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ABSTRACT

Attributed to the intense development and complexity in electronic devices, energy dissipation is becoming more essential
nowadays. The carbonaceous materials particularly graphene (Gr)-based thermal interface materials (TIMs) are exceptional in
heat management. However, because of the anisotropic behavior of Gr in composites, the TIMs having outstanding through-plane
thermal conductivity (JTC) are needed to fulfill the upcoming innovation in numerous devices. In order to achieve this, herein,
nano-urethane linkage-based modified Gr and carbon fibers architecture termed as nanourethane linkage (NUL)-Gr/carbon fibers
(CFs) is fabricated. Wherein, toluene diisocyanate is utilized to develop a novel but simple NUL to shape a new interface between
graphene sheets. Interestingly, the prepared composite of NUL-Gr/CFs with polyvinylidene fluoride matrix shows outstanding performance in
heat management. Owing to the unique structure of NUL-Gr/CFs, an unprecedented value of “TC (~ 7.96 W-m™"-K™) is achieved at a
low filler fraction of 13.8 wt.% which translates into an improvement of ~ 3,980% of pristine polymer. The achieved outcomes elucidate
the significance of the covalent interaction between graphene sheets as well as strong bonding among graphene and matrix in the
composites and manifest the potential of proposed NUL-Gr/CFs architecture for practical applications.

KEYWORDS
graphene, thermal interface materials, polymer composites

4-10 W-m K" [23]. In contrast, due to entangled molecular
chains and amorphous nature, polymers exhibit very low TC
(< 0.5 W-m™K™). Besides, the flexibility of TIMs is a remarkable

1 Introduction

According to Moore’s law, the speed and complexity of electronic

devices can be expected to double every two years [1]. Thereby,
energy dissipation is becoming a vital and obligatory issue
resulting in the reduction of their lifespan for the last few
decades [2-11]. To enhance the lifecycle of these substantial
devices, to name a few are, solar cell [12], light-emitting diodes
[13] and batteries [14-17], thermally conductive materials
such as thermal interface materials (TIMs) [18], phase change
materials (PCMs) [19], thermal grease, and thermal pads
have been utilized as a heat spreader [4, 19-21]. However,
the tailorable properties of polymer based TIMs make them
exceptional in heat management. Generally, among a bunch
of thermally conductive fillers, the carbonaceous material
particularly single/few layer graphene (Gr) shows a very high
thermal conductivity (TC) range of 3,000-5,500 W-m™"-K™* [22].
Owing to its extraordinary thermal conductance, any suitable
substitute has still not been reported. Therefore, researchers
are still trying to employ it in making polymer-based TIMs in
different ways to acquire acceptable TC values ranging from

objective which also helps to cover 100% contact between
the electronic chip and heat sink at normal pressure [24, 25].
Contrary, the poor mechanical properties give rise to micro-
cracks having TC of 0.032 W-m™-K™ which dramatically
suppresses the performance of TIMs [23, 26]. While fabricating
polymer-based TIMs, usually, higher TC can be achieved by
increasing filler concentration (> 20 wt.%), thus resulting
in atrocious mechanical properties. Hence, the adoption of a
unique methodology is essential that can provide a serious
breakthrough in developing TIMs having high through-plane
TC ("TC) at low fillers contents.

Recently, the high in-plane TC of 1,434 W-m™"-K™' was obtained
for layer by layer purely graphene-based film (PGrF), which is
much favorable for heat dissipation [27, 28]. Due to extraordinary
mass production, it has been used a lot for making portable
devices and electronics. Although these values are very high
however, “TC is very low ranging from 0.1-3.4 W-m™.K"!
[29-31]. Planer hexagon of sp* carbon in Gr easily realizes this
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value, if we talk about “TC, van der Waals interactions play
an opposite role because it is not that easy for phonon to travel
through highly stacked Gr sheets or through physical bonding
(32, 33]. In order to improve “TC in PGrF, Zhang et al. reported
three dimensional (3D) bridged carbon-nanoring (CNR)/Gr
hybrid wherein CNR is attached with Gr by covalent bond [34].
However, improved ~TC is still very low. In addition, PGrF
is also not enough flexible. Attributed to outstanding flexibility
of polymers, nowadays Gr-based polymer composites as TIMs
are widely explored. In a very recent study, Barani et al. reported
epoxy-based graphene and copper hybrid composite wherein
the highest “TC of 13.5 W-m™K" at 75 wt.% fillers loading
was recorded [6]. Since phonons travel through chemical
bonds, when they try to go through entangled chains more
and more phonon scatters due to the short mean free path of
phonons (MFP). Also, it is very hard for a phonon to cross
the interface of Gr-polymer [35, 36]. To avoid interface related
problems, Song et al. investigated a bridge type effect of SiC
among Gr sheets through a melt mixing technique [37]. It is
reported in this study, that after adding 43.2 wt.% SiC in 2 wt.%
Gr-based polyamide 6 (PA6) composite, "TC enhancement
reaches to 199% of that composite. Consequently, these values at
very high filler loading still could not contest the above criteria
of acceptable TC range as well as gave inferior mechanical
properties.

