were analyzed adopting X-ray photoelectron
spectroscopy (XPS, ESCALAB 250 Xi). The X-ray
diffraction (XRD) results of the samples were
obtained employing a Bruker D8 advance X-ray
diffractometer (Cu-K, 1 =0.154 nm). The Raman
spectra were measured on a WITec alpha 300
Raman microscope with a 532 nm laser source to
assess the degree of crystallinity and defect
information of the samples. The field-emission
scanning electron microscope (FESEM, S4800) was
used to observe the surface and cross-section
morphology of the composite films.

2.3 Performance test

The mechanical properties were recorded on a
Shimadzu AGS-X tester at room temperature and
ambient humidity. The gauge length and load speed
were 5 mm and 1 mm/min, respectively. The strips
employed for tensile test were 2 mm wide and
30 mm long. The electrical conductivity of samples
was measured using the four-point probe (Four-
probe tester, SX-1934). Bending tests were operated
by previous method [44]. The diameter of the
mandrel was 1.0 mm. The thermal diffusivity was
tested by the laser flash method on a LFA 447
apparatus  (NETZSCH,
temperature. The thermal conductivity (K) was
calculated by Eq. (1):

Germany) at room
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K=pcya (D)

where p denotes the density of the sample; c,
(1.15 J/(g'K), Figure S1) represents the specific heat
capacity tested via a NETZSCH 214 Polyma
differential scanning calorimeter at 25 °C; and «a
symbolizes the thermal diffusivity. The density (p)
was measured according to p=mV "', where m and V'
symbolize the mass and volume of the sample in
serval, respectively. The thickness was obtained
through averaging the thicknesses at 5 different
locations from the SEM images of the sample.

3 Results and discussion

3.1 Preparation mechanism

Figure 1 illustrates the fabrication procedure of
the G-gPDA@OPI composite films.

1) The modification of PI fibers. As seen in
Figure S2, PI fibers exhibit poor dispersibility in
water due to their entanglement and chemical
inertness, which 1is unfavorable for them to
uniformly complex with GO sheets, as well as
tightly combine among PI and GO. Therefore, at
first,

atmosphere at 450 C. As shown in Figure S3, the

the PI fibers were oxidized in an air

surface of OPI fibers is coarser than that of PI
fibers,
modification of

which can be originated from the

oxygen-containing  functional

s, Preoxidation
S Dopamine
self-polymerization
PI fiber

Evaporation-induced assembly

GO-PDA@OPI film

Figure 1 Fabrication process of G-gPDA@OPI films

groups (Table S1 and Figure S4). Afterwards, to
further enhance the affinity between GO sheets and
OPI fibers, PDA was chosen to modify OPI fibers
since dopamine can form stable non-covalent
interaction with most inorganic and organic
substances through self-polymerization [45-46].
From Figure S3(c), it can be seen that OPI fibers are
evidently covered with PDA layers. Moreover, the
augment in nitrogen atom content and C—N peak
area (Table S1 and Figure S4) further demonstrates
the successful deposition of PDA on OPI fibers.
From Figures S2(b) and (c), it can be known that
both OPI fibers and PDA@OPI fibers

prominent hydrophilicity.

show

2) The formation of uniform mixed film with
PDA@OPI fibers and GO sheets. The PDA@OPI
fibers with functional groups containing abundant N
and O can be evenly mixed into GO solutions and
they can undergo nucleophilic substitution reaction
to form covalent bonds between them. Afterwards,
through evaporation at 45 °C, the uniform GO-
PDA@OPI film can be obtained.

3) The graphitization of GO-PDA@OPI film.
GO-PDA@OPI films were carbonized at 1000 °C
for 2 h and then graphitized at 3000 °C for 1 h in an
Ar atmosphere. The tight coupling between PDA
and OPI fibers will promote the rearrangement of
carbon atoms in the

interfacial process of

graphitization, thereby forming continuous and

GO-PDA@OPI
suspension

Graphitization

-y

Mechanical
compaction

G-gPDA@OPI film



J. Cent. South Univ. (2022) 29: 1761-1777

1765

complete covalent crystals [31]. At the same time,
the high-quality graphite composite structures can
be obtained due to the repair of defects.

