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Cellulose nanofiber nanocomposites with aligned silver nanoparticles

Hiroaki Ito, Mibuki Sakata, Chizuru Hongo, Takuya Matsumoto and Takashi Nishino

Department of Chemical Science and Engineering Graduate School of Engineering, Kobe University, Rokko, Nada, Kobe, Japan

ABSTRACT
Celluloses have attracted much attention as sustainable and abundant materials. Herein, we
focus on nanocomposites based on the oxidation-treated nano-sized fibrillated celluloses,
namely TOCNs. The silver nanoparticles (AgNPs) were prepared in TOCN aqueous dispersion.
Generally, the AgNPs are quickly agglomerated after preparation. For the inhibition of the
agglomeration of AgNPs, it is required that AgNPs were prepared under the chelation of
TOCN, followed by reduction therein. Therefore, AgNPs possessed the nano-scaled radii and
aligned along the TOCN from the atomic force microscopic measurements. The thermal
stabilities and mechanical properties were increased. The anisotropic thermal conductivities
originated from the orientation of TOCN in nanocomposites were observed. The loading of
the large amounts of AgNP fillers led to the drastic increase of the thermal and electrical
conductivities. The conductive paths of heat and electron were formed by the contact of
AgNP with each other. We functionalized the TOCN papers through the loading of AgNPs
and the obtained nanocomposites sheets served as conductors.
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Introduction

In our daily life, petroleum-resource-based synthetic
polymers, such as polyolefins, polystyrene and poly-
vinylchloride have widely spread. However, for these
decades, the environmental problems such as global
warming and exhaustible resources have been arisen.
Cellulose is the most abundant, sustainable and
environmental-friendly natural product in the world
and attracts much attentions as an alternative
material to synthetic polymers in the field of not

only agriculture but also polymer science [1]. In
addition, it has been reported that isotropic sheet
composed of cellulose nanofibers (CNFs) possesses
much higher elastic modulus than 10GPa [2–5].
Therefore, CNFs are well known as remarkable
materials with high mechanical properties, light
weight, low linear thermal expansion coefficient,
biocompatibility and high specific surface [6–11].
CNFs are accepted as fillers in nanocomposites [12,
13], substrates of electrical devices [14–18],
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wrapping papers with high performance [19, 20]
and scaffolds for tissue engineering [21, 22]. CNFs
are prepared in the two different typical methods;
one is the mechanical method such as grinding
processes [23, 24] and the other is the chemical
method such as 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO)-mediated oxidation [25–27]. In particular,
the TEMPO treatment selectively and densely intro-
duces carboxyl groups to the 6-positions of a half of
glucopyranose rings at the surface of cellulose nano-
fibers. The nanofibers of TEMPO-oxidized CNFs
(TOCNs) show high aspect ratios with radii of
about 3–5 nm and lengths of several micro meters.
These low radius and high aspect ratio lead to the
increasing of entanglements and the decreasing
defects of CNFs. Therefore, they improve mechan-
ical properties relative to micro-fibrillated CNF.

In organic–inorganic nanocomposites, where
organic matrices are reinforced and functionalized
by the nanosized inorganic fillers, the higher per-
formance and functionality have been achieved; for
example, mechanical properties [28–30], gas perme-
abilities [31, 32], higher thermal and electrical con-
ductivities [33–36] and the control of refractive
indexes [37–40]. Various inorganic nanofillers for
the nanocomposites have been reported. Silver
nanoparticles (AgNPs) exhibit catalytic activities
[41–43], surface-enhanced Raman scattering activ-
ities [44–46], high electrical and thermal conductiv-
ities [47, 48] and antimicrobial activities [49, 50]. In
the case of nanocomposites, the dispersibility of
nanofillers in polymer matrix is a key factor for the
achievements of their high performance because of
rapid and easy agglomeration of nanofillers in dis-
persion. For the well-dispersion of AgNPs, it has
been reported on the usage of surfactant and in situ
preparation methods. Among them, the well-dis-
persed AgNPs are often prepared in the in situ syn-
thesis through the reductive reaction of metal ions.
Moreover, the in situ synthesis by chelation to metal
ions leads to the inhibition from random agglomer-
ation as well as the 1D and 2D arrangements of
AgNPs along polymer chains and sheets [51–53].
These arrangements induce the percolation of the
contacts of nanofillers, the anisotropy of the func-
tional properties and the drastic increase of elec-
trical conductivity with the low loading of
nanofillers.