In this article, we aim to satisfy the upcoming demand of
TIMs related challenges. According to the appeal of “TC in
polymer composites, a two-step industrial approach is adopted
to fabricate multiple fillers containing polymer composites.
Firstly, toluene diisocyanate (TDI) is employed to develop
nanourethane linkage (NUL) between graphene sheets and
then fastened them again by carbon fibers (CFs) to attain
unique 3D-architecture (NUL-Gr/CFs) for the fabrication of
polyvinylidene fluoride-based composite. Results inveterate
covalent, van der Waals, and hydrogen bonding within the
composites, thus forming better conductive paths for phonons
transportation. Optimized composites obtained through this
strategy achieved a very high “TC of 7.96 W-m™.K™" at just
13.8 wt.% filler loading. Nevertheless, electrical conductivity
and ion diffusion capabilities are also analyzed, exposing the
exceptionality of this functionalization method. The proposed
strategy is strongly expected to bring a positive change in polymer
composite-based TIMs and open up some new gateways for
upcoming researchers.

2 Results and discussions

2.1 Characterization of NUL-Gr

Schematic illustration for the fabrication of NUL-Gr/CFs and
NUL-Gr/CFs/polyvinylidene fluoride (PVDF) composite is
shown in Fig. 1. Quality of pristine Gr and NUL-Gr is com-
pared with respect to interlayers spacing, number of layers, and
defects, etc. as illustrated by transmission electron microscopy
(TEM) (Fig. 2). It is evident from Figs. 2(a) and 2(b) that the
pristine Gr consists of more than ten layers which also shows
consistency with atomic force microscopy (AFM) results
presented in Fig. S1 in the electronic supplementary material
(ESM). Further, inverse fast Fourier transform (FFT) (inset in
Fig. 2(b)) displays that each layer is unglued by 0.35 nm. It is
interesting to point out that the isocyanate group of TDI reacts
with two Gr sheets resulting in NUL which plays role as a
chemical link between them. It is noticed and pointed by black
arrows in Figs. 2(c) and 2(f), two Gr sheets are connected by
sphere-like bits. These bits having diameter 4-6 nm and showing
the interlayer spacing of ~ 0.20 nm (inset in Fig. 2(e)) are clearly
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Schematic illustration for the fabrication of NUL-Gr/CFs and

NUL-Gr/CFs/polyvinylidene fluoride (PVDF) composite.

Figure 2 TEM images of Gr and NUL-Gr: (a) and (b) displaying of
transparency and more than ten layers in pristine Gr. (c) and (f) Gr sheets
connected (black arrows) with each other through NUL in NUL-Gr. (d) and
(e) NUL sphere (3-6 nm in diameter) revealing crystallinity. (g) EDS
mapping displaying the involvement of nitrogen atom.

representing NUL [38]. Owing to its very small diameter
(likewise quantum dots) and partial electronic properties,
they are crystalline to some extent (Fig. 2(e) and Fig. S2(d) in
the ESM). Indeed, their crystallinity is comparatively better than
pristine Gr. Besides, the composition of NUL-Gr is further
examined by energy dispersive spectroscopy (EDS) mapping
carried out by high- angle annular dark-field (HAADF) detector
attached with TEM (Fig. 2(g)). EDS mapping in Fig. 2(g) indicates
that the NUL-Gr possesses additional nitrogen atoms whereas
pristine Gr only exhibits carbon and oxygen. It is also worth
mentioning that after surface treatment of Gr, the quality of
NUL-Gr (Fig. S2(f) in the ESM) is found similar to pristine Gr
(Fig. 2(b)).