4) The compaction of G-gPDA@OPI film.
Through mechanical compacting at 30 MPa for 2 h,
the G-gPDA@OPI composite films were fabricated.

3.2 Structure characteristics

FTIR spectroscopy was executed to reveal the
interaction between components in composite films.
As displayed in Figure 2(a), for GO film, the
characteristic absorption peaks at 1723, 1619, 1224
and 1049 cm™ correspond to the stretching
vibrations of C=0, C=C, C—0O and C—O0—C
groups, respectively. By contrast, for GO-PI-30%
film, its intensity and width of the C=C peak are

increased, which should be ascribed to the n-=
interaction between GO and PI [47]. In addition,
compared with GO film, for GO-PDA@OPI film,
the intensities of the C—O—C and C—O groups
are weakened, and the C=—0 peak is red shifted,
which can be inferred as the chemical interaction
between GO platelets and PDA@OPI fibers [48 -
50]. The results of XPS spectra can further verify
the reaction between GO and PDA@OPI. As
displayed in Figures 2(b) and (c), the N 1s spectra
of PDA@OPI fiber can be divided into two peaks at
399.6 eV and 401.8 eV, which are assigned to
C—N—=C group of the PI fiber and —NH— group
of the PDA, respectively. However, for
GO-PDA@OPI-30% film, the obvious decrease
of —NH— group area ratio and the appearance

(a) (b) PDA@OPI fiber N s (c)  GO-PDA@OPI-30% film N s
PI s _
3 [roraon VY VMV S 5
= W s C—N—C < C—N—C
é GO film i 2z —NH— 2 —CONH—
& |GO-PI-30% film® % § —NH—
s N~/ N = E
& |[GO-PDA@OPI-30% film | = =
C:(I) : C:C 1 C_O CEI 1 1 1 1 1 1 1 1 1 1 1 1
2200 1800 1400 1000 600 404 402 400 398 39 403 402 401 400 399 398 39
Wavenumber/cm™ Bindind energy/eV Bindind energy/eV
(d) === Pure GFs (e) = 0% (f) === Pure GFs

—— G-gPI-30% film
G-gOPI-30% film
—— G-gPDA@OPI-30% film

Intensity (a.u.)
Intensity (a.u.)

1 1 1 1 1

—10%
—20%
—30%
— 40%
—50%

=== G-gPI-30% film
G-gOPI-30% film
G-gPDA@OPI-30% film
G band
In/lg 2D band
0.1301

D band

0.1352
i 0.0633

Intensity (a.u.)

L 0.0204

20/(°)
(g) G band
D band 2D E)and
" A A 10%
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Figure 2 (a) FTIR spectra of samples; XPS N 1s spectra of (b) PDA@OPI fiber and (c) GO-PDA@OPI-30% film;
(d) XRD patterns and (f) Raman spectra of G-gPDA@OPI films with different compositions; (¢) XRD patterns and (g)
Raman spectra of films with different PDA@OPI fiber contents; Cross-sectional SEM images of (h) pure GFs and
(1) G-gPDA@OPI-30% film
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of —CONH— peak (401.8 eV) can be found.
Combined with the results of FTIR spectroscopy, it
indicates the formation of stable amide bonds by the
reaction between the oxygen-containing functional
group of GO and the amino group of PDA@OPI
fibers.