Herein, we focused on TOCN/AgNP nanocompo-
sites and investigated their mechanical and func-
tional properties. The AgNPs were prepared from
Ag cation in TOCN aqueous dispersion. In the
TOCN dispersion, the Ag ions were chelated with
the carboxylate groups at the 6-position of cellulose,
and then they are reduced to AgNPs on the TOCN
[54, 55]. AgNPs are agglomerated rapidly without

any dispersion stabilizers, whereas the chelation
effects of TOCN made the high dispersity of AgNPs
possible. We observed well-dispersed and aligned
AgNPs with atomic force microscope (AFM). In
addition, we evaluated the reinforcement effects of
AgNP fillers and anisotropic functional properties
through investigation on their mechanical properties
as well as functional properties such as Young’s
modulus, thermal conductivities and electrical
conductivities.

Experimental

Materials

Kenaf bast fibers (Hibiscus cannabinus, Indonesia,
2011) with 2mm of the average length were pro-
vided from Toyota Boshoku co. (Aichi, Japan). All
the chemical reagents were purchased with chem-
ical company.

Purification of kenaf bast fibers

Kenaf bast fibers, 20 g, were degreased via Soxhlet
extraction using a 1:2 (v/v) mixture of ethanol/tolu-
ene for 20 h at 130 �C. Kenaf bast fibers then were
dried for 2 days under ambient atmosphere before a
half of the degreased biomass was suspended into
1 L of distilled water. For removing the lignin of the
sample with Wise method, sodium chlorite, 6.7 g
and acetic acid 1.2mL were directly added to the
biomass suspension. The biomass suspension mix-
ture was heated at 80 �C for 1 h. The addition of
sodium chlorite, 6.7 g, and acetic acid, 1.2mL, was
repeated four times in 1 h intervals. The mixture
was filtered and suspended into distilled water five
times. In order to remove the hemicellulose, the
biomass samples were suspended in 0.5 L of 4wt%
KOH aq. and stirred for 2 h at 80 �C. Following
that, the refined biomass was washed through 5
times filtration and resuspension. Three times of
these alkali treatments provided the refined pulp.

TEMPO oxidation treatment

The above refined pulp 10 g, TEMPO 156mg and
NaBr 1.0 g were added into 1 L distilled water.
25mL sodium hypochlorite solution was added
slowly keeping below pH 10 by the automatic titra-
tor. When the constant increase of pH of the solu-
tion with addition of 0.5M NaOH aqueous solution
was achieved, the oxidation was stopped. Following
that, the oxidized biomass were washed through the
five times filtration and redispersion.

The semi-wetted biomass samples were sus-
pended in 1 L acetate buffer solution with pH 4.8.
The sodium chlorite was added with the ratio of
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1.14 g for 1 g biomass and stirred for 48 h. Following
that, the oxidized biomass were washed through the
five times filtration and redispersion. These two
reactions led to the oxidation of cellulose.

The oxidized biomass pulps dispersed into 700mL
water were fibrillated by the blending mixer with
24,000 rpm for 10min. The TOCNs were obtained.

Preparation of silver nanoparticles in
TOCN suspension

For 215 g of the 0.25wt% TOCN aqueous disper-
sion, the silver nitrate aqueous solution was added,
which amounts were equal to the 0.3–30 vol% silver
against TOCN after reduction. The suspensions
were stirred for 1 day under darkness and the ion
exchanges were proceeded. 3.2 wt% sodium borohy-
dride aqueous solution with the equivalent to the
silver nitrate was added and stirred for 1 day. The
reduction of silver ions led to the formation of
AgNPs in the TOCN dispersion.

Preparation of TOCN and TOCN/AgNP
nanocomposite sheets

After defoaming of TOCN or TOCN/AgNP suspen-
sion, the suspensions containing 0.65 g of TOCN
were filtered and the sheets were obtained. The
sheets were dried under vacuum at 40 �C. All the
procedures were shown in Figure S1 in the
Supporting Information.

Characterization

Infrared absorption (FT-IR) spectroscopy was car-
ried out on Spectrum GX FT-IR System I-KS
(Perkin Elmer co. ltd.). The samples were dispersed
into KBr and were dried for 24 h at 40 �C.