Owing to its bi-functional nature, the TDI molecule can
react with two graphene sheets simultaneously, however, it does
not affect the whole properties of graphene. This proposition
is confirmed by the Fourier transform infrared spectrometer
(FTIR) analysis presented in Fig. 3(a). The well-known
characteristic peak in TDI at 2,274 cm™ ascribed to NCO
group, which reacts with ~OH (stretching vibration at 3,464 cm™)
of commercial graphene. Both peaks disappeared while some
new peaks at 3,334 and 1,700 cm™ due to N-H and C=0
vibration stretching appeared respectively in G-TDI. According
to our results and Refs. [19, 38-40], these new peaks confirm
the formation of NUL on graphene sheets. Furthermore, the
doublet around 2,900 cm™ in G-TDI arises due to the C-H
symmetric and asymmetric of the CH; group present in TDI.
The other distinguished band is observed at 800 cm™ attributing
to N-H waging which generally presents in secondary amines,
also sometimes in primary amines with other two peaks in the
910-665 cm™ region. Moreover, a relatively prominent band
of C-N stretching vibration at 1,300 cm™ than a weaker band
at 1,230 cm™ is observed in G-TDI for aromatic and aliphatic
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Figure 3 Characterization of Gr compared with NUL-Gr. (a) FTIR analysis
showing the appearance of various functional groups on NUL-Gr. (b) Raman
spectra displaying minimal D band in NUL-Gr compared with Gr. (c) New
X-ray diffraction pattern in NUL-Gr due to the surface treatment of Gr by
TDI. (d) Temperature-dependent XRD of NUL-Gr.

amines, respectively. It is to be noted here that a small amount
of TDI is utilized because of the fewer number of ~-OH groups
present on graphene. These results summarize that the NCO
groups start diminishing, corresponding to the fact that each
molecule of TDI (bi-functional) reacts with two graphene
sheets simultaneously. In another sense, as the TDI molecule
is very small, so one molecule can also react with only one
sheet, however commercial grade’s graphene sheets are not
enough rich in ~OH groups. In contrast to this, a large amount
of TDI would leave some unreacted NCO groups which may
affect the quality of Gr sheets similar to functionalized/oxidized
Gr [40].

Raman spectra of pristine Gr and NUL-Gr are shown in Fig. 3(b).
The well-recognized characteristic peaks such as D, G, and 2D
are witnessed at 1,355, 1,580, and 2,709 cm™ respectively for
both Gr and NUL-Gr [41]. As TDI reacts with Gr, the D peak
intensity inhibits to some extent because of the decrease in
hydroxyl groups related defects which are being fixed by
isocyanates [42, 43]. Hence, owing to the specific reactive
nature of NCO groups, it is verified again that quality of Gr
remains unaffected.

Furthermore, the XRD analysis (Fig. 3(c)) reveals that the
pristine Gr exhibits only one sharp diffraction peak at 26.5°
for 002 planes of the sp*-hexagonal structure. On the other
hand, two diffractions at 20 of 24° and 41° are detected for
NUL-Gr. More importantly, the diffraction peak of 002 planes is
noticed broad and centered at somewhat lower 26. According
to Refs. [39, 44], the position of urethane linkage’s peaks shifts
with different types of chain extenders as well as by using
various polyols, isocyanate, and salts, etc. However, one thing
is common and matching with our results that polyurethane
has multiple positional peaks at the above mentioned positions.
In addition, the interlayers spacing for Gr and spherical bits
(shown in Figs. 2(b) and 2(f)) are confirmed by using brag’s
law (A =2dsin0 ). The corresponding d-spacing at 26.5° and
41° is found to be 0.35 and 0.22 nm, respectively, which are
also in a close agreement with TEM results. As can be seen in
temperature dependent X-ray diffraction (XRD) of NUL-Gr
(Fig. 3(d)), the additional peak at 41° is stable up to 100 °C
revealing its stability. To reassure, weight loss is also analyzed
to investigate the thermal stability of NUL-Gr and NUL-Gr/
CFs/PVDF composites (Figs. S3(c) and S3(d) in the ESM).
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From the results, it is clearly seen that NUL-Gr shows extra
weight losses in the range of 260-374 °C as compared to Gr. It
is attributed to develop NUL on Gr. On the other hand, the
NUL-Gr/CFs/PVDF composites exhibit two-step degradation
profile. About 19% and 30% weight losses are observed in the
first and second steps respectively for NUL and PVDF segments
in composites. Moreover, the amount of char yields at 800 °C
for PVDF and its composite (17 wt.%) are 25.2% and 40%
respectively which is consistent with our claimed fillers (Gr +
CFs) contents. The corresponding heat flows are also exposed
as illustrated in Figs. S4(a) and S4(b) in the ESM. Owing to
NUL on Gr sheets, an obvious and sharp phase transition is
accrued exactly at 324 °C. Moreover, NUL-Gr acts as a nucleating
agent thus enhancing the melting point of PVDE, also
revealing strong interaction of NUL-Gr with PVDF (Fig. S4(b)
in the ESM) [45].

