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Anisotropic Thermally Conductive Flexible Films based on
Nanofibrillated Cellulose and Aligned Graphene Nanosheets

Na Song*", Dejin Jiao*, Peng Ding’, Sigi Cui, Shengfu Tang, Liyi Shi

Research Center of Nanoscience and Nanotechnology, Shanghai University, 99 Shangda Road,
Shanghai 200444, P.R. China

Abstract: The anisotropic thermally conductive flexible films with nanofibrillated cellulose
(NFC) and in situ reduced graphene oxide (RGO) nanosheets are prepared via a vacuum-assisted
self-assembly technique. The hybrid films exhibit superior in-plane thermal conductivities, and a
value of 6.168 Wem™' K™ is achieved with 30 wt% GO loading. Noteworthy, the through-plane
thermal conductivities are extremely low (< 0.072 Wem 'sK™"). The high anisotropy of the
thermal conductivity is systematically investigated, and correlated to the aligment of RGO
nanosheets. Moreover, hybrid films exhibit excellent flexibility as well as high tensile strength.
The aligned RGO nanosheets significantly delayed the thermal degradation of the hybrid films.
The strongly anisotropic thermally conductive properties of these films can be useful for

applications in thermal management.

Keywords: reduced graphene oxide, nanofibrillated cellulose, thermal conductivity, layered

structure, anisotropic properties
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The prepared flexible nanofibrillated cellulose/graphene nanosheets hybrid films possessed significantly
anisotropic thermal conductivities. The anisotropy originated from the alignment of graphene nanosheets, which

can leads to different thermal resistances along the in-plane and through-plane directions.
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Introduction

Graphene, a monolayer of hexagonally arranged sp’-bonded carbon atoms, has elicited
substantial interest in the field of efficient thermally management materials because of its
extreme in-plane thermal conductivity (approximately 5300 W-m'l-K’l).l’3 Graphene and
graphene derivatives have been incorporated into many different polymers to improve the
thermal conductivity of composites. For example, 10 vol% of reduced graphene oxide (RGO)
and 1 wt% of silica-covered thermally reduced graphene oxide (TRGO) have enhanced the
thermal conductivities of polystyrene (PS) and epoxy by approximately 90% and 61%,
respectively.4’ > Although many improvements have been achieved, the thermal conductivities of
composites remain far from the inherent properties of graphene. This problem generally results
from the poor dispersion, the discontinuous matrix/filler interfaces and the lack of efficient
thermally conductive paths.

To fully exploit the potential of graphene as a superior thermally conductive filler, efforts
have been devoted to solving the problems mentioned above, including the alignment of
graphene in matrixes,” ’ the homogeneous dispersion,g‘ ? and the improvement of the interfacial

. . : 10, 11
interaction between graphene and matrixes.

Among them, the alignment of graphene is
recognized as an efficient method to favor the formation of consecutive thermally conductive
paths, along which the thermally contact resistance is minimized."> Generally, aligned fillers
often impart composites with markedly different properties between the fillers aligned direction
and the perpendicular direction, because of the preferred formation of the consecutive network

of fillers along the aligned direction.® '
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Several methods have been used to prepare thermally conductive composites with aligned
fillers. In an early report, vertically aligned carbon nanotube (CNT) arrays were used for
preparation of epoxy composites by in situ injection; here, a striking difference between
through-plane thermal conductivity (A7) and in-plane thermal conductivity (Ax) was reported
(Az/hx = 2-5).14 The pre-aligned CNT arrays were synthesized using chemical vapor deposition
(CVD), but they exhibited some difficulties for mass production due to the high cost,
complicated process, and time required.'” In another study, Tian et al. described that the in-plane
alignment of the graphite nanoplatelets (GNPs) can be achieved during the lateral flow of the
polymer matrix melt under an applied pressure.18 Although this flow-induced alignment of
fillers in the composite can be massively conducted, when the melt viscosity of the composites
is increased the alignment weakens significantly. Moreover, Lin and co-workers demonstrated
the controlled alignment of magnetically responsive hexagonal boron nitride (hBN) in an epoxy
composites by an external magnetic field. The resulting composites exhibited a much higher A;
than Ax."” The magnetic alignment might be feasible due to the remote control of the filler
alignment. However, the magnetic alignment required the filler have magnetic responsibility.
The additional surface modification of the fillers and external magnetic field limited the
application of this method. All in all, composites with highly orientated fillers are difficult to
obtain using these methods, and the fabrication of such composites remains challenging.

