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RESEARCH ARTICLE

Mechanical and thermal properties of cellulose nanofiber composites with
nanodiamond as nanocarbon filler

Takashi Kato, Takuya Matsumoto, Chizuru Hongo and Takashi Nishino
aDepartment of Chemical Science and Engineering, Graduate School of Engineering, Kobe University, Kobe, Japan

ABSTRACT
Cellulose nanofibers are green nanomaterials because of their biodegradability and
sustainability, they are also attractive structural materials because of their high mechanical
performance. For further expansion of their application and acquisition of their reliability,
mechanical reinforcement and functionalization of cellulose nanofiber materials are required.
In this work, we focused on the mechanical properties and thermal conductivities of compo-
sites of cellulose nanofibers and a nanodiamond (ND). Compared with graphene oxides,
which are conventional two-dimensional nanocarbon fillers in aqueous media, natural
diamond possesses a much larger modulus. It also has the highest thermal conductivity
among all the elemental substances. The ND possesses hydrophilic oxygen functional groups
at the surface, following a high dispersion in aqueous media and the rigid diamond struc-
ture at the core. In this work, the ND resulted in an increased mechanical reinforcement and
enhancement of the thermal conductivity of the cellulose nanofiber, while keeping the high
visible light transmittance originating from the latter. In particular, 2,2,6,6-tetramethylpiperi-
dine 1-oxyl-oxidized cellulose nanofibers were reinforced more effectively than quaternary
ammonium cellulose nanofibers because of the stronger interaction with the ND and higher
dispersibility of the ND. Accordingly, it was proved that the cellulose nanofiber/ND compos-
ite was a promising high-strength and high-thermal-conductive material.
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Introduction

Cellulose is one of principal components in cell
walls [1,2] and has been accepted as an architectural
material and hull material since ancient times.
Therefore, there is no doubt that cellulose materials
are available from eco-friendly and sustainable
resources; in addition, they are possess reliable and
provide robust mechanical durability [3–11].
Recently, synthetic polymers originating from fossil
fuels have been employed as alternatives to metals.
From the perspective of environmental conservation
and development, bio-based materials including

cellulose, a typical biopolymer, are receiving much
attention and replacing synthetic polymers. In add-
ition, for achieving an increased material perform-
ance, various bio-based polymers have been
composited with diverse nanofillers [3,5,11–13].

Nanocarbon materials, such as fullerene [14,15],
carbon nanotube [16–19], graphene [20–24], gra-
phene oxide (GO) [25–30] and nanodiamond (ND)
[31–37], have attracted attention in the various
fields of photovoltaic devices, spin electronics and
structural materials. ND is prepared by a detonation
method, can be dispersed in aqueous media because
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of the presence of hydrophilic oxygen functional
groups at their surface, and have a spherical shape
with approximately 10 nm diameter, as shown in
Figure 1 [38]. Recently, ND has become purchasable
as a commercial product. Natural diamond possesses
a supremely large modulus (1 TPa) and the highest
thermal conductivity (2200W/(m K)) among all
the elemental substances. Therefore, ND is accepted
as a mechanical- and thermal-reinforcement filler
in composites owing to their large modulus and
thermal stability [28,36,37,39,40].

For this decade, cellulose nanofiber is a promin-
ent research topic as a ‘green’ and ‘nano’ material
owing to its robust mechanical properties [10,11].
Cellulose nanofiber is used not only as a reinforce-
ment filler but also as a high-performance matrix
[12,13,41–43]. Various preparation methods of cellu-
lose nanofibers have been reported; for example,
mechanical grounding method, microfluidics
method, chemically modified method and enzyme
fibrillation [11,44–52]. Particularly, the major chem-
ical nanofibrillation methods are the 2,2,6,6-tetrame-
thylpiperidine 1-oxyl (TEMPO)-mediated oxidation
treatment reported by Isogai et al. [6,9,44,51] and
quaternary ammonium treatment using glycidyltri-
methylammonium chloride (GMAC) reported by
Ho et al. [46,53,54] The functional groups and sur-
face properties of cellulose nanofibers are controlled
by these chemical nanofibrillation methods. For
achieving effective reinforcements in nanocompo-
sites, their high dispersion in aqueous media and
strong interaction with nanofillers are significant.
Actually, nanocomposites composed of cellulose
nanofibers and nanocarbon fillers such as carbon
nanotubes and graphene have been reported. The
low dispersity of these nanocarbon fillers in aqueous
media is problematic for the improvement of mech-
anical defects in their composites [55–57].