The XRD pattern can be conducted to analyze
the structural transformation of the composite films.
From Figure 2(d) and Table S2, it can be seen that
the 20 peaks corresponding to (002) plane of
graphite for G-gPI-30% film, pure GFs, G-gOPI-
30% film and G-gPDA@OPI-30% film increase,
successively. The G-gPI-30% film exhibits the
highest crystal plane d-spacing among samples,
which should result from its looser structure due to
poor blending of unmodified PI fibers with GO
sheets (Figures S5(a) and (d)). However, with the
modification of PI fibers, the interaction between
GO sheets and PI fibers is enhanced, so that the
d-spacing of the composite films decreased.
The lowest crystal plane d-spacing for the
G-gPDA@OPI-30% film can be ascribed to the
strong covalent interaction between gPDA@OPI
fibers and graphene sheets. Notably, as shown in the
Table S2, based on the Mering and Maire’s
equation [51], the calculated graphitization degrees
of pure GFs, G-gOPI-30% film and G-gPDA@OPI-
30% film are 81.4%, 89.2% and 95.3%,
respectively. It can be explained by the synergistic
effect between GO sheets and OPI fibers during the
graphitization. In detail, on the one hand, because
the OPI fibers are closely adhered to the GO sheets
in the composite film (Figures S5(b) and (e)), the
ordered planar structure of GO sheets can serve as a
template to induce the nucleation of carbonized PI
molecules during heat treatment [52]. On the other
hand, the small molecules produced through the
decomposition of PI can act as additional carbon
and nitrogen sources to fill the vacancies in the
graphene lattice and repair the flaws of graphene
[53-54]. With the enhancement of the interfacial
coupling between GO sheets and modified PI fibers,
the synergistic graphitization will be strengthened,
leading to a more integral crystal structure. In
addition, the XRD patterns of the G-gPDA@OPI
composite films with different content of
PDA@OPI fiber are shown in Figure 2(e) and Table
S3. The peak position of samples increases with the

content of PDA@OPI fiber heightening from 0 to
30%,
intercalation of gPDA@OPI fibers in graphene
sheets. It further indicates that the gPDA@OPI
fibers play a significant role in the graphitization of

which can originate from the uniform

composites. However, the excessive gPDA@OPI
fibers tend to aggregate between graphene sheets
when the mass fraction of the PDA@OPI fibers
continues to raise, leading to an expansion of the
lattice space.

Raman spectra are used to evaluate the flaws
information of the graphene composite films. As
presented in Figure 2(f), for pure GFs, an evident D
band can be found, which indicates that the defects
remain existed after annealing. For the G-gPI-30%
film, the augment of [/I, value illustrates the
edge defects,
agglomerated PI fibers. By contrast, for the G-
gOPI-30% film and the G-gPDA@OPI-30% film,
the D bands can hardly be detectable. It indicates
that a more perfect crystal structure can be formed

increase  of originating from

due to the homogeneous dispersion and the tight
interactions through covalent bonds between GO
sheets and modified PI fibers, which should be
attributed to the fact that modified PI fibers
accelerate the graphitization process. In particular,
compared  with  G-gOPI-30%  film, the
G-gPDA@OPI-30% film shows a lower /,/I; value.
It further proves that the improvement of the
interfacial coupling between GO sheets and OPI
fibers through covalent interaction can enhance the
synergistic graphitization effect. In addition, in
comparison to the pure GFs, the 2D band of the
G-gPDA@OPI-30% film shifts from 2712 to
2734 cm™', which illustrates a higher interlayer
cohesive energy of order AB Bernal stacking
graphene [55]. It
interaction between layers is
enhance the combination among stacked graphene
sheets. Additionally, the effect of PDA@OPI fiber
content on the Raman spectra of the composite films