A high-potential material that can be used to prepare this highly ordered hierarchical
composites is the one-dimensional (1D) nanofibrillated cellulose (NFC), which is a new,
biobased, and highly crystalline nanofiber. NFC-based nanocomposites have attracted increasing

attention in anticipation of high strength, high stiffness, biodegradability, lightweight,
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transparency, and other biobased functions.”” *'

NFC has a natural tendency to form a
continuous network in which the fillers are homogenously embedded and always adjust their
basal plane parallel to the surface.”” To date, multifunctional NFC-based hybrid materials have
been manufactured with various layered silicates, such as talc,”> montmorillonite (MTM),**" **

mica,” ** and vermiculite.” *’ Typically, the hybrids exhibit extreme mechanical properties

along the aligned direction. Additionally, due to the stratified structure, the hybrids can hinder

28,29

gas diffusion, resulting in tunable oxygen and water barrier and flame-retardant properties.
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Figure 1. Illustration of the preparation of the hybrid films based on aligned RGO nanosheets and NFC.

In this study, we designed a hybrid film with layered structure based on NFC and RGO

nanosheets, which is prepared using in situ reduction and vacuum-assisted self-assembly

technique (Figure 1). In this system, NFC not only acts as the matrix in the hybrid films but also

plays a role in the stabilization of the RGO in the hybrid dispersion. In the resulting hybrid

films, the RGO nanosheets are aligned in the in-plane direction. Large contact areas are

achieved between RGO nanosheets, which favor the formation of the consecutive thermally

conductive paths, and significantly increase the thermal conductivity in the in-plane direction.
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Moreover, the thermal conductivity is only well performed along the in-plane direction. The
anisotropy of the thermal conductivity is attributed to the different thermal resistance along the

in-plane and through-plane directions within the layered hybrid films.

Experimental section

Fabrication of the NFC/RGO Hybrid Films. Graphene oxide (GO) nanosheets were
synthesized from natural graphite powder using a modified Hummer’s method.”” The NFC
was prepared according to the method reported by Saito (for details, see Supporting
Information).31 The NFC/RGO hybrid films were prepared via in situ reduction and
vacuum-filtration process (schematically represented in the Figure S2). A variety of GO
dispersions were added in a controlled manner to the NFC suspensions at room temperature and
then vigorously stirred for approximately 30 min to yield a homogeneous dispersion with a GO
content of 0 to 30 wt% (total solids of 100 mg in 100 mL DI water). 0.2 mL of hydrazine was
added into the reaction mixture. The reactants were heated to 95 °C and stirring for 2 h.? After
cooling to room temperature, the dispersion was vacuum-filtered on a mixed cellulose ester
membrane (47 mm in diameter, 0.45 um pore size). The filter cake was washed with sufficient
DI water to eliminate the impurities. The films were dried in vacuum oven at 40 °C overnight
before removing the hybrid films from the membranes. The hybrid films that had an NFC/GO
weight ratio of 100:0, 95:5, 90:10, 80:20 and 70:30 were named CGO, CG5, CG10, CG20 and
CG30, respectively.

For comparison, a two-step approach was also used to fabricate NFC/RGO hybrid films.

RGO was first obtained by reducing GO with hydrazine in DI water. Then, the NFC/GO hybrid

Page 6 of 29
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films were fabricated using the identical method as that in situ reduction approach (for details,
see Supporting Information ).