In order to estimate the amount of carboxyl
groups in TOCN, the electrical conductivity and pH
curves were measured by acid–base titration with an
automatic titrator (AUT-501, TOA-DKK Co. Ltd.)
and an electrical conductometer (CM-60V, TOA-
DKK Co. Ltd.).

The radii of TOCN and AgNPs were measured by
atomic force microscopy Nano Navi II E-sweep (SII
nanotechnology Co. Ltd.) with canti lever SI-DF20
(SII nanotechnology Co. Ltd., spring modulus: 15N/
m, radii of tip: 10nm, scanning area: 2mm � 2mm).

X-ray diffraction measurements were carried out
with RINT2000 (Rigaku Co. Ltd., 40 kV, 20mA, X-
ray source: CuKa (k¼ 1.5418Å) scanning rate: 1/
min, sampling steps: 0.02�, scanning region:
2h¼ 5�–55�) . The crystallite sizes were estimated
from Scherrer’s equation (1)

D ¼ k
bcosh

(1)

b2 ¼ B2 � b2 (2)

where D is the crystallite size, k is the wavelength of
X-ray beam, h is the Bragg angle, B is the integral
width of samples and b is that of silicon. In add-
ition, the crystallinity of cellulose was calculated
through the equation (3)

Figure 1. (a) Preparation scheme of AgNPs along the TOCN and the AFM topological (left) and phase (right) images of (b)
TOCN and (c) TOCN/AgNPs nanocomposites.
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Xc ¼ Ac

Ac þ Aa
� 100 (3)

where Xc is the crystallinity, Ac is the area of the
peaks originated from crystalline, and Aa is that of
amorphous. For the measurements of the transmit-
tance of the cellulose nanocomposite sheets (thick-
ness: 50 mm), we measured the transmit spectra
from 200 to 1000 nm with HITACHI U-2000. In
UV–vis absorption measurement, we measured the
aqueous dispersion including 0.25wt% TOCN
and AgNP.

For the investigation of thermal properties of
TOCN/AgNP nanocomposites, we measured melting
points of AgNP in nanocomposites under nitrogen
with RIGAKU DSC8230. The scan rate was 5 �C/
min. From the Gibbs–Thomson equation (4), the
size of AgNP were estimated.

T ¼ Tbulk � 4rMTbulk

DHmrq
(4)

where T and Tbulk (1223K) are melting points of sil-
ver nanoparticles in nanocomposites and bulk silver,
r (1.02 J/m2) is the solid-liquid interface energy, M
(107.9 g/mol) is molecular weight, DHm (11.3 kJ/
mol) is the latent heat of fusion, r is the radii of sil-
ver nanoparticles and q (10.5 g/cm3) is the density.

For thermogravimetric analysis of TOCN and
TOCN/AgNP nanocomposites, we carried with
RIGAKU Thermo plus EVO II TG8121 under nitro-
gen. The heating rate was 10 �C/min. The starting
temperature was 150 �C for exclusion of effects
of water.

The length and width of the trimmed samples for
tensile tests were 40 and 5mm, and they were dried
at 40 �C for 24 h before tensile tests. We carried out

with Autograph AGS-1kND (SHIMAZU Co. Ltd.).
The strain-stress curves were obtained with 20mm
as initial lengths and 1mm/min of the tensile speed.
The density of TOCN was calculated by the float-
ation method. The initial inclination of the curves
was regarded as Young’s modulus.

For the measurement of the volume electric
resistance of TOCN sheets and TOCN/AgNP nano-
composites, we measured with Electrometer/High
Resistance Meter B2980A and Resistivity Cell
16008B (Keysight technologies Co. Ltd.) in the two
ring electrode method. The diameter of the elec-
trode was 26mm and the applied voltage was 10V.

For the evaluation of specific heat capacities of
TOCN sheets and TOCN/AgNP nanocomposites,
we performed with RIGAKU DSC8230. 10mg Al2O3

was used as a standard sample. From the following
equation (5), the specific heat capacity was calcu-
lated.

Cps ¼ Cpr �mr

Yr
� Ys

ms
(5)

where Cps, Cpr are the specific heat capacities of
TOCN/AgNP samples and Al2O3 standard, and ms

mr are their weights. Ys means the difference
between the DSC curves of samples and empty Al
pan, and Yr is that between Al2O3 standard and
empty Al pan.