suggests that the covalent

advantageous to

is shown in Figure 2(g). As the content of
PDA@OPI fibers is added up to 30%, D band
almost  disappears,  manifesting  that  the
incorporation of PDA@OPI fibers is in favor of
acquiring a more complete graphitic structure.
Simultaneously, the 2D peak is blue shifted, owing
to the covalent connection between graphene sheets
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and gPDA@OPI fibers. On the contrary, with the
mass fraction of the fibers surge from 30% to 50%,
the D peak reappears and the 2D peak position
gradually returns, which should be contributed to
the extra defects produced from aggregated
gPDA@OPI fibers. The results of Raman spectra
are in accordance with those of the XRD patterns.
SEM is employed to describe the
microstructure of the composite films. From the
cross-sectional view of pure GFs (Figure 2(h)), it
can be seen that large gaps exist between graphene
sheets. By contrast, for the G-gPDA@OPI-30%
2(i)),

structure can be

a dense and well-ordered
hierarchical noticed. The
micrographic difference of two composite films can
be explained as follow: during heating treatment
of the films, the
decomposition of oxygen-containing functional
groups of GO will generate gases. In the
GO-PDA@OPI film, abundant micropores are
formed at the cross-linked interface of PDA@OPI

film (Figure

precursors of composite

Thermal conductivity,

1100
(a)
~X
1000
=
s =
ST, 900 -
g 8
= Z 800F . '
ER
=
= 700
600
Pure  G-gPI-30% G-gOPI- G-gPDA@
GFs film 30% film OPI-30%
film
(©) 40.0 °C

I i\“\l"\l‘”“‘{“l‘: \ |“‘

20.0 °C

fibers and GO sheets, through which the gases can
escape quickly (Figure S6(a)). At the same time, the
rich defects in the polymers can also act as gas-
escaping channels, suppressing the expansion effect
of GO [56].
However, in pure GO film, a dense layer structure

sheets during annealing process

can be found due to the superior self-assembly
ability of GO sheets (Figure S6(b)). Therefore, it is
difficult for a large amount of gas to escape,
resulting in a loose structure after graphitization.

3.3 Thermal conductivity

The influence of different modified PI fibers on
thermal conductivity of graphene composite films is
displayed in Figure 3(a) and Table S4. The thermal
conductivity of pure GFs is only 868 W/(m-K),
originating from the weak connection between
graphene sheets. The poorer conductivities of
G-gPI-30% film than pure GFs suggests that the
aggregated gPI fibers introduce more defects to
restrain the transfer of phonons. In contrast, both of

1100
(b)

1050 -

1000 |- {,

Ne)
W
(=)

T
O
A4

K/(W-m™.K™)
O
S
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(d) 40.0 °C

20.0 °C

Figure 3 (a) Thermal conductivity of films with different compositions; (b) Thermal conductivity of G-gPDA@OPI
films with different PDA@OPI fiber contents; (c, d) Heat dissipation application of G-gPDA@OPI-30% film in a smart

phone
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the G-gOPI-30% film and the G-gPDA@OPI-30%
film show more satisfying thermal conductivity,
which is owing to the bridging adjacent between
graphene sheets by graphitized modified fiber. As
expected, since the gPDA@OPI fibers and graphene
sheets are connected by the indurative covalent
interaction, it comports the best thermal
conductivity (1028 W/(m-K). From Figure 3(b) and
Table S5, the effect of different content of
PDA@OPI fiber
conductivity of the composite films is improved
gradually with the addition of PDA@OPI fiber from
0 to 30%, while they show a drop tendency with
further growth of PDA@OPI fiber content. It
further proves that covalent linkage between
graphene sheets and gPDA@OPI fibers plays a key
role to form a stable 3D interconnected structure
crystallinity and facilitates the
transport of phonons effectively. The aggregation of
excess gPDA@OPI fibers in the composite films
constitutes a number of pores inside the composite
films, which will reduce crystal integrity and disrupt
the orderly arrangement of graphene platelets so as

can be seen. The thermal

with excellent

to decrease the conductivity. Therefore, the
composite film with 30% PDA@OPI fibers displays
the best thermal conductivity, which is consistent
with the results of XRD and Raman spectra. In
order to test the actual cooling efficiency of the
G-gPDA@OPI-30% film was used
for the heat dissipation of the smartphone when
running high-power software, as illustrated in
Figures 3(c) and (d). Due to the excellent heat
transfer performance of G-gPDA@OPI-30% film,
the heat generated by the operation of the mobile
phone can be emitted timely. As a result, the surface

samples, the

temperature of the mobile phone case was
maintained at about 25.3 ° C, which is of great
significance to ensure the efficient operation and
service life of the electronic equipment.