Characterization. The Fourier transform infrared (FTIR) spectra were recorded on an
Avatar 370 FTIR spectrometer using potassium bromide pellets. The X-ray diffraction (XRD)
patterns were collected with a D/MAX2200/PC X-ray diffractometer with Cu Ko radiation (A =
0.154 nm). Raman spectra were obtained using INVIA confocal micro Raman spectrometer with
a 633 nm laser. Thermogravimetric analysis (TGA) was conducted using a T.A. Instruments
Q500 Thermo Gravimetric Analyzer under a nitrogen atmosphere at a heating rate of 10
°Cemin™. All of the samples were dried at 40 °C overnight under vacuum before the TGA
analysis. Scanning electron microscopy (SEM) images were acquired with a JSM-6700F
emission scanning electron microscope. Transmission electron microscopy (TEM) images were
acquired using a 200CX 178 transmission electron microscope. The thermal conductivities of
the hybrid films were measured using a Netzsch LFA 447 Nanoflash at 25 °C. Each thermal
conductivity test was repeated six times, and the values with large errors were excluded. The
microscale combustion calorimeter (MCC) tests were conducted on a Govmark MCC-2
Microscale Combustion Calorimeter at a heating rate of 1 °Css”. The stress-strain curves were
obtained using a Dynamic Thermomechanic Analysis (DMA), from T.A. Instruments (Q800),
with a film tension mode. Rectangular strips of 3 X 20 mm with varying thickness were cut from

the films and tested at a rate 0.500 Nemin™" at room temperature.

Results and discussion
Hydrogen bonding and self-assembly. For the typical preparation, the NFC was dispersed

homogeneously in DI water without forming aggregates (Figure 2a) due to the repulsive forces
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that were generated by the surface carboxyl groups introduced by the NaBr/NaClIO/TEMPO
oxidation.”® The diameter of the NFC was 20-50 nm, as determined by TEM (Figure 2b), and
had a large aspect ratio, which was important to form a continuous network. The obtained GO
nanosheets were uniformly dispersed and were stable in the DI water for more than half a year
(Figure 2c¢). The sheeting morphology of the GO is clearly displayed in the TEM images in
Figure 2d. According to the TEM image, GO was fully exfoliated into individual sheets. RGO
was synthesized from the reduction of GO using hydrazine in the NFC/GO hybrid dispersion.
FTIR, XRD, Raman and TGA analyses showed that GO was reduced to RGO in hybrid films

(for the details, see the Supporting Information).

Figure 2. (a) Photograph of NFC suspension. (b) TEM image of NFC. (c) Photograph of GO dispersion. (d)

TEM image of GO nanosheets.
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Figure 3. (a) Photographs of RGO (left) and CGS5 (right) dispersion. (b) TEM image of the CGS hybrid
dispersion. (c) Schematic of the intermolecular hydrogen bond between NFC and RGO. (d) FTIR spectra of the
NFC/RGO hybrid films showing the vibration of ~OH groups at wavenumbers 3100-3500 cm™'. (e) Photograph
of the hybrid film prepared by in situ reduction and the inset is the detailed representation of the surface. (f)
Photograph of the hybrid film prepared by two-step approach and the insert is the detailed representation of the
surface.

The reduction of GO in a non-alkali aqueous environment often results in agglomeration of
the RGO.** Oxygen-containing functional groups that existed on the GO nanosheets, such as
carboxyl and hydroxyl groups, cause the GO nanosheets to be highly negatively charged35 and
maintain their stability when dispersed in water. However, most of the oxygen-containing
functional groups were removed during the reduction process; thus, the RGO nanosheets
exhibited poor stability in DI water (Figure 3a). However, when GO was reduced in the presence
of NFC, a uniform and stable dispersion can be obtained. Figure 3a shows the hybrid dispersion
containing 5 wt % RGO and 95 wt% NFC, and this hybrid dispersion remained stable for over 3

months. Figure 3b shows that RGO maintained a high aspect ratio after the in situ reduction, and