To make it clearer, elemental analysis by using X-ray photo-
electron spectrometer (XPS) is also conducted to check the
presence of NUL as shown in Fig. 4. The inclusive analysis for
each atom is carried out by well-known XPS casa software. In
order to use this, all peaks fitting are conceded by keeping
line shape “GL (30)” and BG type “Shirley”. Consequently,
the whole survey (Fig. S3(a) in the ESM) of Gr and NUL-Gr
consists of two and three elements, respectively [46]. The atomic
percentage (at.%) of all three atoms in NUL-Gr is well quantified
as 70.87 at.%, 23.22 at.%, and 5.91 at.% for carbon, nitrogen,
and oxygen, respectively. Likewise, the overall nitrogen contents
(3.05 at.%) in NUL-Gr are also examined from the C/N ratio
between the integrated peak area of Cls and Nls.

To check the bonding behavior of each element, every peak
is deconvoluted. A very sharp and intense peaks of Cls at
284.2 and 284.5 eV in full survey (Fig. S3(a) in the ESM) of
pristine Gr and NUL-Gr respectively are witnessed into several
constituents as shown in Figs. 4(a) and 4(b). One prominent
peak in Fig. 4(b) can be clearly observed at 288.7 eV which is
well belonging to nitrogen bonded C=0 [47]. This peak rose
due to the transfer of protons from Gr to NCO groups as
mentioned in FTIR. On the other hand, owing to the
formation of NUL, a new positional peak for N1s (centered at
400 eV) is also observed in the full survey of NUL-Gr (Fig. S3(a)
in the ESM). As this peak is deconvoluted, it comes to know that
it belongs to a substance where different bonding behaviors, such
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Figure 4 Elemental analysis of Gr and NUL-Gr. (a) and (c) Bonding
behavior of Cls and Ols in Gr whereas (b) and (d) in NUL-Gr. The
spectrum is deconvoluted into several constituents, such as carbon-carbon
bond (sp?, C-H, C-O, and n-n stacking) and oxygen functional group

(O=and O-).
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as N-H, N-Csp?, and N-Csp’ can be seen (Fig. S4(b) in the ESM)
[48]. From the comparison of Ols of both Gr and NUL-Gr, the
intensity of peak is increased a lot due to attachments of TDI
molecule on the defective surface of Gr (Figs. 4(c) and 4(d)).
Therefore, it is concluded from these results and Refs. [47, 49]
that NUL is developed, which is consistent with TEM, FTIR,
XRD, thermogravimetric analysis (TGA), and differential
scanning calorimetry (DSC) outcomes.

The compatibility of Gr and NUL-Gr with PVDF in 5 wt.%
composite is visualized by scanning electronic microscopy
(SEM). From Figs. 5(b) and 5(c), it is clearly seen that NUL-Gr
sheets are well distributed and compatible within the matrix.
Contrarily, attributed to its comparatively non-polar nature,
the poor distribution and compatibility are observed in case
of pristine Gr (Figs. S5(d)-S5(f) in the ESM). Compatibility is
assigned to the presence of partially positive charge containing
hydrogen atoms in NUL-Gr, which assists in developing
strong hydrogen bonding with fluorine atoms of PVDE. The
blue color straight line in Fig. 5(d) is displaying the lateral
dimension of Gr sheets. Interestingly, besides good compatibility,
NUL-Gr sheets are noticed aligned along the vertical direction
as can be seen in Fig. 5(c).