For the measurement of the thermal diffusivity by
the periodic heating and infrared radiation thermom-
eter method, we carried with Thermowave Analyzer
TA3 (Bethel Co. Ltd.). The thermal diffusivity for the
in-plane and thickness directions was measured; in-
plane means the parallel direction to the sheet sur-
face and thickness means perpendicular one.

Figure 2. (a) Photographs and (b) UV-vis transmittance of TOCN and TOCN/AgNP nanocomposites with different silver con-
tents (Thickness; 50lm) and (c) absorbance spectra of TOCN/AgNP aqueous dispersion with different silver contents.
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Results and discussion

We prepared a refined pulp from Kenaf bast fiber
through degreasing, Wise treatment and alkaline
treatment for removing grease, lignin and hemicel-
lulose, respectively. The refined pulps were fibril-
lated to nanofibers by TEMPO-catalyst oxidation
and fibrillation with Blender. The radii of TOCN
were less than 5 nm from the AFM topological
images in Figure 1. The amount of the carboxyl
group of TOCN were 1.28mmol/g from the meas-
urements of conductometric titration and the degree
of oxidation per anhydroglucose unit of cellulose
(DO) was 0.21 [25, 26, 56, 57]. (Supplementary
Figure S2) The silver nitrate aqueous solution was
added into the obtained 0.25wt% TOCN dispersion
and stirred until ion exchange from sodium ions to
silver ions. Following that, the equal amounts of
sodium borohydride solution was added and silver
ions were reduced to AgNPs. The reduced AgNPs
possessed radii less than 5 nm and were aligned
along the TOCN as shown in Figure 1. These align-
ments suggested that Ag ions would be chelated to
the carboxyl groups of TOCN and reduced on the
TOCN selectively rather than randomly [58]. In the

case of the TOCN/20 vol%AgNP composites, the
free AgNPs were observed as shown in
Supplementary Figure S3. This means that there
were too much non-chelated silver ions to form the
nuclei of nanoparticle along only the TOCN. In the
FT-IR spectra, all the TOCN and TOCN/AgNP
nanocomposites showed larger carbonyl stretching
bands at around 1600 cm�1 than Kenaf microfibers,
while there was no changed in the vibration bands
of glucopyranose rings (1060 cm�1). The latter indi-
cated that polysaccharide structures of cellulose
were sustained even after the TEMPO-oxidation and
the reduction of Ag ions, as shown in
Supplementary Figure S4.

The TOCN/AgNP nanocomposite sheets were
prepared by filtration and dried over at 40 �C for
12 h under vacuum. Optical photographs and trans-
mittance spectra of TOCN/AgNP composites and
absorption spectra of the TOCN/AgNP aqueous dis-
persion were shown in Figure 2. TOCN sheets with-
out AgNPs showed high transparency. With the
increase of AgNP loading, the sheets turned brown-
ish because of the surface plasmon resonance (SPR)
of AgNPs [59]. In the absorption spectra of the

Figure 3. (a) X-ray diffraction pattern of TOCN and TOCN/AgNP nanocomposites. (b) Crystallinity of cellulose and (c) silver
nanoparticle size in TOCN and TOCN/AgNP nanocomposites with different silver contents.
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TOCN/AgNP suspensions, the absorption bands ori-
ginated from SPR of AgNPs were observed at
around 400 nm. These absorption bands were attrib-
uted to the AgNPs with less radii than 10 nm. This
result corresponded to the size of AgNPs in the
AFM images. In addition, this means that the
AgNPs were highly dispersed in the TOCN aqueous
dispersion without agglomeration [55, 60–62].

The X-ray diffraction measurements were per-
formed for the TOCN and TOCN/AgNP nanocom-
posites. In their X-ray diffraction profiles in Figure
3a, all the samples showed the peaks originated
from 110, 110, and 200 reflections of the cellulose Ib
crystallites. The crystallinity of TOCN in composites
was calculated in the area method, as shown in
Figure 3b. The effects of the reductive reaction for
the preparation of AgNPs were observed and their
structure of cellulose Ib were maintained. The 111
and 200 reflections of AgNPs were appeared at
2h¼ 38� and 45� respectively with the loading of
AgNPs in TOCN/AgNP nanocomposites. There is
no diffraction peak assigned as silver oxide, such as
(111) plane (2h¼ 33�) [63]. In addition, the crystal-
lite sizes of AgNPs in TOCN/AgNP nanocomposites
were estimated from the integral width and the
Bragg angle using Scherrer’s equation. As shown in
Figure 3c, with the increase of loading amounts of
AgNPs, the crystallite size of AgNPs was increased.
In particular, AgNPs size in less than 5 vol% AgNPs
composites were below 10 nm. These results also
supported the nanosized silver particles in
the composites.