3.4 Mechanical properties

The tensile properties of the composite films
were measured on a universal electronic testing
machine. The variation law of the tensile properties
of the composite films is slightly distinguished from
that of the thermal conductivity due to the different
reinforcement mechanism. As displayed in
Figures 4(a) and (b) and Table S6, for pure GFs, the

tensile strength, the maximum strain rate and
toughness are only 30.2 MPa, 2.1% and 0.74 MJ/m’
respectively, due to the loose structure. For the
G-gPI-30% film, because the entangled network of
gPl fibers inhibits the detachment of graphene
platelets and the curled gPI fibers can preferentially
straighten when the composites are subjected to
tension, manifesting higher strength of extension
length than pure GFs.
Regrettably, due to the poor dispersion of the gPI
fibers in the G-gPI-30%
interaction between gPI fibers and graphene sheets,

and ultimate stretch

film and the weak

the enhancement of the tensile performance is
limited. By contrast, the G-gOPI-30% film and the
G-gPDA@OPI-30% film exhibit much better tensile
strength, which is attributed to the uniform
dissipation of stress promoted by the feasible
blending effect between gOPI fibers and graphene
sheets. In particular, for the G-gPDA@OPI-30%
film,
constructed so that it shows the best tensile
properties. Based on this, the content of PDA@OPI
fibers in composite films plays an important part in
the tensile performance of the G-gPDA@OPI films
(Figures 4(c)—(e) and Table S7). As the amount of
PDA@OPI fiber increases from 0 to 30%, the
composite films show a better tensile performance

interlayer covalent structures can be

and can withstand more strain, which is attributed to
the strong 3D covalent network. However, the
tensile performance becomes poorer due to the
destruction of the structural integrity by excess
gPDA@OPI fibers. Inspiringly, the optimized
G-gPDA@OPI-30% film shows a tensile strength
up to 78.5 MPa and a toughness of 8.73 MJ/m’
when it is at 19.4% of the ultimate strain. Based on
the analysis above, the formation of covalent cross-
linking structure is available for the dissipation of
energy so as to improve the tensile performance.

The indentation test was applied to explore the
mechanical response of the G-gPDA@OPI-30%
film, as depicted in Figure 4(f). Under a load of
0.3 mN, the penetration depth remained at 490 nm.
The results make clear that the elastic modulus of
the specimen is 0.38 GPa and the rebound rate is as
high as 39.2%. Its low compressive modulus
originates from the limited original density
(1.49 g/cm’). The high rebound rate (1.6 times that
of pure GFs (Figure S7)) of the G-gPDA@OPI-30%
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Figure 4 (a) Stress—strain curves and (b) tensile strength and toughness of films with different compositions; (c) Stress—
strain curves, (d) tensile strength and (e) toughness of G-gPDA@OPI films with different PDA@OPI fiber contents;

Load-displacement curve for G-gPDA@OPI-30% film
(6] p g

film depends on distinctive 3D covalent cross-
linked The gPDA@OPI fibers
entangled with each other and tightly covered by

structure. are

graphene platelets, which can make sure the

macroscopic  overall deformation instead of

dissociating between the various components when
compressed. As a result, the stored elastic energy is
easily released after unloading, promoting the
composite film to return to its original state.