NFC was absorbed on the surface of the RGO nanosheets. The improved dispersity of the RGO
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could be ascribed to the hydrogen bonding between the hydroxyl segment of the NFC and the
residual oxygen-containing groups on the RGO nanosheets (schematically shown in Figure 3c).
Intermolecular hydrogen bonding is one of the most important interactions in polymer
composites. There have been reports of strong hydrogen bonds between graphene and highly
polar polyalcohols, such as polyvinyl alcohol (PVA), in which the —OH functional groups of
PVA played an important role in participating in hydrogen bonding with oxygen-containing

337 In another report, 3D porous structures of RGO/cellulose composites

groups of graphene.
were prepared in which the hydrogen bonding between the residual oxygen-containing groups
on the RGO sheets and the hydroxyl groups of cellulose facilitated the efficient dispersion of the
RGO sheets in the cellulose matrix, leading to an improved thermal stability and crystallinity of
the cellulose in the composites.”® The intermolecular hydrogen bonding in composites can be
monitored by the broad vibration of the —OH at approximately 3100-3500 em’ % ¥ The
presence of hydrogen bonding causes a downshift of the peak. The —OH peaks, shown in Figure
3d, clearly indicate a downshift in the NFC/RGO hybrid films, confirming the hydrogen
bonding between the NFC and RGO nanosheets. Therefore, NFC not only constituted the matrix
phase of the hybrid films but also acted as a stabilizer for RGO to ensure the stability of the
dispersion.

Because of the even distribution of the RGO nanosheets in the hybrid dispersion, the film
prepared via the in situ reduction approach is uniform and smooth, as shown in Figure 3e and
the inset. However, aggregations of the black graphene nanosheets can be visualized in the film

prepared via the two-step approach (Figure 3f and the inset), which may be due to the

aggregations of RGO that occurred during the reduction process. Additionally, NFC was

10
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incapable of exfoliating the aggregated RGO within the aqueous sample using sonication and
agitation. Therefore, unless otherwise mentioned, the NFC/RGO hybrid films were prepared via
the in situ reduction approach.

The hybrid films were fabricated via the self-assembly of NFC and RGO under vacuum.
The vacuum-assisted self-assembly is advantageous for the rapid and scaling-up of the

fabrication of the hybrid films, compared to layer-by-layer (LbL) assemble,”*! freeze casting,*

43 36, 44

and solvent-casting methods. During the filtration, a controlled multi-filtration process
(20 mL each time) was used to minimize the disordered layering structure that was caused by
the water flow. Under the vacuum pressure, the RGO nanosheets, similar to many layered
silicates (e.g., MTM, talc, mica, kaolin), tend to adjust their basal plane parallel to the surface.
The alignment appeared to be driven by compressive force generated by the lowering of the
air-water interface during solvent removal according to the Semi-ordered Accumulation
mechanism.*> This mechanism entails the formation of a loose, semi-ordered aggregate of
nanosheets at the filter surface. As excess solvent is removed, and the solvent level contacts the
top of the semi-ordered nanosheet mass, a second, compressive phase of paper formation begins.
This compression serves to concurrently reduce the spacing between nanosheets while orienting
them parallel to the air-water interface, producing a higher degree of order simultaneously
throughout the structure. Because of hydrogen bond between the RGO nanosheets and NFC, this
alignment can also be extended to NFC/RGO systems. As a result, the well-aligned RGO in the

NFC matrix was formed by accumulating nanosheets and nanofibers from the bottom to the

top.”> > ** The as-prepared hybrid films were 50-60 pm in thickness. The pure NFC film was

11
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transparent; however, the NFC/RGO hybrid films were blackish and translucent or opaque

(Figure S6).