The thermogravimetric curves of TOCN and
TOCN/AgNPs nanocomposites were shown in
Figure 4a. Above around 220 �C, the thermal weight
loss drastically increased in all the samples. These
thermal decomposition were attributed to the
decomposition of TOCN. In this study, temperature
at 5wt% loss of TOCN/AgNP nanocomposites was

defined as a decomposition temperature Td5. Td5

were increased with the amounts of AgNP in the
composites, as shown in Figure 4b. The loading of
AgNP led to the higher thermal stability of TOCN
matrix in their nanocomposites. The amounts of
residues after thermal decomposition were increased
as the loading of AgNPs increased. We calculated
the amounts of AgNPs from the residues as shown
in Supplementary Table S2.

For investigation of thermal behavior of AgNPs
in nanocomposites, we measured their differential
scanning calorimetry (DSC). It is known that the
metallic nanoparticles possess lower melting points
than bulk metals due to their higher specific surface
areas [64]. In our nanocomposites, the melting point
of only the 2 vol% AgNP nanocomposite was
observed at 168 �C, which were lower than that
(962 �C) of bulk silver. The radius of AgNP, which
was estimated from the Gibbs-Thomson equation
[65,66], was 5.8 nm. From all the various measure-
ments such as AFMimages, UV–vis absorption spec-
tra, X-ray diffraction profiles and DCS
thermograms, the AgNPs in the TOCN/AgNP nano-
composites were sustained as nanoparticles even
through reduction reaction.

Figure 5a shows the results of tensile tests of
Kenaf microfiber, TOCN sheets and TOCN/AgNP
nanocomposites. Compared with the Kenaf micro-
fiber sheet, downsizing of fiber diameter of TOCN
led to the increase of the Young’s modulus. The rea-
son was that the mechanical defects of the nanofib-
ers were decreased relative to microfibers. For the
TOCN/AgNP composites, the low content ratios of
the AgNPs provided the effective increase of mech-
anical modulus, whereas the modulus of the compo-
sites with larger content of AgNPs were decreased
due to the agglomeration of AgNPs. In Figure 5b,
the relationship between the AgNP loading and
Young’s modulus was represented as a solid line

Figure 4. (a) Thermo-gravimetric traces and (b) thermal decomposition temperature with 5%wt loss of TOCN and TOCN/AgNP
nanocomposites with different silver contents.
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and Young’s modulus predicted by parallel model
equation (6) as an upper bound was shown as a
dashed line.

Ec ¼ EfVf þ Em 1� Vfð Þ (6)

where Ec, Ef, and Em are the modulus of the compo-
sites, fillers and matrix, respectively, and Vf is the
volume fraction of fillers. The modulus of bulk sil-
ver (83GPa) [67] and TOCN were applied as their
modulus Ef and Em, respectively. At the lower load-
ing of AgNPs, the larger Young’s modulus was
exhibited than the estimated value. Moreover, the
increase of amount of AgNPs led to higher densities
of the composites, which suggested that the void
would not emerge. These larger Young’s modulus
would be induced by the effect that the nano-sized
AgNP possessed the higher modulus than the bulk
silver [68, 69]. In contrast, the relation between the
tensile strength or elongation at break of those com-
posites and the AgNP fraction was not observed

clearly. The reason is that their mechanical parame-
ters received large effects of the reinforcement as
well as mechanical defects in the composites. In
only the case of the composites with 30 vol% AgNP,
it is obviously revealed that the excess AgNP addi-
tive led to the decrease of tensile strength or elong-
ation at break.