To evaluate the bending ability and folding
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endurance of the composite films, we firstly
recorded the variations of the surface morphology
of the G-gPDA@OPI-30% film during folding-
release cycles, which is displayed in Figures 5(a)-
(e). The film displays a silver-gray metallic luster
owing to the complete repair of microscopic defects.
Notably, it reveals superior bending resistance.
When it was folded in half, its surface could be
restored through smoothing. Furthermore, a more

accurate mold mentioned in our previous work [44],

was adopted to further assess its flexibility. As
shown in Figure 5(f), when it is folded 180° under a
small bending radius of 1 mm, it remains almost
unchanged excellent electrical conductivity after
4000 bending cycles, confirming its outstanding
ductility.

To further investigate the excellent folding
resistance of the G-gPDA@OPI-30% film, based on
the structural change during folding, we put forward
a conceivable microscopic transformation theory
(Figure 6). From its SEM image (Figure 2(i)), it can

(d) (e)

& 5 Releasing ||

(©)

Folding

I 180° outer bendind

‘('

0 2000 4000 6000
Bending cycles

Figure 5 Optical pictures of G-gPDA@OPI-30% film in (a) pristine, (b) bending, (c) folding, (d) releasing and (e)
recovering state; (f) Variation of electrical conductivity of G-gPDA@OPI-30% film under cyclic bending 5200 times

<

= After 5200 bending cycles
—ai gy

TN

Figure 6 SEM images of the crack region when G-gPDA@OPI-30% film was bent (a) 4000 times, (b) 5000 times and
(c) 5200 times; (d) Proposed explanation for the deformation process of G-gPDA@OPI-30% film
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be found that the gPDA@OPI fibers are wound
each other and evenly filled among graphene nano-
rings to form a strong 3D covalent cross-linked
structure. During bending, the 3D long-range
interconnected gPDA@OPI fibers network can
absorb and release the stress uniformly so that the
intact structure of the composite film can be
sustained. In the cracked area, only a few wrinkles
appear (Figure 6(a)), which is caused by the
destruction of the van der Waals forces between the
Therefore, the
conductivity is not markedly weakened when the
G-gPDA@OPI-30% film is bent 4000 times. With
the increase of bending cycles, the covalent bonds
between gPDA@OPI fibers and graphene platelets
are broken and the graphene platelets separate from
the fibers gradually (Figure 6(b)),
deterioration of electrical conductivity. Moreover,
the magnified image of the fracture zone
(Figure 6(c)) exhibits the fracture of gPDA@OPI
fibers after 5200 bending times, predicting the

graphene  sheets. electrical

leading to

failure of all properties of the composite film. It
further indicates the significance of covalent bonds
between GO and PI fibers to the
conductivity and the mechanical performce of the G-
gPDA@OPI composite film.

thermal

4 Conclusions

In summary, through the oxidation and
amination of PI fibers, the PDA@OPI fibers with
abundant amino groups not only can be uniformly
blended with GO in composite films, but also form
rich covalent bonds between two components to
weld the adjacent graphene sheets. As a result, the
G-gPDA@OPI films with a strong 3D long-range
uniformly interconnected structure were built. In the
films, PI fibers provide microchannels for gas
escape during the graphitization to enhance the
horizontal orientation. Homogeneously, the covalent
further
graphitization between PI and GO sheets and

interaction promotes the synergistic
increases the crystallinity. Therefore, the transfer of
load and dissipation of energy are facilitated
effectively.  As  expected, the  optimized

G-gPDA@OPI-30% film exhibits excellent thermal

and comprehensive mechanical properties. This
work provides an effective way to design graphene
heat dissipation films and also highly accelerate the
application process of the G-gPDA@OPI films in
the field of thermal management, especially for
flexible electronic devices.
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Figure S2 Wettability test of samples in water. Contact
angles in wettability test of (a) PI fiber, (b) OPI fiber and
(c) PDA@OPI fiber

Figure S3 SEM images of (a) PI fiber, (b) OPI fiber and
(c) PDA@OPI fiber

Table S1 Element molar fraction of PI, OPI and
PDA@OPI fibers based on XPS analysis