Thermal conductivities. The thermal conductivities of the films were measured using a

laser flash system. Disks with the diameter of 12.7 mm and 25.0 mm were punched out from the

as-prepared films for the Az and Ax measurements, respectively. The detailed mechanism and

methodology of the laser flash system has been reported by Xiang and in our previous study.*" >
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Figure 4. (a) Ax and A (b) Ax/Ay and A,/Ay of NFC/RGO hybrid films with varied GO content. (c) Schematic
diagram of thermal conductivities of hybrid films along in-plane and through-plane directions.

As displayed in Figure 4a, a distinct contrast between the Ax and A; of the NFC/RGO
hybrid films is observed. The value of Ax greatly surpassed the value of A,. For the in-plane
direction, the Ax increased monotonically with the increase of GO loading and reached 6.168

Wem 'K at 30 wt% GO loading with a 550% thermal conductivity enhancement (TCE)

12
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relative to the neat NFC films. For the through-plane direction, the A7 varied over the range of
0.034-0.072 Wem 'sK "', which was approximately 1/50 to 1/150 of corresponding Ax values
(1.122-6.168 W°m71°K71) at the same GO loading. Furthermore, the normalized thermal
conductivities (A/Ag) indicated that the samples possess a higher thermal conductivity
enhancement efficiency along the in-plane direction (Figure 4b). Even when 0.5 wt% of GO
was added, a TCE of 151% was obtained, which exhibits a higher efficiency than the
polymer-based nanocomposites that contain randomly distributed graphene at a comparable
filler content. For example, a 2.0 wt% inclusion of the exfoliated chemically treated graphite
platelet and 0.5 wt% of the polymer chains grafted single layer graphene nanosheets increased
the thermal conductivity of the epoxy resin and the polystyrene by only 55% and 46%,
respectively.’' >

The anisotropy of the thermal conductivity is due to the layered structure that is composed
of the aligned RGO nanosheets in the NFC matrix (schematically shown in Figure 4c). The
vacuum-assisted self-assembly led to a closely packed and aligned laminated structure in which
each basal plane of each RGO nanosheet was nearly parallel to the surface of the films. A large
contact area was achieved between the adjacent RGO nanosheets in this structure; therefore, the
interface thermal resistance was minimized when heat was transferred along the in-plane
direction.'” With more RGO in parallel along the in-plane direction, the thermal resistance of the
heat conduction decreased further. Thus, the graphene—graphene linkages provided direct
thermally conductive paths for heat conduction along the plane direction. Consequently, a

relatively higher thermal conductivity and enhancement efficiency can be achieved along the

in-plane direction. However, in the direction perpendicular to the surface, NFC existed between

13
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the RGO layers. Moreover, the Az of the neat NFC (0.034 Wem 'K ') was significantly lower
than that of the graphene nanosheets. The thermally insulating NFC layer hindered the heat flow
transport along through-plane direction. Identical to the famous “wooden barrel effect”, the A,
value was determined by the thermally insulating NFC portion, and the A; value could barely
exceed 0.100 Wem 'sK . In general, the vacuum-assisted self-assembly produced orientated
RGO nanosheets in the NFC matrix and produced hybrid films with anisotropic structures,
which led to a different thermal resistance along the in-plane and through-plane directions.

The anisotropy of the thermal conductivity was consistent with the observations thus far in
which the ordered arrangement of the fillers with high-aspect ratios imparts composites with an
anisotropic thermal conductivity. A ratio (Ax/Az) of approximately 5-10 for epoxy
nanocomposites with a 33 vol% loading of carbon nanosheets was reported.” Tanimoto et al.
studied the effects of the orientation of hBN on the anisotropic thermal diffusivity, and the ratio
was approximately 14:1 between the in-plane and through-plane thermal diffusivity.>* In a recent
study, hot-pressed polystyrene/graphene composites with anisotropic thermally conductive
properties were reported in which a maximum of Ax/Az was 13."* To determine the anisotropy
degree in the thermal conductivity, a parameter called “anisotropy index” (Al) was introduced
and defined as follows:

Al = A,/2p (1)