Herein, we focused on the cellulose nanofiber
composites with chemically nanofiberized celluloses

as matrixes and ND as fillers for mechanical
reinforcement and thermal conductive enhancement,
and therefore, investigated their mechanical
properties and thermal conductivities [35,40]. The
effects of GO fillers on the mechanical and thermal
properties of the cellulose nanofiber composites
were also evaluated and compared with the results
of the ND loading.

Materials and methods

Materials

Bast fibers of kenaf (Hibiscus cannabinus, Indonesia,
2011) were provided by Toyota Boshoku Co. (Aichi,
Japan), which are accepted as ‘green composite
materials’ in the motor vehicle industry such as the
world-leading company TOYOTA Co. Ltd. ND aque-
ous dispersion of 2.75wt%, which had a diameter of
approximately 10nm, was provided by Bando Co.
Ltd. (Japan). For comparison, 1.0wt% Nano GRAX
(Mitsubishi Gas Co. Ltd.) in an aqueous dispersion
was also employed as graphene oxide; its diameter
was approximately 3mm and thickness was from
0.5 nm to 1 nm. Toluene, sodium chlorite, sodium
hypochlorite, acetic acid, potassium hydroxide,
sodium bromide, sodium hydroxide, hydrochloric
acid, oxalic acid, benzene and silver nitrate were
purchased from Nacalai Tesque Co. Ltd. Ethanol,
carbon tetrachloride, carbon tetrachloride were
purchased from Wako Co. Ltd. TEMPO was pur-
chased from Hydrus Chemical Inc. GMAC and 1.0M
bis(ethylenediamine)copper(II) hydroxide in H2O
were purchased from Sigma-Aldrich Co. LLC. All the
chemicals were used without further purification.

Purification of cellulose from kenaf

Based on the reported literature [58], refined pulp
was purified from rough kenaf bast fibers by

Figure 1. Atomic force microscope (AFM) (a) topological and (b) phase images of ND.
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removing grease with toluene/ethanol eluents, lignin
with Wise methods and hemicellulose using alkaline
treatment. Kenaf bast fibers, 20 g, were degreased
via Soxhlet extraction using a 1:2 (v/v) mixture of
ethanol/toluene for 20 h at 78 �C (78 �C: azeotropic
temperature). The Kenaf-bast fibers were then
washed thrice with ethanol and dried in vacuo at
50 �C for 12 h. A residual fraction of the degreased
biomass was suspended in 1 L of distilled water, and
the following treatment was applied. To remove the
lignin from a sample, sodium chlorite, 6.7 g, was
directly added to the biomass suspension described
above with gentle mixing, and acetic acid, 1.2mL,
was subsequently added. The biomass suspension
mixture was then incubated at 80 �C for 1 h. The
addition of sodium chlorite, 6.7 g, and acetic acid,
1.2mL, was repeated five times in 1-h intervals.
Finally, the mixture was filtered using filter paper
No. 1 (Advantech Toyo Kaisha, Ltd., Tokyo, Japan),
and the solid fraction was rinsed five times with
distilled water. The rinsed sample was maintained
in a semi-wet state at 4 �C until use. To eliminate the
hemicellulose from the biomass, the degreased bio-
mass was allowed to dry (or semi-wet biomass after
Wise treatment), then it was soaked with 4wt%
potassium hydrate solution, 0.5 L, at 80 �C for 2 h.
The reaction mixture was filtered with filter paper
No. 1, and the filtrate sample was rinsed thrice with
distilled water. This operation was repeated twice.
Finally, the mixture was filtered using filter paper
No. 1, and the solid fraction was rinsed five times
with distilled water. The rinsed sample was main-
tained in a semi-wet state at 4 �C until use.