For getting it more easily, some additional images are taken
from the cross-sectional view of a similar sample as shown in
Figs. S5(a)-S5(c) in the ESM. Once again, these sheets are
found aligned along the vertical direction (pointed by yellow
arrows and dotted lines). Small but straight chains of TDI help
Gr sheets to stay connected with each other. This alignment is
accrued probably due to bubbles escaping phenomenon (Fig. 6(a))
during the fabrication of composite. In NUL-Gr/CFs/PVDE,
owing to the chemical bond (yellow chains in Fig. 6(a)) between
two graphene sheets, bubbles of DMF help in aligning them
while escaping between two fussed graphene sheets. Besides,
generally the solution mixing method for preparing composites
does not 100% efficient and leaves some micro-cracks due to
uneven solvent evaporation. For managing this, just 1 wt.% CFs
having a length of 30 um is employed as shown in Figs. 5(e)
and 5(f). It is seen that long-range CFs are well penetrated as
well as cover such type of micro-cracks (Fig. 5(f)) within the
composite. Nevertheless, CFs are also showing interactions
(pointing with black arrows) with NUL-Gr.

2.2 Thermal and electrical management capability of
NUL-Gr/CFs/PVDF composite

The reliable laser flash technique (LFT) is utilized to determine
the heat dissipation competencies of prepared materials.
As LFT just gives thermal diffusivity («), other important

“{Sum

Figure 5 Microstructure of NUL-Gr/CFs. (a) Digital photograph of 5 wt.%
NUL-Gr/CFs/PVDF whereas (b) and (c) top view of composite showing
well dispersed Gr sheets throughout the matrix wherein white color arrows
illustrating vertical alignment to some extent. (d) Demonstrating of the
lateral dimension of Gr. (e) and (f) Images demonstrating well penetrated
CFs in the matrix and covering micro-air gaps as well as interaction (black
arrows) with Gr sheets.
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Figure 6 (a) Schematic illustration presenting the alignment of NUL-Gr
sheets with bubbles escaping phenomenon. (b) Labeled diagram showing
all possible bonding behaviors and interactions of prepared amalgam with
the polymer matrix.

parameters, such as heat capacities (C,) and densities (p) of
all composites, are also examined (Fig. 7(a) and Table S1 in
the ESM). Attributed to high p and low C, of Gr than PVDEF,
a very common phenomenon, such as an increase in p but a
decrease in C,, is observed while increasing Gr contents in
composites. To derive “TC, all parameters are summarized
according to a well-known equation (Eq. (1) in Section 4.3).
From Fig. 7(b), it is seen that k uniformly increases up to 10 wt.%
filler loading and reaches to a relatively low value of 2.2 W-m™K™.
However, this loading is not enough for the comprehensive
saturation of Gr sheets in a matrix. For better permeation and
more connections of Gr sheets with each other, loading is
increased up to 17 wt.% wherein an abrupt increase is observed,
up to the highest “TC of ~ 7.96 W-m™.K™". These results are
further verified by using another reliable instrument, named
a trident measurement system. Although 18 wt.% of Gr and
CFs were incorporated collectively, however, TDI is applied to
decorate nanourethane in NUL-Gr/CFs filler. Hence, according
to theoretical calculation and TGA results, total filler fraction
(Gr + CFs) in a composite (designated as 17 wt.%) is 13.8 wt.%.
For the sake of convenience, the effect of NUL and CFs is
investigated by preparing 5 wt.% composites separately. It is
concluded that both NUL [40] and CFs [50] play a positive
role in enhancing ~TC (Fig. 7(c)). The NUL helps to decrease
weak interfaces such as physical linkages and develop new
strong interfaces (covalent bonds). It is already explained in
Figs. 2(c) and 2(f) that NUL plays a role of bridge between
two Gr sheets which assists in providing suitable paths for
phonons. Since NUL is a chemical bond that takes heat from
one Gr and transfers through its bond to other Gr sheets. This
heat transfer mechanism is very much reported already [8, 51,
52]. When a phonon travels from one part to another, it needs
vibration motion of the bonded atom. Chemical bonds offer
ease for phonon transfer as compared to physical bonding or
nonbonding condition. Although NUL is derived from a sort of
polymer which shows poor TC, herein, owing to their fine and
crystalline nature, it is providing suitable paths for phonons.
Moreover, due to the high compatibility of NUL-Gr with polymer
chains, there are quite fewer chances for phonons scattering at
matrix—filler interfaces. Contrarily, the pristine Gr shows weak
interaction with matrix as well as with other Gr sheets, resulting
in scattering of phonons while crossing these interfaces.
Nevertheless, the incorporated CFs behave as 3D architecture
developer in NUL-Gr as shown in Figs. 5(e) and 5(f). They
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published results.