Where A, is the thermal conductivity along the fillers aligned direction, and Ap is the
thermal conductivity along the direction perpendicular to the aligned fillers. Generally, a larger
Al suggests improved alignment of the thermally conductive fillers.'® Table 1 summarizes the

anisotropy indexes of a variety of polymer-based composite materials from prior studies. The

14
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1 data illustrate that the anisotropy of the NFC/RGO hybrid films in this study (approximately 150
: . . 14, 15, 18, 19, 50, 53-59 :
2 for the CG30 hybrid films) is very high. Thus, the NFC/RGO hybrid films could
3 be particularly useful in applications that require efficient directional thermal transport.
4
5 Table 1. Anisotropy indexes in previous literature.
Aligned
Ref. Matrix Filler A" Filler content® Testing method
direction”
19 epoxy hBN 2 2 11 wt% laser flash
temperature wave analysis
55 epoxy BN nanosheet 2.5¢ 2 10 vol%
(TWA)
14 epoxy CNT 2-5 2 10-20 vol% comparative method
Graphite steady-state heat flow and
18 epoxy ~5 1 11 wt%
nanoplatelet comparative technique
53 epoxy carbon nanosheets 5-10 1 33 vol% laser flash
15 PS GO-PPD 13 1 3 wt% laser flash
56 CNF foam GO/SEP/BA ~14 1 10 wt% transient plane source technique
54 sBPDA—PPD PI hBN ~14¢ 1 50 vol% TWA
50 PA GPz()()() 26 1 5 wt% laser flash
57 PVA m-BN ~30 1 50 vol% laser flash
multilayer
58 - 54 2 100% laser flash
graphene sheets
exfoliated graphite
59 - 139 1 100% laser flash
nanoplatelets
This work NFC RGO 150 1 30 wt% laser flash
6 ? The maximum Al in the literature, which was calculated by author based on the reported thermal
7 conductivities.
8 ®1 represented that the fillers aligned along in-plane direction, and 2 represented that the fillers aligned along
9 through-plane direction.
10 ¢ The amount of filler content reported in the literature in the highest anostropy index.

15
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4 In these literatures, only thermal diffusivity (o)) were reported. However, on the basis of the formula: A =
asCpe p, A = A/ hp= 0p/ Gtp.

To shed light on the anisotropy of the thermal conductivities, the structure of hybrid films
was further studied using SEM. The lamellar structure was confirmed via SEM images of cross
sections of the hybrid films. Figure 5a-d demonstrated the morphology of the fabricated hybrid
films in the cross-sectional directions. The graphene nanosheets were evenly distributed in the
cross section and were aligned parallel to the surface of the hybrid films. Similar to the
brick-and-mortar structure of natural nacre, a closely packed and regular nanoscale layered
structure was presented for CG20 and CG30. The layers of the hybrid films exhibit a slightly
wavy appearance and inter-penetrate into the neighboring layers. The layered structure is
responsible for the different thermal resistances along the in-plane and through-plane directions.
This morphology was also observed in nacre-mimicking organic-inorganic composites, such as
the polyelectrolyte/clay composite materials prepared by LbL assemble® and in NFC/clay

hybrids prepared via vacuum filtration.”>**

In the cross-sectional SEM images of CG5 (Figure
S7), a hierarchical structure can also be observed, accompanied by more nano-fibrous structures

of NFC.

16
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Figure 5. The cross-sectional SEM images of (a, b) CG20, (c, d) CG30. (e) Theoretical Al, Ax, A of CG30

hybrid films as function of alignment angle. The insert in (e) is the coordinate axis as well as thermal

conductivities along in-plane and through-plane directions used in EMA.