It is well-known that silver possesses the highest
thermal conductivity in single metals [67].
Therefore, we investigated the thermal conductivities
of TOCN/AgNP nanocomposites and declared the
loading effects of AgNPs. From the DSC measure-
ments and thermal diffusion measurements, their
specific heat (Cp) and the thermal diffusivities to the
in-plane (ain-plane) and thickness (athick) direction
were evaluated. The thermal conductivities (kin-plane
and kthick) were calculated from their parameters, as
shown in Figure 6. In the TOCN sheets without
AgNPs, the anisotropic thermal conductivity in the
in-plane and thickness directions were emerged. In

Figure 5. (a) Stress-strain curves of kenaf microfiber, TOCN and TOCN/AgNP nanocomposites with different silver contents. (b)
Relationship between observed Young’s modulus and silver content of TOCN/AgNP nanocomposites.

Figure 6. Thermal conductivity (circles: observed, lines: calculated) of TOCN/AgNP nanocomposites with different silver con-
tents in (a) in-plane and (b) thickness direction.
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the TOCN sheets, the TOCNs were oriented in the
direction parallel to the sheet plane because of
the vacuum filtration of TOCN aqueous dispersion.
The AgNP loading increased the thermal conductiv-
ities to the in-plane direction (kin-plane). From the
theory on the thermal conductivities of composite
materials, namely the Maxwell equation (7), we cal-
culated the theoretical thermal conductivities of the
TOCN/AgNP nanocomposites.

kc ¼ km
2km þ kf þ 2Vf kf þ kmð Þ
2km þ kf � Vf kf þ kmð Þ (7)

where kc, kf, and km are the thermal conductivities
of the composite, filler and matrix, respectively, and
Vf is the volume fraction of filler. The reported
value of the thermal conductivity of AgNP filler (kf)
is 430W/m�K [70] and the experimental value of
TOCN sheet is employed as the thermal conductiv-
ity of the matrix. In the Maxwell theory, it is
assumed that the fillers were well-dispersed in the
matrix and there was no interaction between the
fillers [71]. In Figure 6, the theoretical and experi-
mental thermal conductivities of the TOCN/AgNP
nanocomposites were represented. At the low con-
tent ratios of the AgNPs, their thermal conductiv-
ities were increased in agreement with the Maxwell
theory. These results indicated that the AgNPs were
distributed homogeneously in the composites with-
out any mutual interaction. In contrast, the nano-
composites with high content ratios of the AgNPs
provided the higher thermal conductivities than the
calculated values. This suggests that larger amounts
of the AgNPs caused the contact of each other in
the TOCN matrix and the formation of the thermal
conductive paths. In the case of the thermal conduc-
tivities in the thickness direction, the nanocompo-
sites including the high amounts of the AgNPs also
demonstrated the higher thermal conductivities,
whereas the values were much lower than those in
the in-plane direction. The difference between the

conductivities in the thickness and in-plane direc-
tions were attributed to the in-plane alignment of
the TOCN and the AgNP in the nanocomposites.

The electrical resistance of the TOCN/AgNP
nanocomposites was shown in Figure 7. In the
region of the lower content ratios of the AgNP than
15 vol%, the high resistance of the nanocomposites
kept constants regardless of the amount of the
AgNP fillers. These high resistances were originated
from electric insulation of the TOCN matrix. On
the other hand, the drastically lower resistances
were achieved in the nanocomposites with higher
content ratios of the AgNP than 15 vol%. It is sus-
pected that the AgNP fillers were contacted with
one another and the conductive paths were formed
by the percolation. The volume of the AgNP where
the percolation in electrical resistance corresponded
to those of thermal conductive percolation. Even in
the larger amounts of AgNPs, the decrease of the
electrical resistivity were incredibly slight. The rea-
son was that the conductive paths have been formed
and the additional AgNP fillers had no large effect
on their electrical resistance. The gained electrical
resistance of the TOCN/AgNP nanocomposites were
compared with those of general semiconduc-
tors [72–74].

Conclusions

We demonstrated the preparation of the TOCN/
AgNP nanocomposites and achieved the functionali-
zation of TOCN nanopapers. The AgNPs were
formed through the chelation of Ag ions to carbonyl
groups of TOCN, then reduction in aqueous disper-
sion. The sizes of the AgNPs were less than 10 nm
and the nanoparticles were well dispersed in nano-
composites. The AgNPs in the nanocomposites were
aligned along the TOCN. The loading of AgNPs
increased thermal stabilities of nanocomposites and
their mechanical properties. In addition, their ther-
mal conductivities emerged anisotropy between in-
plane and thickness direction. With high loading of
AgNPs, the higher thermal and electrical conductiv-
ities were accessed by their percolation.
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