Preparation of TEMPO-mediated cellulose
nanofiber (TOCN)

The purified kenaf fibers were oxidized by TEMPO
by reported methods [59]. Sodium bromide (NaBr),
1.0 g, and TEMPO, 0.16 g, were added to 1 L of
distilled water and dissolved. The purified kenaf
fibers, 10 g, were added to this solution, followed by
addition of 25mL of 1M sodium hypochlorite
(NaClO) solution. The pH of the solution was main-
tained at 10 by titrating 0.5M sodium hydroxide
(NaOH) for 10h with an automatic titration appar-
atus (AUT-501, DKK-TOA Co., Tokyo, Japan). After
the titration, the treated cellulose was filtered and
washed with excess distilled water to remove the
excess reactants and impurities. TEMPO-oxidized cel-
lulose hydrogels were obtained after the washing
steps, and they were dispersed in 800mL of acetate
buffer (pH 4.8). Sodium chlorite (9.1 g) was added to
oxidize the residual aldehyde groups to carboxyl
groups. After washing the resulted oxidized cellulose
fibers with excess distilled water, the concentration

was adjusted to 0.4wt% for fibrillation treatment.
Briefly, 0.4wt% oxidized cellulose aqueous solutions
were fibrillated using a high-speed mixer (MX1200XT,
Xtreme Hi-Power Blender, Waring, TX, USA) at
22,000 rpm for 10min and the TEMPO-oxidized cellu-
lose nanofiber (TOCN) was obtained.

Preparation of quaternary ammonium cellulose
nanofiber (QCN)

The purified kenaf fibers were reacted with GMAC,
and quaternary ammonium cellulose nanofibers
(QCN) were prepared as per the reported method
[46]. Prefibrillation of the purified kenaf fiber aque-
ous dispersion (dried weight: 20 g) was performed
at 22,000 rpm for 30min with a high-speed mixer
(MX1200XT, Xtreme Hi-Power Blender, Waring,
TX, USA). The pulverized kenaf fibers were centri-
fuged with 9000�g at 12 �C for 5min using a centri-
fugal separator (M201-IVD, Sakuma Co. Ltd.), and
the water was removed by decantation. The solid
fraction was mercerized in 10wt% sodium hydrox-
ide aqueous solution at 70 �C for 1 h. After centrifu-
gation of the mercerized samples, the solid fraction
and 13.3 g sodium hydroxide were added into
140mL deionized water and stirred. GMAC, 55mL,
was added to the solution and stirred at 70 �C for
4 h. After stirring, 37mL GMAC was added again
and stirred at 70 �C for 4 h. After the reaction, the
pH of the solution was controlled at approximately
2 with hydrochloric acid and the dispersion was
filtered. The samples were dispersed in deionized
water, the pH was again controlled at 3, and then
the samples were stirred for 24 h. The filtration and
dispersion were repeated 10 times. The dispersion
was performed with grinding treatments using
a grinder instrument (MKCA6-2, Masuko Sangyo
Co. Ltd.) at 1500 rpm with three passes. QCN was
obtained as aqueous dispersion.