Fiber type x(C)/% x(0)/% x(N)/%
PI fiber 74.60 18.41 6.99
OPI fiber 72.09 21.47 6.43
PDA@OPI fiber 69.80 21.69 8.51
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Figure S4 (a) XPS spectra of PI fiber, OPI fiber and PDA@OPI fiber; XPS C 1s spectra of (b) PI fiber, (c) OPI fiber and

(d) PDA@OPI fiber

Table S2 Diffraction angle, d-spacing and graphitization
degree of composite films with different compositions
based on XRD curves

Table S3 Diffraction angle and d-spacing of G-
gPDA@OPI films with different PDA@OPI fiber content
based on XRD curves

despacing/ Degree of
Sample 20/ P AC & graphitization/
%
Pure GFs 26.429  3.3683 81.4%
G-gPI-30% film 26.374  3.3752 75.3%
G-gOPI-30% film 26.469  3.3633 89.2%
G-gPDA@OPI-30% film 26.512  3.3580 95.3%
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Mass fraction

PDA@OPI/% 200C°) d-spacing/A
0 26.429 33683
10 26.448 33660
20 26.487 33610
30 26.512 33580
40 26.470 33632
50 26.435 33676
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Figure S5 Surface SEM images of (a) GO-PI-30% film, (b) GO-OPI-30% film and (c) GO-PDA@OPI-30% film; Cross-
sectional SEM images of (d) GO-PI-30% film, (¢) GO-OPI-30% film and (f) GO-PDA@OPI-30% film

Annealing
Figure S6 Structural transition of (a) GO-PDA@OPI film and (b) GO film during graphitization

Table S4 Density and thermal conductivity of pure GFs, G-gPI-30% film, G-gOPI-30% film and G-gPDA@OPI-30%
film

Sample Density, p/(g-cm™)  Thermal diffusivity/(mm’+s™)  Thermal conductivity/(W-m™-K™)
Pure GFs 1.48 510+£5 868+9
G-gPI-30% film 1.48 461+3 78516
G-gOPI-30% film 1.48 547+2 931+4

G-gPDA@OPI-30% film 1.49 600+2 1028+4
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Table S5 Density and thermal conductivity of G-gPDA@OPI films with different PDA@OPI fiber contents
Mass fraction of PDA@OP1/% Density, p/(g-cm™) Thermal diffusivity/(mm*-s™) Thermal conductivity/(W-m™-K™)

0 1.48 510£5 868+9
10 1.50 551£10 951417
20 1.47 587+12 992420
30 1.49 600+2 1028+4
40 1.49 552+4 946+7
50 1.50 509+8 877+13

Table S6 Thickness, tensile strength, ultimate tensile strain and toughness of pure GFs, G-gPI-30% film, G-gOPI-30%
film and G-gPDA@OPI-30% film

Sample Thickness/um  Tensile strength/MPa Ultimate tensile strain/% Toughness/(MJ-m™)
Pure GFs 45 30.2+£3.5 2.1+0.5 0.74+0.13
G-gPI-30% film 60 43.8+4.0 9.6+1.2 2.54+0.26
G-gOPI-30% film 60 65.945.1 10.1£1.4 5.44+0.38
G-gPDA@OPI-30% film 55 78.5+6.5 19.4+2.8 8.73+0.72

Table S7 Thickness, tensile strength, ultimate tensile strain and toughness of G-gPDA@OPI films with different
PDA@OPI fiber content

Mass fraction of PDA@OPI/%  Thickness/pum Tensile strength/MPa Ultimate tensile strain/% Toughness/(MJ-m™)

0 45 30.2£3.5 2.1£0.5 0.7440.13

10 47 46.7+4.3 9.1+1.2 2.58+0.32

20 67 62.5£6.2 15.9£1.7 5.92+0.54

30 55 78.5£6.5 19.442.8 8.73+0.72

40 50 72.1+5.5 152423 5.93+0.41

50 63 50.1£4.7 10.1£1.4 3.73+0.25
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