Considering that the layered structure originates from the orientation of the RGO

nanosheets, we used the effective medium approximation (EMA) to explore the influence of the

graphene orientation on the thermal conductivities and anisotropies of hybrid films. The EMA

17
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6, 14,61-63 :
R In this

has been widely used to model the thermal conductivities of polymer composites.
study, the EMA was modified to estimate the in-plane and through-plane thermal conductivities
of the NFC/RGO hybrid films under various orientation degrees (for the details, see the
Supporting Information). Figure Se shows the calculated results of CG30 in which the blue, red
and black lines represent the theoretical Ax, Az and Al as a function of 6, respectively. From the
curves, it can be conclude that the smaller 6, which signifies an improved orientation of the
RGO nanosheets along the in-plane direction, corresponds to a higher Al and a greater disparity
between Ax and Az. This confirms that the aligned graphene in the NFC matrix can produce
highly anisotropic thermal conductivities. By comparing the theoretical and experimental data,
we observe that the experimental Al, Ax and A; appeared at & < 17 ° in the curves, which
indicates well-aligned graphene. Furthermore, this conclusion was consistent with the
morphology of the cross-section surface. Thus, the structure and thermally conductive properties
were closely connected by EMA. The RGO nanosheets in the hybrid films aligned along
in-plane direction, forming a continuous direct thermal conduction medium along the in-plane

direction. However, the graphene-graphene thermally conductive paths were separated by the

NFC layer along the through-plane direction.

18
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Figure 6. (a) The Ax, Az and Al of CG30 hybrid film under different numbers of bend cycles. (b)Images of the
disks for Ay, and Az measurements before and after 500 times of mechanical bending. (c) Stress-strain curves of
CGO and CG30 hybrid film. (d)HRR curves of NFC/RGO hybrid films with different GO loadings.
Mechanical properties. A highly anisotropic thermally conductive property was achieved
in the CG30 hybrid film (A increased to 6.168 Wem 'sK "', A, was only 0.041 Wem 'sK "', the
anisotropy index was 150), which was due to the layered structure within the hybrid films. The
mechanical property could be another important performance for their applications in thermal
management. To evaluate the flexibility of the CG30 film, mechanical stability, which is often

used to characterize the flexibility of conductive films,**

was evaluated using 12.7 mm and
25.0 mm diameter disks for the Ax and A; measurement. The data were collected every 10 bends
which were shown in Figure 6a. The films that suffered from no bending cycles exhibited the

most desirable results (the highest Al and Ax; the lowest A7), which are attributed to the best

alignment of the RGO nanosheets. While the Ax and A exhibited slight fluctuation during the
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bending cycles, they varied over the small range of + 1 to = 0.018 Wem "K', respectively.
Similarly, the Al was also relatively stable. Regarding the EMA results, a 8 < 21 ° was
maintained during the entire bending test, which indicates a good resistance to bending for the
layered structure. Besides, after bending 500 times, the disks maintained their shape completely
(Figure 6b). The outstanding flexibility is likely due to the combined effect of the intrinsic
flexibility of the NFC and the RGO nanosheet and the hydrogen bonding between them. The
slight fluctuation during further bend cycles illustrated that the destruction and reconstruction of
the structure occurred simultaneously.

Figure 6¢ shows the stress-strain curves of CGO and CG30. Note that pure graphene papers
that are composed of graphene-graphene linkages exhibited low tensile strength and a porous
structure. Regardless, the tensile strength of CG30 was up to 90 MPa, which is slightly lower
than that of CGO (117 MPa). This indicated that the CG30 hybrid films inherited the tensile
strength of the NFC. Thus, in the layered hybrid films, NFC acted as an adhesive to provide
tensile strength.

Thermal degradation properties. Composites that contain oriented layered fillers often

46. 6. 67 The thermal degradation properties of

have excellent flame-retardant properties.
NFC/RGO hybrid films were determined using microcombustion calorimetry (MCC) analysis,
which is one of the most effective methods to investigate the combustion of materials on a small

scale.® %

The experiment consists of first pyrolyzing the sample under a nitrogen atmosphere at
a heating rate of 1 °Ces™ from 90 to 750 °C and then pushing the pyrolysis products into a 900