Preparation of CNF, CNF/ND and CNF/
GO composites

We added 2.75wt% ND or 1.0 wt% GO aqueous
dispersion into 260mL of 0.25wt% TOCN or QCN
dispersion. The dispersions were defoamed and
filtered. The obtained samples were dried at 40 �C
for 12 h. TOCN/ND composites (TND 1wt%, TND
2.5wt%, TND 5wt%, TND 10wt%, TND 33wt%
and TND 50wt%) and QCN/ND composites (QND
1wt%, QND 2.5wt%, QND 5wt%, QND 10wt%,
QND 33wt% and QND 50wt%) were obtained.
However, only the QND 50wt% composite was not
formed as a composite because of its fragility
(see Figures S6, S7 in the Supporting Information).
In the case of GO, TOCN/GO composites (TGO

NANOCOMPOSITES 129



0.5wt%, TGO 1wt%, TGO 2.5wt%, TGO 5wt% and
TGO 10wt%)and QCN/GO composites (QGO
0.5wt%, QGO 1wt%, QGO 2.5wt%, QGO 5wt%
and QGO 10wt%) were also prepared (see Figure
S8, S9 in the Supporting Information).

Characterizations

A Fourier transform infrared (FT-IR) spectropho-
tometer (Perkin Elmer, Ltd., Spectrum GX FT-IR
System I-KS) was used for the investigation of the
functional groups of each sample. The dried
(under vacuum oven at 40 �C for 48 h) samples
were dispersed in KBr pellets. The prepared sam-
ples were measured in a range between 400 and
4000 cm�1 with 2 cm�1 resolutions for 10 times
accumulation.

An atomic force microscope (AFM) (Nano Navi
E-sweep, Hitachi, Tokyo, Japan) was used for the
observation of the TOCN, QCN and ND. The
TOCN and QCN on mica substrates were observed
with a dynamic mode AFM in topological images.

Conductometric titration was performed, and the
conversion ratios of the carboxyl groups on the sur-
face of the TOCN were evaluated. The frozen
TOCN hydrogels were dried under vacuum for
1 day to obtain cryogels. The TOCN cryogel (0.05 g)
was then dispersed in deionized water (130mL)
with addition of 10mL of 0.01M sodium chloride
(NaCl) solution under stirring. The pH of the aque-
ous dispersion was controlled at 2.8 using sodium
hydroxide solution and hydrochloric acid solution.
Then, the dispersion was titrated with 0.07M
sodium hydroxide solution at 0.1mL/min rate using
an automatic titrator (AUT-501, TOA-DKK Co.
Ltd.) and electrical conductometer (CM-60V, TOA-
DKK Co. Ltd.). The density of the carboxyl group
in the prepared TOCNs was calculated from the
amount of sodium hydroxide consumed during the
coordination of the sodium ions to the carbonyl
groups by the following equation.

Carboxyl group density mmol=g
� �

¼ NaOH Lð Þ � NaOH concentration Mð Þ � NaOH factor
Sample mass gð Þ

During the measurement of the amount of qua-
ternary ammonium in the QCN, conductometric
titration was also performed. QCN cryogel (0.05 g)
was dispersed in 110mL deionized water. The dis-
persion was titrated with 0.005M silver nitrate solu-
tion at 0.2mL/min rate using an automatic titrator
(AUT-501, TOA-DKK Co. Ltd.) and electrical con-
ductometer (CM-60V, TOA-DKK Co. Ltd.). The
density of quaternary ammonium in the prepared
QCN was calculated from the amount of silver
nitrate consumed during the titration by following
equation.

Quaternary ammonium group density mmol=g
� �

¼ AgNO3 Lð Þ � AgNO3 concentration Mð Þ � AgNO3 factor
Sample mass gð Þ

The measurements of the molecular weights of the
TOCN and QCN were performed. CNF cryogels,
125mg, were dispersed in 10mL deionized water and
stirred for several days. Bis(ethylenediamine)
copper(II) hydroxide solution (5mL of 0.5M) was
added and stirred for 5min. In addition, the TOCN
or QCN was dissolved by adding 10mL of 1.0M
bis(ethylenediamine)copper(II) hydroxide solution
and stirring for 20min. The viscosities of the
obtained solutions were measured, and the intrinsic
viscosity number [g] and viscosity-average molecular
weights Mv were calculated [60].