cover micro-cracks which usually generate due to uneven
evaporation of solvent while curing of the composite [50].
These micro-cracks significantly hinder the traveling of
phonons resulting in a decrease of TC. We emphasize in Fig. 7(c),
by adding just 1 wt.% CFs in 5 wt.% NUL-Gr-based PVDF
composite, the “TC is improved from 0.71 to 1.1 W-m-K"".
On the other hand, the unprecedented ~TC is also ascribed to
already revealed phenomenon in SEM images that NUL-Gr
sheets are aligned along the vertical direction [53] as well as
connected through covalent bonds. The prepared NUL-Gr/CFs
architecture provides continuous conductive paths to phonons
in the matrix as illustrated in Fig. 6(b). Moreover, for comparing
our results with literature, the efficiency (# ) of all composites is

K —K, 100% | which

K, xv;

m

calculated by using an equation |y =

is provided in Table 1. According to the results, it is concluded
that the efficiency of our material is significantly better as
compared with the listed outcomes.

The adopted functionalization technique is assumed to be
enough specific towards ~-OH groups of Gr as discussed above,
which would not disturb its other properties. However, when
it is used as active material in fabricating electrodes for
batteries, the result shows that its ions diffusing property is
suppressed to some extent. Figure S6(b) in the ESM shows
comparative impedance of Gr and NUL-Gr against lithium
electrodes while testing their performance in batteries.
Consequently, the NUL-Gr offers little high charge resistance
of ~ 184.92 Q compared with pristine Gr (~ 131.2 Q). This
increment is not that so high as for other functionalized Gr.
Besides, the electrical resistivity of all composites is tested by
using the ST2643 device. From the results in Fig. S6(a) in the
ESM, it is interesting to point out that electrical resistivity
decreases with increasing Gr contents. Moreover, the percolation

Table 1
with various carbon-based fillers in fields of thermal management

Comparison of through-plane thermal conductivity (TC) and 7

wherein NG, GnPs, Gr, and fG representing natural graphite, graphene
nanoplatelets, graphene, and functionalized graphene respectively

. Content TC n Fabrication
Filler (wt%)  (W-mK?) (%) method  ReF
NG 49.30 13.27 g3  Twooroll g
mill
NG 60 8.9 725 Magnetic
alignment
Solution
GnPs 25 5.50 133.5 blending [56]
Solution
GnPs-Al 50 2.62 271 {lending [57]
Melt
Gr 45 2.31 25 blending [37]
Reduce Solution
graphene 4.82 0.76 778 |lendin [58]
oxide (rGO) g
Solution
rGO 50 0.13 blending [59]
fG-boron Solution
nitride (BN) 25 0.42 48 blending (60]
13.16 Ball
rGO-BN vol% 5.05 205.5 milling [61]
Solution
rGO-BN 25.4 11.01 277 {lending [62]
NUL-Gr/ Solution  This
CFs 138 796 281 blending  work

threshold at below 5 wt.% indicates a good dispersion of filler
in the polymer matrix. Eventually, the adopted technique is
quite special which does not disturb the properties of Gr as
reported for other functionalization methods [63].
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3 Conclusions

In a nut shell, a two-step, unique, and simple functionalization
method for incorporating crystalline nanourethane linkage
between graphene sheets is developed. We have also fabricated
a phonons conductive architecture by assembling NUL-Gr and
CFs in fluoropolymer for outstanding thermal management
capability. Exclusive thermal reinforcement influences of NUL and
CFs within the composites are illuminated. An unprecedented
through-plane thermal conductivity ("TC) up to 7.96 W-m™-K!
is achieved at just a 13.8 wt.% of filler loading. Besides,
electrical resistivity and ion diffusion abilities of NUL-Gr/CFs
are also analyzed to demonstrate the versatility of the
adopted functionalization. Importantly, this novel approach
for fabricating TIMs is reliable enough to improve well-known
challenges in heat management. By getting free of the upcoming
problem of conventional polymer-based TIMs, our NUL-Gr/CFs/
PVDF architecture with characteristically organic arrangement
has prodigious potential to be used as ultra-high performance
TIMs with decent chemical and thermal stability.