°C combustion furnace, where they are mixed with oxygen. The heat release is calculated based

on the combustion process of the pyrolysis products.”® The typical heat release rate curves for
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the NFC/RGO hybrid films are provided in Figure 6d, and the corresponding parameters are
shown in Table 2. With the incorporation of RGO, the peak heat release rate (PHRR)
significantly decreased. For example, when only 0.5 wt% of GO was added, the PHRR
decreased by 12.7% (17 W/g) compared with CGO. The total heat release (THR) also exhibits a
slight decrease. The presence of RGO nanosheets was responsible for delaying the thermal
degradation and enhancing the thermal stability. This phenomenon may be due to the formation
of the aligned graphene layer, which can lower the gaseous diffusion. Previous literatures
reported that the in-plane orientation of clay resulted in a superior barrier function and a very
low through-plane thermal conductivity such that the NFC matrix degradation was delayed.zs’ »
Qian et al. also reported that the high thermal conduction increases the thermal degradation rate
of the composites, while the shielding effect of the RGO could decelerate the mass loss during
the pyrolysis.67 In this study, the RGO nanosheets are oriented along the in-plane direction, and
the barrier function may significantly improve, while the higher in-plane thermal conductivities
accelerate the thermal degradation. However, the PHRR decreased monotonically with the
increase of the filler content, indicating that the barrier function was the major reason for the
delay in the thermal degradation. Thus, graphene nanosheets were highly aligned in the hybrid
films, and they decelerated the escape of volatile products that were generated due to the

degradation of NFC, resulting in a delay in the degradation of the hybrid films.
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Table 2. The MCC data of the NFC/RGO hybrid films with different GO loadings

Sample GO content (Wt%) PHRR (WOg'l) Decrease of PHRR * (%) THR (kJOg'l)
CGO 0 134 - 6.7
CGO.5 0.5 117 12.7 6.5
CG5 5 109 18.7 5.7
CGl10 10 95 29.1 5.6
CG20 20 87 35.1 4.8
CG30 30 80 40.3 43

# The decrease of PHRR compared with CGO.

As we discussed above, the thermal conductivity of NFC/RGO hybrid films was only well
performed in the lateral direction. The highly anisotropic thermally conductive properties of
these films can be useful for applications in thermal management. To the best of our knowledge,
nowadays, thermal management of modern electronics requires thin films with highly
anisotropic thermal conductivity, where the Ay is substantially larger than the Az’" "' The
function of the NFC/RGO hybrid films is to conduct heat away from the hot spots in the
in-plane direction while protecting electronic components underneath them from being heated
by the adjacent hot spots. Thus, the anisotropic thermally conductive flexible hybrid films have
vast potential for applications in various commercial portable electronics such as smart phones,

touch panels, and LED lamps with more condensedly packed integrated circuits.” ™

Conclusion
In conclusion, we demonstrated the anisotropic thermally conductive NFC/RGO hybrid
films with a laminated structure that were fabricated via a simple in situ reduction and

vacuum-assisted self-assembly technique. GO was reduced using hydrazine in the presence of
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NFC, and a highly stable NFC/RGO hybrid dispersion was achieved because of the hydrogen
bonding between the two components. The thermal conductivity of prepared film could be easily
reach 6.168 Wem "K', which was 550% enhancement relative to the neat NFC films.
Noteworthy, the thermal conductivities were only well performed in the in-plane direction - the
through-plane thermal conductivities fluctuate from 0.034 to 0.072 Wem 'sK . The anisotropy
index of the thermal conductivities was as high as 150. The high anisotropy of the thermal
conductivity was verified to be due to the high alignment of the RGO nanosheets in the NFC
matrix. Accompanied by the anisotropic thermal conductivities was excellent flexibility in terms
of stable thermal conductivity over 500 times of mechanical bending cycles. Additionally, the
aligned RGO nanosheets significantly delayed the thermal degradation of the hybrid films. This
study provides a broad concept for the use of graphene as a superior thermal conductive filler

and clarifies that structure-control is an efficient method to regulate the composite properties.
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