X-ray diffraction profiles were obtained using
RINT-Ultima þ2200 (Rigaku Co. Ltd.) with a symmet-
rical reflection geometry. CuKa beam (k¼ 1.5418Å)
was generated at 40kV and 20mA. The scanning
speed was 2�/min, and the sampling step was 0.02�.
The crystallinity Xc was calculated by Segal’s
method [61]. The crystallite size originated from
200 reflections was estimated using the Scherrer
equation [62,63].

Thermogravimetry analyses (TGA) were performed
with a Thermo plus EVO 2 series (TG8121, Rigaku
Co. Ltd.) in a N2 atmosphere from 150 to 550 �C. The
temperature for 5wt% loss was defined as the thermal
degradation temperature T5d.

UV–vis absorbance measurements were performed
with a Jasco V-750 UV/Vis spectrometer. The scan
speed was 400 nm/min, and the range of the wave-
length was from 200 to 900 nm.

Density was measured by the floatation method
with benzene (d¼ 0.88 g/cm3)/tetrachloromethane
(d¼ 1.60 g/cm3) system at 30 �C.

The mechanical properties of the TOCN and
QCN and the TND, QND, TGO and QGO compos-
ite sheets were measured with a tensile tester
(Autograph, AGS-1kND, Shimadzu Co. Ltd.). The
initial length was 20mm, and the tensile speed was
1.0mm/min. The tensile tests were performed using
more than five individual specimens. The cross
sectional areas of the samples were evaluated from
the densities, lengths and weights of the samples.

For the calculation of the specific heat capacities
of the TOCN and QCN and the TND, QND, TGO
and QGO composites, RIGAKU DSC8230 was used.
Al2O3, 10mg, was used as a standard sample. From
the following equation, the specific heat capacity
was calculated.

Cps ¼ Cpr �mr

Yr
� Ys

ms
(1)

where Cps and Cpr are the specific heat capacities
of the samples and Al2O3 standard, and ms and mr
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are their weights. Ys denotes the difference between
the DSC curves of the samples and empty Al pan,
and Yr is the difference between the DSC curves
of the standard and empty Al pan.

For the measurement of the thermal diffusivity
by the periodic heating and infrared radiation
thermometer method, we used Thermowave
Analyzer TA3 (Bethel Co. Ltd.). Thermal diffusiv-
ities a for the in-plane and thickness directions were
measured. Before the measurements, the samples
were blackened by carbon spray for periodic heating
with a laser. Thermal conductivities k were calcu-
lated from the following equation.

k ¼ a � q � Cps (2)

where �q represents the densities of the samples.

Results and discussion

We prepared the TOCN and QCN from the bast
fibers of kenaf by TEMPO-mediated oxidation and
quaternary ammonium treatment, respectively. The
obtained TOCN and QCN were characterized by
FT-IR, AFM and conductometric titration, as shown
in Figure 2. In the FT-IR spectrum of the TOCN,
an increase in the carboxyl absorption bands at
1615 cm�1 were observed, which indicated that the
hydroxyl groups at the 6-position of cellulose were

translated to carboxyl groups [59]. The carboxyl
groups were included with a concentration
of 1.34mmol/g. The concentration of the carboxyl
groups in the refined pulps was 0.24mmol/g. These
results imply that the TEMPO-oxidation of
the hydroxyl groups at the 6-position has fairly
progressed. The AFM observation revealed that the
TOCN possesses a diameter of 2.8 nm, and high
aspect ratio, whereas the diameter of the raw kenaf
bast fiber was approximately 10 mm. The FT-IR
absorption bands of the QCN originating from the
quaternary ammonium groups were observed at
1480 cm�1 [53]. From the conductometric titration
measurements, it is estimated that the quaternary
ammonium groups had a concentration of
0.80mmol/g, whereas their concentration in the
refined pulps was approximately 0mmol/g. These
indicate that the quaternary ammonium groups are
certainly included. The AMF topological images of
the QCN confirm the completion of the nanofibril-
lation and reveal that the QCN diameters were
6.4 nm. The aspect ratio of the QCN was smaller
than that of the TOCN. In addition, after nanofibril-
lation, both the TOCN and QCN remain kept well
dispersed in aqueous media for more than several
days.