4 Methods and materials

4.1 Materials

PVDF and commercial grade’s graphene sheets (Gr) having
more than ten layers and thickness ~ 4-10 nm were bought
from Beijing Yili Fine Chemical Co. Ltd., China. CFs (T300,
length of 30-40 pm and diameter of 2-5 um) having TC of
5 W-m™-K™ were supplied by Yanxing Fiber Co. Ltd., China.
High quality (~ 99.9% purity) TDI was purchased from
Yanshan Co. Ltd., China. To avoid any contamination, the
chemicals, such as acetone, ethanol, and distilled water, were
used on instant based.

4.2 Preparation of NUL-Gr/CFs and NUL-Gr/CFs/
PVDF 3D architecture

Concisely, the calculated percentage of Gr is added in
dimethylformamide (DMF) and sonicated for 2 h in burker
sonicator having power 1,000 W. Afterward, the considered
amount (1.21 mL) of TDI is added dropwise by using a small
needle of the syringe and left the whole mixture for another 2 h
sonication. The later dispersion is termed as NUL-Gr. After
dispersing and making NUL between graphene sheets, these
sheets are again strengthened by CFs through van der Waals
forces. Finally, after covering the container with polyethylene
film, the mixture is transferred on magnetic stirring for
30 min and designated as NUL-Gr/CFs.

Based on solution mixing, a simple but industrial method is
adopted to fabricate polymer composite. In brief, the PVDF
solution is made by taking 10 g of polymer in DMF with the help
of magnetic stirring for 1 h at 60 °C. This clear transparent
polymer solution is mixed with an already prepared suspension
of NUL-Gr/CFs and again this whole mixture is left for 30 min
sonication. Afterward, the mixing is continuing under shear
mixing machine for 1 h at 80 °C. To evaporate excessive amount
of solvent, the temperature is increased up to 150 °C wherein it
turns into a thick (gel-like) paste. Finally, the homogenous film
is fabricated by pouring this mixture in a layer by layer manner.
Thus the developed film is kept in a vacuum oven at 150 °C
for 4 h followed by curing at a reduced temperature (80 °C) for
another 24 h. The same protocol is adopted to obtain com-
posites with various loading, such as 1 wt.%, 3 wt.%, 5 wt.%,
7 wt.%, 9 wt.%, 13 wt.%, and 17 wt.%. It is to note here that the
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amount of TDI and CFs are kept constant in all composites.

4.3 Characterization

Quality of commercial Gr was re-assured by TEM (JEM-2100F,
JEOL). The defects, grain boundaries, and graphitization after
treatment with TDI were confirmed by Raman spectrometer
under the visible wavelength of 532 nm. To evaluate possible
elements, such as oxygen, carbon, and nitrogen for pristine
and modified Gr, the XPS (Axis Ultra, Kratos Analytical Ltd.)
with Al (mono) Ka was used. Further functional group on the
surface of Gr and NUL-Gr was verified by FTIR. Crystallinity
and phase structure of NUL-Gr were analyzed by powder
X-ray diffraction. Thermogravimetric study (TGA-SDTQ600
from TA) was carried out to check the stability of the Gr
and weight loss of composites at a heating rate of 10 °C-min™
under both inert and air atmospheres. The dispersion of NUL-
Gr/CFs in polymer matrix and morphology of the composites
samples were checked by scanning electron microscopy
(FE-SEM, S-4800, HITACHLI, Japan). Thermal diffusivity («) at
room temperature was measured by a laser flash method (LFA
447, NETZSCH, Germany). Specific heat capacity and different
heat flows in the samples were measured by using DSC (Q2000,
TA Instruments, America) with heating rate of 5 (°)-min™ in
the range of 0 to 40 °C. The density of samples was measured
according to Archimedes’ principle by using analytical balance
(XS204, Mettler-Toledo AG).
After getting all these values, TC was calculated by

k=axC,xp (1)

where k, &, p, and C, represent thermal conductivity, thermal
diffusivity, density, and heat capacity, respectively.
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