The molecular weights of the TOCN and QCN in
bis(ethylenediamine)copper(II) hydroxide solution

Figure 2. (a) FT-IR spectra of the TOCN and QCN, AFM topological images of (b) TOCN and (c) QCN, and electric conductomet-
ric curves of the (d) TOCN and (e) QCN.
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were evaluated using intrinsic viscosity number
measurements. The results are presented in Table S1
in the Supporting Information. Before nanofibrilla-
tion, the molecular weight of the refined pulp was
more than 350k, whereas those of TOCN and QCN
were 128k and 130k, respectively, which were lower
relative to that of the refined pulp. This was because
TEMPO-oxidation and mercerization under alkali
condition led to cleavage of the b-glycoside bonds
in cellulose, i.e. b-elimination, and consequently
decreased the length of the cellulose main chains.
These nanofibrillated celluloses with these molecular
weights possessed sufficient mechanical durability
toward their mechanical and functional measurements.

For the investigation of the crystallites in the
composites, X-ray diffraction measurements
were performed for all the prepared composites.
In the TND composites, the diffraction peaks (see
Figure 3) originating from the (1 1 0)/(1� 1 0) and
(2 0 0) planes of cellulose I were observed at
2h¼ 15.2�, 22.4�, respectively [11]. In the case of the
QTD composites, the diffraction peak at 12.5� origi-
nating from the (1� 1 0) plane of alkali cellulose I
overlapped with that of cellulose I. In addition, both
the TND and QTD composites, including those
with more than 10wt% ND, showed a diffraction
peak originating from the (1 1 1) plane of diamond
at 2h¼ 44�. These results imply that the ND was
incorporated in the TOCN and QCN without any
change and deterioration of the crystalline structure
of each component.

Figure S2 in the Supporting Information shows
the TGA thermograms of the prepared composites
and Table S2 in the Supporting Information lists
their decomposition temperature and ND content
ratio estimated from the residual weights at 500 �C.
The temperature where the samples lost 5 wt% of
their weight, Td5, of the TND composites increased
with the ND content. Thus, the NDs having a high

thermal stability interacted with the TOCN matrixes
and reinforced the TND composites thermally. In
contrast, the Td5 of the QND composites remained
constant, even with the ND loading. The ND con-
tents, estimated from the residual weights at 500 �C,
were mostly in agreement with the ratios of the
CNFs and ND in the recipe. In addition, we
observed the cross section of the TND and QND
using FE-SEM and evaluated the dispersity of the
ND in the TOCN and QCN matrixes, as shown in
Figures S3 and S4 in the Supporting Information. In
those SEM images, agglomeration of the ND was
not observed. These results indicated the high dis-
persion of the ND in these cellulose matrixes.

Figure 4 shows the UV–vis transmittance spectra
of the TND and QND composites containing 0, 1,
2.5, 5 and 10wt% of the ND. The TOCN and TND
composites, even including that with 10wt% ND,
have a higher transmittance relative to the QCN
and QND composites, respectively. The reason for
the lower transmittance of the QND is the high vis-
ible light scattering of the QCN itself. For the evalu-
ation of the loading effect of the ND on the
transmittance, the transmittance results of the TGO
and QGO composites were also investigated. The
UV–vis transmittance spectra of the TGO and QGO
composites are presented in Figure S5 in the
Supporting Information. GO has been widely
accepted as a reinforcement carbon nanofiller in
aqueous dispersion systems [64,65]. The transmittan-
ces of even the TGO and QGO composites including
that with only 0.5wt% GO, clearly decreased. There
is no doubt regarding the advantage of the transmit-
tance of the TND and QND composites over the
GO-based composites. Their visible appearance also
supported these results, as shown in Figures S6–S9 in
the Supporting Information.

For the evaluation of the reinforcement effects of
the ND fillers in the TOND and QND composites,

Figure 3. X-ray diffraction profiles of the (a) TND composites and (b) QND composites.
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their tensile tests were performed. Figure S10 and
Table S3 in the Supporting Information present
these results. All the composites had a larger
Young’s modulus than that of the TOCN and QCN
sheets. The Young’s modulus of the TND and QND
composites first increased and then decreased with
the ND loading. The reason was that excess ND in
TND and QND composites agglomerated and acted
as defects. For insight into the reinforcement effects
of the ND, the TGO and QGO composites were
compared. Their Young’s moduli are presented in
Figure S11 in the Supporting Information. The
Halpin–Tsai models are considered on the basis
of the moduli of the fillers being well-dispersed
in the matrixes and not on the interaction between
the fillers and matrixes [66]. As shown in Figure 5,
the Young’s moduli of the TND and QND compo-
sites with less than 10wt% of ND were larger
than the theoretically estimated values based on

the Halpin–Tsai models, whereas those of both the
TGO and QGO composites were inferior to those of
the theoretical models regardless of the ND content.
These trends can be a result of the larger reinforce-
ment effect of the ND on the TOCN and QCN. In
addition, it is suggested that the ND could interact
more strongly with TOCN and disperse more in
TOCN than in QCN. The tensile strengths and
elongation at the peak of the TND composites,
including less than 10wt% ND, increased, whereas
for more than 10wt% ND, they decrease. The
reason is the agglomeration of the excess ND in the
TND composites introduced mechanical defects. In
contrast, the tensile strengths and elongation at peak
of the QND composites were decreased by adding
the ND filler. The difference between the TND
and QND composites may be attributed to the
dispersibility and interaction of the ND fillers with
the cellulose nanofiber matrixes.

Figure 4. UV–vis transmittance spectra of the (a) TND composites and (b) QND composites. All the transmittances were
normalized as films with 50-lm thickness.

Figure 5. Young’s modulus of the (a) TND composites and (b) QND composites and (broken line) theoretical Young’s modulus
based on the Halpin–Tsai models.
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The thermal conductivities of the TND and QND
in the (solid line) in-plane and (broken line) thick-
ness directions are shown in Figure 6. In the TND
and QND composites, the thermal conductivities in
the thickness direction remain constant, whereas
those in the in-plane direction increase with increas-
ing amount of the ND. CNFs with high aspect
ratios, such as TOCN and QCN, are known to
orient parallel to the surface in the sheets and
possess layered structure [64], with the ND laid
between their layers in the parallel direction. This
could be a reason for the increase in their thermal
conductivities in in-plane direction. The thermal
conductivities of the TGO and QGO were remained
constant or increased slightly, as shown in Figure
S12 in the Supporting Information. These results
suggested that ND had more advantages as thermal
conductive fillers that GO.

Conclusions

In this study, we prepared TND and QND compo-
sites and evaluated their optical, mechanical and
thermal properties. The ND reinforced the cellulose
nanofiber matrixes mechanically and enhanced their
thermal conductivity while maintaining their high
visible light transmittance. The effects of the ND
on the TND composites were more significant
than those on the QND composites because of the
stronger interaction and higher dispersity of the ND
in the TOCN. In addition, the ND fillers exhibited
more advantages in terms of the reinforcement
and enhancement of the mechanical and thermal
properties relative to graphene oxide, which was
selected as an alternative carbon filler in aqueous

media. These results indicated that the TND and
QND composites could be promising high-thermal
conducting materials with a high-mechanical strength.
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